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Abstract

Hybrid control systems contain two distinct types of systerps.-contifm?uz state :.n"ldl
discrete-etate, that interact with each other. Their study is‘es;senual in fieslgn_mg‘ sequenl.mI
supervisory controllers for continious- state systems, and it is central in de-igning conttol

ith high degree of autonomy. )

s“l;‘;::rv::lhintrsoducfion to intelligent autonomous control and ite relat.i?n to hybrid con-
trol, models for the plant, controller, and interface are introdused. The lnterl’atic contains
memoryless mappings between the supervisor’s symbolic domain and th'e plant’s nonsym-
bolic state space, The simplicity and generality afforded by the uisumed mterl’?ce allows unl
to directly confront important system theotetic issues in the da;nsn of supetvisory oon.t.lo
systems; such as determinism and quasideterminism. It is pos.sﬂale to fc)rmulate !l.'lﬂ‘.lc-lelt.ll
conditions which guarantee that the equivalent ptant DES sutuﬁ.a apec!ﬁ.ed det:ermumanc
ar quasi-deterministic relationships. These conditions are linear mequalum.whl_ch can be
solved for using well known convex programming algorithms s\-xch as the F!hpsmd mel.!nod
or interior point algorithms, These convex programming algotithms Provnde very elﬁe:?nt
means of solving these problems. In addition, these algotithms <can be mteq?reted as on-line
learning algorithms (inductive inference), which means that interface dglgn. can be per-
formed as part of an on-line identification of the events used by the supervisor in controlling
the plant.

1 Introduction

In the design of controllers for complex dynamical systems, there are needs tofla?t that can-
not be successfully addressed with the existing conventiona! control theory. Heuristic methods
may be needed to tune the parameters of an adaptive control law. New control faws t.o Perform
novel control functions to meet new objectives should be designed while the system is in oper-
ation. Learning from past experience and planning control actions may be necessary. Failure
detection and identification is needed. Such functions have been performed in the past by ha-
man operators. To increase the speed of response, to relieve the operators from .munda'ne tasks,
to protect them from hagards, a high degree of autonomy is desited. '];'o achieve this a.u‘ton-
omy, high level decision making techniques for reasoning under u:!certunly must be utilized.
‘These techniques, if used by humans, may be attributed to intelhg?nce. He‘nce. one way to
achieve high degree of autonomy is to utilize high leve] decision making techmques', mt.elhgent
methods, in the autonomous controller. In our view, higher autonomy is the objective, and
intelligent controllers are one way to achieve it. The need for quantitativ? m.ethoda to model
and analyze the dynamical behavior of such autonomous systems presents significant challenges
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well beyond current capabilities. It is clear that the development of autonomous controllers
requires significant interdisciplinary research effort as it integrates concepts and methods from
areas such as Control, Identification, Estimation, Communication Theory, Computer Science,
Artificial Intelligence, and Operations Rescarch. For more information on intelligent control
see [1-12]. Note that it is also possible Lo attain higher degrees of autonomy by using methods
that are not considered intelligent. It appears however that to achieve the highest degrees of
autonomy, intelligent methods are necessary indeed.

1.1 Hierarchical Architectures

Typically, intelligent controllers involve hierarchical functional acchitectures. A description
of a hierarchical functional architecture of 2 controller that is used to attain high degrees of
autonomy in future space vehicles can be found in {2]. Hierarchies offer very convenient ways
to describe the operation of complex systems and deal with computational complexity issues,
and they are used extensively in the modeling of intelligent autonomous control systems. Such
a hierarchical approach is taken here (and in [2] and [4]) to study intelligent autonomous and
hybrid control systems. Typically hierarchies for intelligent systems consist of three levels, the
Execution Level, the Coordination Level, and the Management and Organization Level [8-11).

Hybrid control systems do appear in the intelligent autonomous control system framework
whenever one considers the Execution level together with controt functions performed in the
higher Coordination and Management levels. Examples include expert systems supervising and
tuning conventional controller parameters, planning systems setting the set points of local con-
trol regulators, sequential controllers deciding which from a number of conventional controllers
is to be used to control a system, to mention but a few. One obtains a hybrid control sys-
tem of interest whenever one considers controlling a continuous-state plant (in the Execution
level) by a control algorithm that manipulates symbols, that is by a discrete-state controller
{in Coordination andfor Management levels).

In the remainder of this paper, a Discrete Event System (DES) model for hybrid control
systems is developed in Section 2. This modeling framework is used in Section 3 to develop

supervisory controllers. In Section 4, event identification using convex programming methods
is discussed. )

2 Hybrid Control Sysiem Model

A hybrid control system, can be divided into three parts as shown in Figure L. The models
we use for each of these three parts, as well as the way they interact are now described. For a
more detailed description and discussion see [13].

Controller

~l
n

actuator | Interface |generaton

Plant

Figure 1: Hybrid Control System
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2.1 Plant

time system. This part of the hybrid control system contains the entire continuous-time portion
of the system, possibly including a continuous-time controller. The plant is represented by

where x € R" and r € R™ are the state and input vectors respectively, and f: " xR™ — R"
is a function.

2.2 Controller
This automaton can be specified by a quintuple, {5,%,R,6,¢}, where 5 is the (possibly infinite)
set of states, Z is the set of plant symbols, R is the set of controller symbols, § : SX 2 — §

is the state transition function, and ¢ : § — It is the output function. The controller ¢an be
described by the equations

where 3[n] € S,%[n] € Z, and #[n] € R. The input and output signals associated with the
controller are asynchronous sequences of symbols,
that there is no delay in the controller,

2.3 Interface

and vice versa. The interface consists of two rather simple maps, & and 7.

X . The null space of each functional forms a separating hypersurface in the state space of the
plant and whenever one of these surfaces is crossed a plant event occurs, With each plant event,
the generator generates the following plant symbol.

to a plant input as follows.

and r[m] is the sequence defined in equation 6.
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The system to be controlled, called the plant, is modeled as a time-invariant, continuoys-

*=f(x|l') (1)

The controller is a discrete event system which is modeled as a deterministic automaton.

(2
(3)

#[n]
#[n]

8(3ln - 1), %[n])
$(3[n]

rather than continuous-time signals. Notice

An intetface is required which can convert continuous-time signals to sequences of symbols

The generator is represented by a function, a : " — X, and a set of functionals, h; : R™ —

£[n] = a(x(r[=])) (4)

where 7{n] is the sequence of event instants or times defined as follows.
0] = © (5)
rln] = inf{t > r{n — 1} 30, hi(x(t}) - hi(x(rln - 1] +€)) < 0} (6)

The second map, called the actualor, ¥: £ = ™, converts a sequence of controlier symbols

ption,”
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where I(t) is the following indicator function.
_frif ringt<rn+1]
Iy = { o if otherwise @)

66

omputing ,

3 Controllability and DES Controller Design for Hybrid Control Systems
3.1 DES Models for Hybrid Control Systems

If the plant and interface of a hybrid control system are viewed as a single component, this
component behaves like a discrete event system. It is advantageous to view a hybrid contryl
system this way because it allows it to be modeled as two interacting discrete event sysiems
which are more easily analyzed than the system in its original form. The discrete event system
which models the plant and interface is called the DES Plant Model.

In this section we restrict the interface to systems where the plant symbols are associ-
ated with the separating hypersurfaces and the plant input is piecewise constant, which al-
lows the DES to be modeled by an automaton. The automaton is specified by a quintuple,
{B, 2, R, ¥,£), where P is the set of states, Z and R are the sets of plant symbols and con-
troller symbols, # : P x Z — P is the state transition function, and £: Px R — P(Z) is the
enabling function.

The behavior of the DES plant model is as follows

in+1] € &pn) 2] )
finl = ¥(En— 1], #n)) (1o

where p[n] € P,7[n] € &, and Z[n} € Z. The enabling function defines which events are enabled
in a given state and input. The state transition function defines the state which results following
the occnrrence of an event. The state transition function, ¥, is a partial funclion because some
avents are never enabled {rom a given state. In general, more than one event will be enabled
for a given state and input, and therefore the DES plant may be nondeterministic.

If we let Z* be the set of all strings of plant symbols, then the state transition function can
also be used to generate the plant state after a string of events.

#ln] = ¥(#l0), ©) (11

whete 1 € Z* of length n.

The models used in the Ramadge-Wonham framework differ from the above model, and
therefore the theorems and techniques from that framework cannot be applied directly, but
must be adapted. This is shown in (13] and will not be repeated here.

3.2 Controllability of the Hybrid Control System

For the hybrid control system, the Janguage It is controllable if

vwe R Ife R 3 wi(¥{po,v)FC K (12)

This condition requires that for every prefix of the desired language, i, there exists a control,
#, which will enable only events which will cause string to remain in K.

Theorem 1 If K is prefir closed and controllable according lo 12, then a DES controller can
be designed which will control the DES plant model lo the language K.

For hybrid control systems, the supremal controllable sublanguage of the DES plant model
can be found by a similar iterative scheme.

Ko = K (13)
K = {w:wel_(,VvGEFEIFERB

vE(¥(o, v),7) € }(_')} (14)

K' = ;ll.To K; (15)

67



P. J. Antsaklis, M. D. Lemmon and J. A. Stiver, "Hybrid System Modeling and Event Identific
P roc. o ft he T hirty-First A nnual A llerton C o nference o n C ommunication C ontrol a nd ¢

pp 64-73, Univ. of lllinois at Urbana-Champaign, Sept. 29-Oct. 1, 1993.

Theorem 2 For a DES plant model and language K, Kt is controllable and containg all con-
trotlable sublanguages of K.

With this controllability result we are able to design controllers for hybrid control systems.
This is analogous to the controller design in the Ramadge-Wonham framework, and it is not
described here.

4 Example - Double Integrator
Using the double integrator example from {14], we have the following plant

i:[g ;]x+[2]r (16)

In the interface, the function o partitions the state space into four regions as follows,

p il zy,22> 0

P2 if 2y <0,22>0 ("
P if £y, 22 <0 !

fa il

z; >0,52<0

and the function ¥ provides three set points,

-10 if F=7
1(F) = 0 if F=7 , (18)
10 if F=+fy

4

Figure 2: DES Plant Model for Example

Combining the plant and interface, we obtain the DES plant model. This DES is represented
by the automaton in figure 2, and explicitly by the following sets and functions.

P = {12 b} (19)
Z = {abed} {20)
R = {f1,72,73} (21)
(i d) = fa $(p2E) = (22)
(2, &) = py Y(Pa,8) =B (23)
$(fs,d) = By ¥(ps,b) = Pa (24)
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i, F) ={d} &(fa,7a) = {8} (25)
E(pz, 71) = (8,4} £(pa,71) = {B} (20)
E(Pa,F2) = (@}  E(Pa,T2) = {8} (27
&2, Ts) = {8} E(PasTs) = {h,} (28)

The values, for which ¥ has not been stated, are undefined, and the values for which £ has not
been stated are the empty set.

The language generated by this automaton is L = ((dc)* + db{cd)*¢a)". 11 we want to drive
the plant in clockwise circles, then the desired language is K = (dbca)*. It can be shown that
this I{ satisfies equation (12) and therefore according to theorem 1, a controller can be designed
to achieve the stated control goal.

5 Event Identification

The interface is instrumental in determining the meaning of the symbols used by the supervi-
sor. Symbols acquire meaning by their association with nonsymbolic entities in the continuous-
state plant, For example, a region of the state space or a control policy which successfully
transfers a system between two regions of the state space may be used to ground symbols in a
meaningful manner. In this section, a set of sufficient conditions are derived which test whether
or not the control symbols used by the supervisor are meaningful with respect to their ability
for supervising plant behaviour.

This test takes the form of a set of linear inequalities which can be efficiently solved using
the method of centers [15]. The method of centers can also be framed as an inductive inference
protocol so this methoed can be realized as an identification algorithm to be used for the on-line
verification of a given DES plant automaton model. The sigrificance of these results is that there
are some very eflicient method of centers algorithms. Prior work in this area has focused on the
use of geometric centers such as in the ellipsoid algorithm [16]. While the ellipsoid algorithm
is known to be somewhat ineflicient, it provides provable results on computational complexity.
These results suggest that the event idenfification scheme is learnable in the sense that the
number of queties necded Lo decide on an event binding is bounded in a polynomial manner
with plant complexity. Method of center algorithms based on analytic centers should provide
faster learnability and the implementation issues associated with these algorithms are currently
being investigated. The following two subsections first discuss the notion of supervisability used
in this paper and then moves onte methods for solving the resulting inequality tests.

5.1 Supervisability

The combination of plant and interface forms another discrete event system. The hybrid
control system, from the supervisor’s perspective, can then be scen as two interconnected DES;
the supervisor and an equivalent plant DES. Since the supervisor is directly connected to
the plant DES, onc approach to hybrid controller design is to synthesize a supervisor which
effectively controls the equivalent DES model of the plant. The natural concern is whether or
not control of the DES is suflicient to “acceptably™ control the original plant.

The following discussion indicates precisely what is being controlled by the supervisor. Let
X be a finite open cover of R" consisting of elements x;, for i = 1,...,4. The set of conjunctive
events, C, generated by X will consist of all subsets, ¢, of ®® which can be expressed as
the intersection of elements in X. In other words, for any conjunctive event ¢ there exists a
collection, [, of integers between 1 and q such that

e={x (29)

el
The set [ will be called the index set of the conjunctive event.
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The symbolic behaviour of the plant is described by the way in which the plant’s state

transitions between events. Consider a hybrid system with a collection, C, of conjunctive
events generated by a finite cover, X, of the state space. Let i be a finite alphabet of cuntr:a]
symbols, let V C C,andlet ACV xV x R. The plant avtomaton associated wi_th.the llybnd
system is a labeled directed graph, (V, A), where an ordered triple of (c,, ¢, 7} is in A if and
enly if the plant’s state trajectory, £(t) generated by the system equations

R R (30)

satisfies the following conditions.

» there exists T, such that () is in the closure of ¢, for0 <t < T,
e there exists T; such that #(2) is in the closure of ¢ for ¢ = T¢.
o and Z(t) is not in the closure of |J; ¢ for T, <t < Tt

As a model of the plant’s symbolic behaviour, the plant automaton provides the basis for

determining a supervisor which can control the plant. In order for the resulting supervisor to
effectively control the plant between conjunctive events, it is necessary that the plant autom&fton
also be supervisable. The following makes this notion of supervisability more precise. Consider
the piant automaton, (V, A) associated with a hybrid control system and consider two events,
¢, and ¢, which are elements of V', Let #[n] denote the control history for a directed walk from
vertex ¢, to c;. The event ¢, is said to be supervisable from ¢, if and only if any other directed
walk originating from ¢, with control history fln} necessarily terminates at c..

The following proposition provides a sufficient condition for testing whether or not an arc

of a plant automaton is indeed supervisable

Proposition 1 Consider a hybrid system with an associaled basis event collection, X. Let
(V, A) be a given plont automaton. Let V; : R" — R (i=1,.. .,q) be a family of C! functionals
and let f; 1 R — R" (j = 0,...,m) be o family of Lipschitz continuous control pofics’es.. Let
L;V; be the Lie derivative of the Junctional V; with respect lo vector field f;. The eventc in C
with index set [ will be supervisable if

o V(2)})>0forallz ¢ c; and Vi(Z) =0 for all T € c;.

e foralliel ond for all E € X",

1

n @0

0> (Lo¥i LiVi -+ LuVi)

m

e and for all £ on the boundary of events ¢, # ¢, with indez sets I,, there exists an iel,
such thet Vi(£) =0 and

i

T

0<( LoV LiVi - LmVi) (32)

Tm

Proof: {outline) In order for event ¢ to be supervisable there must be an arc which goes

from every event in V to c such that the state trajectory does not intersect any other event in
V. One way to insure that this occurs is to require that ¢ be a globally attracting invariant set
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and that all other events are repellors of the plant controlled by 4(¥). The above conditions are
based in a straightforward manner on the LaSalle invariance principle. o

Remerk: If the set of conjunctive events form a full partition of the plant’s state space,
then supervisability (determinism} is too restrictive 1o be useful. Insuring determinism over fuil
state partitions will require that the partition boundaries be integral manifolds of the system;
a condition which will probably be impossible to satisly exactly in practice. The formulation
stated above, however, does not require that events fully partition the state space. Therefore
it is no longer necessary that event boundaries be integral manifolds. Consequently, there is
significant flexibility in the way we can assign the control vectors f to insure determinism in
the plant antomaton.

Remark: The inequalities used to test the plant antomaton’s supervisability require that
the Lie derivatives of the dynamic system be known. If there exist prior models for the plant,
then these Lie derivatives can be estimated directly from state estimates. If no such models
exist however, then these derivatives must be estimated by direct observation of the system.
In this respect, the preceding inequalities indicate precisely what type of information must be
made available to the systemn so that it can determine whether or not jts plant automaton is
indeed supervisable.

Remark: The conditions stated above are global statements. In many situations, however,
satisfaction of these conditions on a local basis may bLe extremely useful. For example, if the
plant’s state trajectory is known to be contained within a given region of the state epace, then
it is only necessary that the above inequalities be satisfied in that region (rather than the entire
state space) to insure the supervisability of the resulting plant automaton.

5.2 Identification

The sufficient conditions obtained in the preceding section form a system of inequalities
which are linear in the control vector, ¥. Since the control vector is determined by the hybrid
system’s actuator mapping, these conditions also provide a method for determining an actuator
mapping, ¥ which insures that the given automaton will be implementable. Such 7 (or rather
the ¥ associated with the control symbol )} represent feasible points of the inequality system.
The identification of those ¥ which yield a supervisable plant automaton can be viewed as an
event identification problem. In this case, the event is the arc between two conjunctive events.
The identification algorithm determines whether or not such an arc can be actually realized by
the system.

The event identification problem is actually a problem in determining feasible points for
inequality systems. There exist good numerical techniques for finding such points. One class
of algorithms for determining such points uses the so-called mcthod of centers to update a
hypothesized feasible point. The method of centers computes a sequence of convex bodies and
their centers in such a way that the computed centers converge to the feasible point. Depending
on the analytic form of the convex bodies and the centers, different types of algorithms are
obtained. Examples of such algorithms are the so-called ellipsoid method [17] and interior
point methods based on Jogarithmic barrier functions [18].

The method of centers can be viewed as an inductive inference algorithm. Inductive inference
is a machine learning algorithm in which a system learns a Boolean function from examples[19].
The learning algorithm is outlined below.

¢ Hypothesis: The hypothesis assumes that the conjunctive event ¢ is supervisable by vector
#; = q(Fi). This hypothesis is represented by a convex body Kj in which ¥; is a “center”
for K;. Prior work [16] used ellipsoidal convex bodies and their associated geometric
centers. It is quite possible and probably desirable to also use analtyic centers defined
by logarithmic barrier functions. This latter approach has proven useful in interior point
linear programming algorithms [18).

¢ Experiment: The incqualities in the proposition indicate that specific information has to
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be gathered by the system before the sufficient conditions can be tested. The experimental
component of the algorithm involves the measurement of these quantities. In particular,
the system must be able to esiimate or measuse the Lie derivatives of the plant. As
noted above, these derivatives can be estimated if there is a prior plant model. When no
such model is available, there must be sensor capable of measuring of estimating these
derivatives.

Query: The third component of the algorithm is the oracle query. The oracle is a Boolean
Tunctional which outputs 0 if the experimental data is consistent with the inequality
system and which outputs 1 if the data does not satisfy the ineqguality system.

Update: If the oracle’s response is 0, then nothing is done, 1f the oracle declares 1, then
the current data is inconsistent with the hypothesis that 7; satisfies the inequality system.
This means that the hypothesis has to be changed. An update algorithm is called to
compute 2 new convex body K; and its associated center. The center of the updated
convex body is then taken to be the new control vector 7;. Prior work examined the
use of central cut ellipsoid algorithms [16] in performing this update step. More recent
experimental work has implied that the use of analytic centers {rather than geomelric
centers) may provide a more efficient way of updating the hypothesis.

The advantage of using the method of centers in solving such problems is that these methods
have provable polynomial complexity. There are well-known results on the convergence of such
methods. For example, an idealized method of centers algorithm which uses the geometric center
can be shown to converge in finite time [15]. It is further shown that this finite convergence
time scales in a way wlich is independent of problem complexity. The problem with the
idealized algorithm is that the computation of geometric centers for arbitrary convex bodies is
impractical. The central-cut ellipsoid algorithm represents a more practical way of computing
geometric centers, For this algorithm, it has been shown that the finite convergence time scales
on the order of o{nln L) where n is a measure of plant complexity (generally the number of
control palicies available to control the plant) and L is a measure of the volume of the feasible
set that's being searched for {20] [16].

The significance of the preceding discussion is that it suggests that the controllability of
individual events in the plant automaton can be decided quickly and efficiently using the method
of centers. The scaling results suggest that the o{nln L) convergence rate for the ellipsoid
method can be improved upon considerably and that from a theoretical perspective this rate
will be bounded below in 2 manner which is independent of plant complexity. This immediately
suggests that more eflicient approaches than the ellipsoid metlied can be used for finding feasible
points. This fact is already well-known and interior point algorithms using analytic centers
based on so-called logarithmic barrier functions {18] represent an important class of update
procedures which may provide even more efficient identification of supervisable automaton
events.
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