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should make a valuable, easily accessible reference work. Much of the material
covered is due to the author and his students, and, except for some overlap

with the recent book [2] of Karpilovsky, most of it cannot be found in other
books.
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This book presents and studies a new class of generalized ordinary differen-
tial equations containing impulsive terms linearly. The review first introduces
the discipline of generalized ODE, briefly describes the contents of the book,
and offers comments on the treatment in the present literature. Readers
familiar with the background, and those who do not believe that a book review
is an excuse for an expository paper, may wish to begin around equation (11).

Consider ordinary differential equations in R",

x=f(t,x) (ie.,dx(t)/dt=f(t,x(1))). (1)

If the right side, f: R'*" — R", is continuous, it is perhaps obvious what the
solutions x(-) of (1) ought to be: an explicit definition is almost superfluous.

Applications soon dictated that continuity of f be relaxed. One studies
‘block box systems’

x = Ax + bu(t) (2)

by examining the ‘responses’ x(-) to various ‘inputs’ u(-); and Laplace
transform methods suggest that it is the discontinuous inputs that are crucial:
e.g., a signum function, a unit stepfunction, or even a delta “function”.

With discontinuities present in the term u(-) (the forcing term, or control),
one can no longer successfully require that solutions x(-) satisfy the differen-
tial equation (2) for all . Several plausible definitions of generalized solution
come to mind:

(A) functions x(-) that are absolutely continuous (locally) and satisfy (2) for
almost all ¢ (absolute continuity cannot be relaxed to ordinary continuity
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without theory breaking down: even x = 0 would have too many solutions
with x(0) = 0);
(B) functions x(-) such that

x(t) =et'xy + ft e 9Dpu(s) ds
0

(the variation-of-constants formula is elevated to a definition);

(C) continuous functions x(-) whose distributional derivative satisfies (2) (in
another version Schwartz’s distributions might be replaced by Mikusinski
operators).

Perhaps it is not surprising that these definitions turn out to be equivalent,
at least for (2) with 4, B constant. In 1918 C. Carathéodory discovered a
far-reaching extension: definition (A) applies not only to (2), but also to
nonlinear equations (1) as long as f(#, x) is measurable in 7 and continuous in
x (with a technical growth requirement added—the Carathéodory conditions
[1, 2]). A conceptually minor, but practically important, further generalization
involves differential inclusions (orientor fields, differential inequalities when
state space dimension n = 1). These are symbolically indicated by

x € F(t, x), (3)

where F(z, x) is a subset of R" varying with ¢, x and satisfying suitable
conditions. For example, x € [-1,1] has, as classical solutions, differentiable
real-valued functions x satisfying |[x(¢)| < 1 for all 7, and, as Carathéodory
solutions, the real functions with Lipschitz constant 1. (These concepts, dating
back to 1935, are due to A. Marchaud and S. K. Zaremba, for a survey and
references see [13].)

For some time there was no compelling reason to go any further: most ODE
which came from applications did have the right side depending continuously
on the state variable x. In addition, there was an obvious obstacle to cheap
generalisation— the initial value problem

.._{—1 forx > 0,
x._

1 forx<O0, x(0) =0,

has no solution on any interval [0, €), € > 0: a kind of jamming occurs at the
‘endpoint’ x = 0.

During and after the second world war, new mathematical problems became
more frequent and important in this area: for example, automatic control
systems, discontinuous feedback control (home thermostats are an obvious
instance), and optimal control. The impetus had been present at least since
1868 when Maxwell published a paper [11] titled On governors (the governor of
a Watt steam engine being a prime example). These governors, and other
systems involving ‘automatic regulation or control’, signal ‘amplifiers’ (such as
the diode oscillator leading to the van der Pol equation), and power-assisted
turrets in World War II bombers, were all devices involving continuous state
feedback. In the case of linear or proportional feedback, the analysis was
simplified (positive or negative feedback for dimension 1), but often nonlinear-
ities were essential to the situation. Even more intractable mathematically were
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the far simpler and cheaper two-position on-off controllers. Studies of these,
presumably with application to the guidance systems in the V1 and V2
weapons, led to the first attempt at systematic treatment [6].

To illustrate the genesis of equations discontinuous in the state, consider a
particularly simple example: time-optimal control of a service trolley [9]. The
kinematic equations, in R? as state space, are

x=y, y=u, -l<u(r)<l (4)
The time-optimal control problem is the following: given initial values (x,, y;)
€ R?, find an ‘optimal control’ u:[0, + c0) — [-1,1] such that the solution
x(+), y(+) of (4), with these initial data and the chosen forcing term u(-),
reaches the origin (i.e.,, x(T) = 0 = y(7T')) at minimal time 7 > 0. Heuristics
(involving controls with constant values +1) and elementary methods suggest
that there is a significant ‘switch curve’ in R2, y = (-sgn x) - ‘/Z—Z_I; , and the
optimal control u should have a value of -1 above this curve (and on its left
branch y > 0), a value of 1 below the curve (and on its right branch y < 0),
and a value of 0 at the origin (loc. cit., p. 10).
Now, if this prescription is used to define u: R? — [-1,1] as a function of

the state, u = u(x, y), there arises quite naturally the feedback system corre-
sponding to (4),

x=y, y=ulx,y); (5)
obviously, this is a differential system, autonomous but nonlinear, with right
sides depending discontinuously on the state variables. Having constructed this
‘synthesis of the optimal regime’, one is confronted with the obvious questions:
Does (5) have existence of solutions to the initial value problem? (Probably
yes, by construction: the time-optimal solutions should satisfy (5).) Does (5)
have uniqueness? (In other words, will a mechanism which implements the
constructed on-off feedback u(x, y) actualy perform as expected?) In the
positive case does (5) even exhibit continuous dependence on initial data
(insensitivity to erros in measurement)? Neither the classical nor Carathéodory
theories provide answers. Since u(x, y) is discontinuous, there is no question
of a Lipschitz condition, and little use for any of the more refined uniqueness
tests.

This difficulty—lack of an adequate theory for discontinuous ODE—
became more acute with the appearance of differential games. Here one studies
systems with kinematic equations x = f(x, u, v), wherein the controls u(-),
v(-) are to be suitably chosen by two ‘players’ who may have inconsistent or
even opposed goals [12,8]. Even if f is reasonably smooth, the players might
well choose control functions discontinuous in the state variable x, led by
optimality considerations analogous to those in (4).

Probably the first systematic attempt to treat a wide class of possibly
discontinuous equations was made by Filippov [5]; others then followed. For
the sake of illustration, let us describe one of these concepts, due to Krasovskij
(a more detailed account appears in [7]). Assume equation (1) is given;
associate with it the differential inclusion (3), where F is obtained from f as
follows:

F(z, x) = ,ﬁ X f(t, x + k™B). (6)
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Here B is the unit ball in R” (so that x + k!B is the ball of radius k! about
x), and cvxM denotes the closure of the convex hull of M. Then ‘solutions’ of
(3), i.e., locally absolutely continuous functions u(-) which satisfy the differen-
tial inclusion (3) almost everywhere, are defined to be the Krasovskij gener-
alised solutions of (1). Two properties are immediate: if f(#, x) is continuous in
x, then each F(¢, x)= {f(¢, x)} is a singleton, and the present definition
reduces to a previous one; second, each Carathéodory solution of (6) is a
Krasovskij solution. (The so-called Filippov solutions have only the former
property.)

A moderately successful theory of generalised solutions is now available
(e.g., a positive answer to the converse problem in the synthesis of time-
optimal feedback for controllable linear systems (9) with one-dimensional
controls [7, Theorem 9.4]). Some obvious questions have still not been addre-
ssed. One involves integration theory: differential equationists will always view
this as the study of (generalised) solutions of the “trivial” equation (1) with x
absent, or, better, of this equation ‘made autonomous’ by the familiar device of
raising state dimension by 1:

x=f(0), 6=1. (7
There appear to be close relations between the Krasovskij solutions of system
(7) and the concept of belated integrals in the sense of McShane (or, better,
Itd-belated [10]). A second question concerns the ‘other’ generalisation of
solutions to differential equations: the weak solutions of linear partial differen-
tial equations.

The reader may have noticed by now that the prime problem is not really
how the solution concept should be generalised, but rather, what is the class of
differential equations to be treated by these solutions. What is more important
is that the impetus for studying broader classes of equations should come from
applications (rather than from pure ODE theory).

To come closer to the topic of the reviewed book, in control-theoretic texts
often the most natural and immediate interpretation of the physical laws
governing the process is a differential equation of the form

xM+ax" V4 oo +agx=bu™+bu"V+ .- +bu (8)

for an unknown function x(-), and involving a function u(-) and its derivatives
(with u(-) given or arbitrarily taken from a suitable class of functions;
numerator dynamics; realisation of transfer functions). If » > m and the a,, bj
are constant, this may be rewritten in vector form as

X = Ax + Bu, 9)

where the new vector function x(-) has the old scalar unknown x(-) as first
coordinate; similarly, for u(-). (Actually n» > m may be relaxed to allow
n = m. Indeed, a vector equation

X =Ax + Bu + Ci (10)

may be written, using y:= x — Cu, as y = Ay + (B + AC — C)u in the form
of (9); e.g., the scalar equation X = il + u obviously reduces to y = u with
y:= x — u, and one may recover the observation x from the new states y.)






