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1 Background

- The relatlonship between control engineering (CE} and
artifleial intelilipence (Al) Is sienifleant far workars in
both disipiines:~

SYSTEM=-THEORETICALLY there s much common ground In both
ohiectives and activities, for example: 'ldentification and
modelling' In CE cf 'knowledpge acqulisition and structuripns® In
At, or ‘control' In CE cf ‘goal-seeking'! im Al, By way of
contrast, however, 'stabitity and sensitivity! analysis so
central to CE seem to have no real equivalent In Al (perhaps
some. concent of ‘rohustness' of knowledee structures and of
strategies), and the linguistic information processing so
ubiquitous in Al has no real eaquivalent in CE {(much to lts
detriment - see section k¥,

TERMINOLOGICALLY both disiplilines have borrowed their
vocabularies freely from human analogles, e.g. ‘'adaptive and
learning' controllers and robots, and this leads to a
superficial resemblance that does not necessarily denote a
true correspondence and may be misleading.

SOCICLOGICALLY beth disiplines are new and have had to
estabiish their identities In the face of suhstantltal
opposition. Perhaps CE has had the esasier time of It In
growing ocut of well-established Engineerine Departments,
whereas Al has had to struggle free of Comnuter Sclence,
ttsetf strupgling free from Mathematlies Departments., However
that is ancther story not approprliate to these notes - I+ is
worth noting that the problems of Al as a subject area are not
unfaue but cecur with most new developments (see Merton 1973
for 8 deep and fascinating aceount of such aspects of the
sociolosy of sciencel.

I cannot pretend in these notes to glve a thorough
aceount of CE and its relationship to AV, They are intended as
2 pulde to the mainstream of activities In CE and to some
real, and some apparent, polnts of contact with Ai. The
literature references are deliberately highly selective to
make it feasihle and worthwhile to follow them up. The next
section outliines the main subject areas of control! theory: the
follewing section that of control appiication; and the final



¥
1Y };
Lo

section ATLEMPLE o Swn up the w~usrceni state of the art,

2 Control Theory

The theoretizal faundations of CE may be broadly divided
inte @ logical sequence of three main subjeet areas:

(a) Sysgtem ldentification - from the input/output behavlour of
2 system determine a sultable model for Its structure = In CE

the ‘grey-box' approach is most common In that we assume quite
a lot about the structure of the system to be modelled
{generally that it Is Yinear and not very comnllicated} in
order te acquire & model fairly rapidiy = if the model proves
a poor predictor this shows up at the development stage and
the assumptions are changed {(nerhaps this Is the story of
science 1) - the maln complication is that we can rarely
indulge in identiflication alone, but elther want to, or have
to, control alse to some extent (hecause 1t would blow up, or
otherwise not be the same system If we did not), ~ this leads
to the complications of the so-~called 'dual control probiem®
of learning about @ svstem whilst we are at the same time
using that knowledge to contral [t ~ this problem Is truly
fundamental and may be studied in its simplest form as the
‘two-armed bandit probiem' (Witten (1875} is an excellent
summary of these problems « Evkhoffis (1674) book summarizes
well the main contributions to system ldentiflcation);

(b} Control itself Is clearly central - the significant
factors are that It imollies a purpose and hence alsy a means
of determining when, or how well, that purpose has been
achleved « the classical picture 0f control Is that we use
this measure of success to determine the control action =~
‘negative feedback' is a powerful paradiem that the
cyberneticlan's are quick to see everywhere - however it Is
stgniflcant that much, perhaps most, Industrial control does
not employ such short-term negative feedback of its primary
performance variables - ‘open-loop’® control s very commnon in
which @ plant (s taken through a standard cvele without any
on-1ine evaluation of the results - negative feedback is used
to control short~teerm secondary variables like the
temperatures of various sub~systems, but performance feedbaek
is by off-line chemlcal analvsls of the products and its
effective Is retrospective,strategic rather than tactical ~ In
this respect an Iindustrial plant stronzly resembles a iiving
organism with Its local feedbacks for posture control
underplinning its capabiltty for action (in the philosophical
sense -~ Care & Landesman 1968) but the feedback on the result
of actlons belng a long-term process of cogitation and
learning. The morat Is, “don't take too much notice of the
simple diagrams of negatlive feedback at work in the control
Eex§ba?ks“ ~ they are the spinal cord of contrel, not its
ratnm |, .

{c)} Stabillty and Sensitivity analvyses come “linsest to being
what control theory Is really about = having g0t 2 model for &




system and based the design for 3 controtler upon 1t then
comes the grand questions, ‘how wil] the averall susten
responid to certurbatlions ﬁF sne controlied variabhies

{stabiiiey anaiveis) and *how will the svstem performance
change 1f the medel ts not aulte right' (sensitlivity apalvsis}
~ it was the stabitlty analysis techniques of Bode and Nyauaat
in the 30's that made control anginsering & subjest area = -
later progress may be measured In terms of §qcraas¥n?
generality of such analvses {e.g, Lvapunov's criteria =
Leondes 1965) =~ and the weak areas of CF today are those where
such criteria are inapplicabhle, 1.8, most noenlinear systems,
Toe my mind the deavelopment of technliaques for the study of
stabitity and senslitivity {(general ‘*robustness’) s the maior
determinant of the success of any fileld of applied system
theory, incliuding Al, We neerd to know the potential effects of
defects in our own knhowledsge =~ In practice the best technique
is not necessarily that which works best under prescribed
conditions, but that which has limited 'downside potentiall
under a wide range of possible conditions {(Radanovic (1966)
gives a useful overview of the role of stabiltity and
sensitivity analvses in control theory’.

2,1 Linear Svstems Theory

If | were fool enough to try teo define the differencas
betwaen the theoretical sub-~structures of CE and At In one
sentence, it would be that, 'CF theory s based upon modelline
continuous processes as inear systems, whereas A! theory s
based upon modeiling dliscrete processes as linguistic
systems"., The role of llnear systems theory in CF cannot be
over-emphasized - It Is both the major strength of the whale
subject area, and Its major weakness, Linearity Is & powerful
constraint that leads to deep and elegant results - that they
are applicable to physiecal systems ls metaphysical maslic
arising from: {(a) Mathematically, linearity Is a good
anproximation to the local behaviour of a continuous systsm
with bounded higher order derivatives (since these correspond
to energy transfers they tend to be bounded in all but bombs);
(b) We chose the svstems to he controlled, usually
manufacturing them, so that they may bhe selacted to be {inear;
{e) YWe certalnly chose the controlliers and, with the
application of suffictent negative feedhack, a linear
controller tends to make the whole system appear !inear.

That, perhaps, is a sufficlent rationale for the
demination of CE by linear svstems theary and, re-interpreted,
explains the lack of Impact of such theary In Al where we
rarely deal with the dyvnamics of physical systems and choose
our problem areas with different theoretical models in mind.
This great divide, although very real, is a8 historical one
that cannot last for ever - coentrol engineers have been ’
turning thelr attention to blological and seonomic systems
where the assumption of linearity Is oniy partially
successful, and Al rohots are increasingly facing the nasty,
continuous physteal world, Hendrixts {(19873%) &1 paper on
"modelling simultaneocus actlon and continusus processes'
states the problem clearly and bridges the gap between the two
disiplines, 1t may be contrasted with CF papears on computer



modelling of physicael svstems {(Lee et al 1868),

it came 28 & shack to control englneers In the 50's to
discover that the optimsl controller fwr a linear system was
not [tself tinear. Pﬁﬁtrvag«n‘r ‘?‘g,hwng tmazimum® orinciole
(Leondes 1496%) showed that to che ha state of 3 linear
system Iin minimum time one aiw&yg haé to appiv the maximum
avallable force to 1t. Only the sense of that force varied and
this was determined by 8 'switching surface’ in the state
space of the system, This resulted In & massive effort to
determine the forms of such 'optimal cortrolilers' for a wide
variety of systemg, L was a majoar change of directlion for CE
because the switching surfaces made the control zlgorithm 2
discontinuocus, declision-making strategy, utteriy different
from that of classtczl continuous control., It was soon
discovered (Wilde & Wescott 1962) that the human controller
used such ‘bang-bang’® cstrateglies in 11mb movements so that, as
50 often happens, nature had been there all the while., The
appiication of optimal control to industrial systems became
feasible with the advent of on<line comsuter control but, and
here comes the moral of the story, it proved very
disappointing in practice largely because the aptimal
controllers tended to be extremely sensttive to errorsg In
plant models, becoming very non~optimal when the real world
was not preclsely 2s expected., Fuller's (1967) classlic paper
showed that the old VTinear controller was not all that
sub-optimal, and far more robust to changing plant
characteristics, In retrospect one can see that the definition
of optimality was at fault, and that in real! CEF the goal lg
not the optimal control of one prescribed plant, but the
reasonable control of any of a range of possible plants. This
concept was gliven a rigorous interpretatlon by Kwakernsak
(1365} who termed a controller ‘'admissihle® for a range of
plants If their was no cther controller that was uniformly
hetter for atl of them {a concept borrowed from statistics, and
a very useful onel.

2.2 The Hotlon of 'State' and Automata

There is one Important concept largely developed in C¥
which we probably all take for granted so much as to forget
its comparatively recent origins. The ‘'state' of a system may
be defined as the minimum Information necaessary to acecount far
Its potential futupe behavisur, Whlist the concept §s a
stralghforward one In terms of system structure, It becomes
very much more subtie when used to define the ‘state’ of a
model of a system determined from Its behaviour., Many systems
theorists in recent vears have analysed the concept of "state"
in ways that throw interesting llght on thae nature of
expianation and causality - Zadeh (1864), Zadeh & Desoer
t1963) or Zadeh & Potak (1971} are good Introductions,

in a2 reeent article, Arbih (1975b) points out that
Wiener, who as the father of cybernetics might be expected to
be very state-orlentated, did not use the concept ~ his was a
more “rheological’ approach relating the entlire past history



of & system to !¢s future behavieur. WWhilct modern control
theory may be tcen %o be crucially based on the notlon of
system state, this is not necessarily the most appropriate
basis for system devalonment or modelllng, particulariy of
blological systems, For example, the M"cauzal® explanation of
the behaviour of an animal as determined by Its current
Internal state and external Input may be extremely compiex,
whereas the "teleological® explanation in termg of its
intended future behaviour may be very simple ~ Rescher (1663}
glves some Interesting examples of this Im tarms of automata,
States have a definitional importance that makes them appeszr
fundamental, but 1t !s important to realize that the “inferred
state” Is an artefact of the observing system and does not
necessarlly have an analogy in the structure of the observed
system,

Automata theory Is the ultimate expression of genersl
state-determined behaviour and it has lts place in most modarn
textbooks on control theory. its actual role so far has been
peripheral to both control theory and practice, largely
because of the lack of nowerful general results comparahle to
those of linear systems theory. Arbib (1975a) has recently
provided a useful critique of the role of automata theory in
modetling biclogicatl systems, and, over & span of some years,
he has been active In promoting the role of automata theory iIn
control enginsering {(Arbib 1965, 1966, Arbib & Zelger 1969)
and Its relationship to linear systems theory (Arbib & Manes
1874)., This series of papers ls well worth reading both for
its general Interest and as an introduction to algehraic
i§§§?§aues in CE, particuiariy the wark of Kalmarn (et a!

3 Contral Applications

Whilst the deviopment of contrel theary has its lessans
for, and interactlions with, Al, 1t Is surely in the
applications, and attempted applications, of CF that most
value is to found., Finding suitahle probiems for the
application of Al technigues s a continuing requirement
(where ‘suitable’ implies hoth relevance and bordertins
solvability), and advanced CE may be seen as defining the
lower and of a spectrum of which realistic Al defines the
other (standard CE is the Infra-red, and @pt%mistze Al the
ultra-violet, of this spectrum ), .

By far the best sources of information on control
applications are the symposta of the International Federation
for Automatic Control (IFAC) and it assoctated journatl,
‘automatica®, Manv control journals are more concerned with
applied (?) mathematics than with possiblie applications, but
{FAC has the well-deserved reputatlion of keeping theory
Claosely aliled to reality and of treating experience In the
complex problems of conterolling real systems with respect,
even if 1t does not necessarily lllustrate elesant geners?
systems principlies,



The topins of the 12 12AC symposia nianned for 1978
inciude: control in space; asutomation in pave - =ohher and
plastics; automation In uifchpre oit i€l Operation: gynamle
modelllng and control In national ecoremies; control
mechanisms fn blo- & eco-systams; etec., The range of interests
is verv wide and barely hinted at by most texthooks en CE, The
proceedings of these symposia, and these of the (FAC
congresses held once every 3 vears {latest Aupust 1975,
Boston, USA), should be the prime sources for those interested
in finding Interesting CF situations in which to apply Al
techniaues.

b Concluding Remarks

in the 60's there appeared to be much common ground
between Al and CE « "tearning controllers” in particular
seemed to represent Al thinkinf In CFE (see Tsypkin 1971 for a
review of this type of work, and Gaines 1969 for a discussion
of the vocabulary of ‘adaption® in bloiogy and engineering).
in the 70%s, however, this communality has lessered with the
decrease of Interest In machine learning as such in Al, and
the disenchantment with the more esoterle forms of “learning
machine® in CE {and the ahsorption of those that worked into
the less emotive vocabulary of ‘optimization’, etec.), Looking
through the flrst 5 vears of ‘artificial Intelligence' § find
nothtng which can be taken as a CE appiliecation. Looking
through the programme for the (FAC 75 congress there is tittie
that can be directly related to At,

However, thls apparent gulf is not as real as It appears
since many workers in CE are fully aware of the Al iiterature,
and vice versa. Fundamentally the problems treated in CE,
particularly now that economic and blologlical systems are
attracting such attention, constitute a natural domain for At
~ they are problems where human activities are belng aided or
replaced by automated systems, and the frontiers of this work
must, virtuaily be definition, be closely altied with Al,

Finally, to end on 2 positive note, et me {llustrate
the Interesting developments that may arise when Al technigues
are applied to & real control system by describling some recent
work at Queen Mary College (Assiitan 1974, Mamdan! 1974&,
Assiltian & Mamdan! 1875). A model steam engine has been used
as a test bed for varlous forms forms of 'learning controiler?
- chosen because of its nonlinearities, hvsteresis, holdups,
long time-constants, and other reai~1ife features (like
proneness to blow-up ()., The Initial ohlective was to
investigate a range of published learning algorithms comparing
them amongst themselves and with some classical 1lnear
controtlers., (t was reallzed that the learning contrallers on
any real plant would, in thelr Inftial natve state, close it
down, or destroy lt, before acquiring much informatlon about
it, and attentlon was focussed upon the possiblilty of
‘oriming' the controller with a reasonable Iniftial strategy.

Zadeh's (1573) application of fuzzy sets theory to
lingulstlic reasoning seemed to offer an opportunity to do the
‘sriming? in 2 general form within the spirit of an Al



approach by giving the controlier Inftlal “inscpyetions™ of
the form, "if the pressure crror is negative biz, apnd tha
change In pressure errdor s near zero then Increase ire hozs
input siteghtiy’, A fuz2zv control strategy of this form was
constructed and used quite formally hv the controllier o a
computer program embadying the rules of fuzzy logle., The _
resultant performance was better than that of the bast Vinear
controllers and way bevond that ever achleved by anv of the
"Tearning machines® !

The most fascinating aspect of this story s the way in
which the synthesis of a control potlicy using fuzzy reasoning
so mirrors one's intuitive grasp of how controllers are
developed., The design engineer ‘plays' with the plant, gettlne
the 'feal'® of it before taking formal measurements, His mode?
of the plant and the instrumentation to enable this to be
quantifled are conditioned by his knowledge of it, and those
Tike ft, and by his own Interaction with it, Curreantly this
knowledge s translated Into the mathematics of linear system
theory and the design of & controlier then becomes a
mathematical problem, The direct linguistic transformation of
statements about the plant Inte a contrel strategy is im many
ways more natural. Mamdan! has recentlyv produced Independent
evidence that this Is so: Chapter 10 of Perry & Waddell's
(1972} book on rotary cement kilns Is an operations handhook
for the human operator of a lime kiln., Slnce It Is intended to
be valid for any kitn It is couched in qualitative rather than
numeric terms, and consists of 27 rules of the form: "Iif the
hurning zone temperature s drastically low, the percentage of
oxygen is low and the back=end temperature Is Tow then reduce
the kiln speed 2nd reduce the fuei®, ete., a *'fuzzy' controt
strategy priming the human controller !}

Like algebratec techniques, or anvy lnnovation In any
subject area, {t witl take time for results such as those of
Mamdani & Assilian to be tested In a range of situations and
assimilated into CE. However, they do illustrate that the gap
between the continuous linear world of CE and the
discontinuous lingulstic world of Al is not insuperable.
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