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1 Background 

Th~ relatl(}nshlp between control engtnep.rtng ((~E) and 
ar-tiflei a1 intei 1 Igence Od) 1s sil!rd ffeal1t fl"ll" w(}rJ,:~rs in 
b(}th dlsiplines:-

SYSTE~-THEORFT1CAt.lY there is much eo~on ground in both 
objectives and actlvftles, for example: 'ldentlflcatJon and 
mod p. 11 i n g I i n C F. cf' know 1 e n1te a c: Cl u f Si i t i ('I n and s t ru et u rt n?,' i n 
AI, or 'control' in CE cf 'goal-seeking' in Ar. By way of 
c~ntrast, however, 'stability and sensitivity' analysis so 
central to ct: seem to have no real equIvalent fn AI (perhaps 
sO~J concept of 'rohustness' of knowledv,e structures and of 
strategies), and the linguistIc Information processing so 
ubi~uitous fn At has no real equivalent in CE (much to Its 
detriment ... see section 4). 

TERMiNOLOGiCAllY both disi~ltnes have borrowed their 
voca~ularff.1!s freely from human analogies, e.g. 'adaptive and 
learning' controllers and robots, and this learls to a 
superficial resemblance that does not necessarily denote a 
true correspondence and may be misl~adtng. 

SOr.IOlOGfCAlLY both dfslpl ines are new and have had to 
establIsh their identities in the face of suhstanttal 
opposItion. Perhaps CE has harl the easier tIme of it in 
growlng out of well-established En~ineer'n~ Oepartments, 
whereas AI has haA. to strug~le frp.e of Com~uter Science, 
Itself strul',gl in,; free from MatneM3ties Departments. Howev~r 
that is another story not appropriate to thAse notes - it is 
worth noting that the problems of A' as a subject are(ll are not 
unique but occur wIth most new developments (see Merton 1913 
for a deep and fascinating account of such asppcts of th~ 
sociolo?y of sctenc~). 

, cannot PfPtenri In these notes to give a thorou~~ 
account of CE and its relationship to AI. They are intenderl as 
Cl "uide to the Mainstream of activities in CE and to som@l' 
real,. and some apparent, poInts of contact with AI. '"he 
literature references are d~l'heratelY highly selective to 
make it feasible and Worthwhile to follow them uP. The next 
section outlines the main subject areas of control theory; the 
following section that of control 8Ppltcatfon; and the final 



2 Control Theory 

The theoretical rnund3tforts of CE may be bV'olHily divitfed 
Into a logical se~U&~ce of th~~e ~~in subj~ct ar~as: 

(a) Sxstem IdeotfflcIatiO!1 ... from the input/output behavIour of 
a system deter~lne a 5uttable modp.l for Its structure - In CF. 
the 'grey-box· approach Is most common In that we assume ~uite 
a lot about the structure of the system to be modelled 
(generally that it is lInear and not very comolicated) in 
order to acquire a model fairlY rapidly -if the model proves 
a pnor predictor th's shows up at the development sta~e and 
the assumptions are changed (perhaps this is the story of 
science i) - the maln complication is that we can rarely 
induh:e in identification alone, but either want to, or have 
tOt control also to some extent (hecause It would blow UP .. or 
otherwise not be the sa~ system If we did not), • this leads 
to the cOmPltcetions of the so·called 'du~l control probiem' 
of learning about Cl system whilst we are at the same time 
using that knowled~ to control It u this problem is truly 
fundamental and may be studlerl In its simplest form as th~ 
'two-ar~ed bandit problem' (Witten (lG1S) is an exeellent 
surrrriaryof these problems - Eykhoffts (191~) book sUr'fI'Iarizes 
well the main contributions to system lrlentfffcatton); 

Cb} .Q.gntrol itself is clearly central'" the signifIcant 
factors are that it tmolTes Cl purpose and hence also a means 
of determining when, or how well, that purDose has been 
achfeved - the classieal pieturp of control Is that we use 
this measure of success to de-termlne the control action .. 
-negative feedback' is a powerful paradigm that thp. 
cyb~rnetictan's are ~uick to see everywhere - however it Is 
slgnif'cant that much, perhaps most, industrial control does 
not e~ploy such short-term negatIve feedback of Its primary 
performance variables - 'open-loop' control is very t"Of'fli'yiOn tl'\ 
which a plant is taken through a standard cycle without any 
on-line evaluation of the results - negative f@edbAck Is used 
to control short-term secondary vartables like the 
temperatures of various sub-systems, but perfonnance feedbaek 
is by off-line chemical analysis of the products and its 
effectIve Is retrospecttve,stratey,ic rather than tactical'" In 
th t s respect an i ndust rt at pt ant 5 t rongl y .. resemb 1 es a 1 i v 1 ng 
organIsm with its local feedbacks for posture control 
underpinning Its capablltty for action (in the phllosophic.al 
sense • Care & Landesman 1968) but the feedback on th~ result 
of acttons being a long-te~ process of cogitation and 
learnIng. The moral 15; "don't take too much notice of the 
simple diagrams of negatIve feeriback at work In the control 
textbooks" - they are the sptnal cord of control, not its 
brain I. 

(c) StabIlity and Sensitivity analyses CO~e ~t~sest to be'n~ 
wha t cont 1"'01 theo ry I s rea 11 y about - hay t ng gOt ~ morle 1 fa r a 



system and b£sed t ~es'gn for a cDntroller upon It thp~ 
comes the g questfons J 'how will rh~ ~v~~~ll svste~ 
respond to PBrturbatlons n' ~ne contrD'~ed variables" 
(stability cU"ii'5'!Ylll'HO and 'how will the system p~"fot"t'l'H!nCe 
change If the model is not qt.iite rt"ht' (sensithdty analysts) 
- It was the stabi 1 Itv analysts techniques of Bode ~H'id Ny~ufst 
in the 30's that marte control eng!neerfng a subject ar~a -
later progress may be measured In terMS of Increasing 
generality of Duch analyses (e,R. lyapunov's criterIa -
leondes 1965) - and the weak areas of CF. today are those where 
sueh cr'iterla are inapplIcable, I.e. most nonlfnear syst~~s. 
To my mind the development of techniQues for the sturlv of 
stability and senslth"'ty (general tynbustness') Is the major 
determfnant of the success of any field of al'plled syst~m 
theory,/l includln~ AI. We neerf to know t"e potential effects of 
defects in our own knowled~e • tn practice the best teehniQu~ 
is not necessarily that which works b~st under prescriberl 
conditions, but that which has 1 imtted 'dmmside ootential t 
under Cl wide range of possible conditions (Rarlanovle (1966) 
gtves a useful overview of the role of stability and 
sensltlvfty analyses in control theory). 

2.1 tinear Systems Theory 

If I were fool enough to try to define the dIfferences 
between the theo ret i cal sub" structures of CE and A' t none­
sentence, It would be that, £teE theory Is based upon morlel1fnp: 
contInuous procesSeS as lInear systems, whereas AI theory fs 
based upon modellIng discrete proceSses as linguistic 
systems"e The role of lInear systems theory in Cl: cannot be 
over"emphasiz.ed ... it 'S both the major-strength of the whole 
subject arl!S, and Its major weakness. Linearity is a powprful 
constraInt that leads to deep and ete~ant results - th~t they 
are applicable to physical systems is metaphysical ma~ic 
arising from: (8) MathematicallY, linearity fs a goo~ 
approxlMatton to the local behaviour of a conttnuous Syst~M 
with bounded hIgher order derIvatives (since these correspond 
to energy t ransfe rs they tend to be bounded in a 11 but bOft\bs); 
Cb) We chose the systems to be control1en, usually 
manufacturing them, so that they may be selected to be li"e~r; 
(c) We certainly cnose the controllers and, with the 
app) Ication of suffIcIent ne~atlvA feedhack, a linear 
controller tends to make the whole system appear ltnear~' 

That, perhaps, Is a sufficient rationale far the 
dominatfon of CE by tlnear systems theory and, re-interpreted, 
explains the lack of Impact of such theory 'in A. where we 
rarely deal with the dynamics of physical systems and choose 
our pro~lem areas with different theoretical mod@ls in mInd. 
ThIs great drvlne, although verY real, is a histodcal OI"lF! 

that cannot last for ever * control engineers hsv~ been 
turnlng their attention to b101ogical and economic systems 
where the assumption of linearfty is only partially 
successful, and AI ro~ots are incfe~singty facIng the nasty¥ 
continuous physieal world. Hendrix's (1913) AI paper on 
"modelling sImultaneous action and continuous processes u 

states the proble~ clearly and brtd~es tne gap between the two 
dfslpltnes. It may 'be contrasted wIth ~F. papers on com~uter 



modell fng of pi'wsieal syst,~ms (U~e et a1 1968). 

It came as Q shock to centrol engtneers h'i the sa's to 
dIscover that the optim~l controller for a lInear syst~m was 
not itself linear. Pontryag1n'~ famous 'maxImum· "~~nclple 
O.eonries 1965) showed that to di~II1"",C h~ §tate ('If :: i rnear 
system in m1ntrnum tfme one always had to apply the maxi~um 
available force to ft. Only the sense of that force varied and 
thts was determined by 8 'switching surface' in tn@ state 
space of the system. This re-suited In a massIve effort to 
determine the forl'l1ls of such 'optimal coV'trollers t for a wt 
variety of systems.. It was a major change of cl'reetlon for Cl: 
because the switching surfaces made the control algorithm a 
discontinuous 6 decision-making strategy, utterly different 
from that of classical cont inuous control. It was soon 
discovered (Wild~ & Wescott 19(2) that the human controll~r 
used such lb~n~"'hang' strategtes in 1 lmh mOv~ments so that, as 
so often happens" nature had been there all the whl1e. The 
appi iestS,," of (H)tlmal control to industrial systems became 
feRslble wfth the advent of on-line comnuter control hut, and 
here comes the moral of the story, it proveri vpry 
dfsappointing in practice lar~ely bpc~use the optimal 
controllers tended to be extremely sensitive to errors in 
plant manels, bp.comfng very non~optimal when the real world 
was not ~reclsely as expected. FUller's (1961) classic p8~~r 
showed that the 01 et 1 irtea r eont roll er was not a 1 i that 
sub-optimal, and far more robust to changtng plant 
characteristics. In retrospect one Can see that the definition 

optlmali was at fault, and that In real CE tn@ goal is 
not the o~ttmal control of one prescrtbed plant, but the 
reasonable control of any of a ran~e ~f possIble plants. This 
concept was given a rigorous interpretatIon by KwakernsRk 
(1965) who termed Et controller 'adf'lissible e for a ran~e of 
plants if their waS no ether controller that was uniformly 
better for all of them Ca concept borrowed from statfstics ... and 
a very useful one). 

2.2 The Notion of 'State' and Automata 

There Is one Important concept lar~ely developed In CF, 
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 Informatton necessary to account fnr 
Its potential future behaviour" Whtlst tHe concept Is a 
straighforwarn one in terms of system structure. It becomes 
very much more subtle when used to define the tstat~f of a 
model of a system determined from Its behaviour. Many systems 
theorIsts In recent years have analysed the concept of "state" 
in ways that throw interesting light on tha nature of 
explanation and causality - ladeh (196~), Zaden & Desoer 
'1963) or Zadeh & Polak (1971) are good Introductions. 

In a recent artIcle, Arhfh (1975b) po1nts out that 
Wlener, who as the father of cybernetics might be exp~eted to 
be very state-or'~ritated, did not use the concept - hls was a 
more nrheolo~icalu approach relatIng the entIre past history 



of Cl systeM to ¥ts future behavTour. Wht1~t !'\'Iodern contr'ol 
theory maY be seen to be crucially b~sed on the notion of 
system state, this ts not necessar;ly the most appropriate 
basis for systeltt dev~lop.me"t or modellfng", particulariy of 
b f 0; og tea 1 systems., For examp 1 e# the Hcausa 1 u ex!' 1 an,iltt t on of 
the behavIour of an animal as aeterfflined b~' its current 
Internal state and external Input may be extremely complex, 
whereas the Uteleological U explanatton in terms of Its 
intended future bp.haviour may b~ very simple - Peseher (1963) 
gives some Interesting examples 01 this in ter~s of autOMata. 
States have a definitional importance that makes them appear 
fundamental, but it ts 'moortant to feallze that thp. uinferrp.d 
staten is an artefact of the observing system and do~s not 
necessarIly have an analogy in the structure of the observp.d 
system. 

Automata theory Is the ultt~ate expressIon of general 
state-determined behaviour and It has Its place In most modern 
textbooks on control theory. its actual rale so far has been 
perlpheral to both control theory and practice, largely 
because of the taek of powerful general results comparable to 
those of linear systems theory. Arhib (1975a) has recently 
provided a useful crItique of the role of automata theory in 
modelling biological systems, and, Over e span of some years, 
he has be.n active In promoting the role of automata theory In 
cont;.roi engineertng (Arbib 1965,1966" Arbib &. Zet~er 1969) 
and its relatlonshtp to lln~ar systems theory (Arbib & Manes 
1974)~ Thfs serfes of papers Is well worth reading both for 
its leneral Interest and as an Introduction to algehralc 
techniques in eE, partieulariy the work of KalMan (et .1 
19(9), 

3 Control Applleatlons 

\.</hilst the devioPfl1I!'nt 04= control theory has Its lessons 
for, and Interactions with, A~, It is surely In the 
appl ications l and attempted appl icatlons, of er: that most 
value is to found .. Ftndfng suitahle proh1ems f~r the 
application of AI techniQues Is a contlnuln~ reoulrement 
(where 'suitable f tmplt~s both relevance anrl borrierlinp 
solvability), and .8dvanced eE may bp. seen as definIng the 
lower end of a spectrum of which reai istfc Ai defines the 
other (standard CE is the Infraored, and oPtimistlc At thp. 
ultra-vIolet, of this spectrum I). 

By far the best sources of infonnation on control 
anpl~cations are the SYMPosia of the fnternational Federation 
for Automlftic Control (,FAC) and its associated journal., 
'Automatlca'. Many control journals are more eonc~r"erl wIth 
applied (1) mathematics than with possible applicatfo"s, but 
IFAC has the well-deserveci reputation of kp.eoing theory 
closely al1ten to r~ality and of treating expert~nc~ in the 
complex problems of control1fng real systems with respect, 
even if It does not neeessart ly illustr~te elegant general 
systefl'ls principles'. 



The topl~s the 12 IFAC !ymnC!iR planned r Iq7S 
include: contro) in SP~C~j automation in ;:::'~"_Y ...... t'.:;-,,,;, .. and 
plastIcs; automatIon !I"i uH~!-lore oH }'i€!iU rati!"l"\: {.Y'::~r.":1f" 
modeU ing and cont 1"01 in na t ions I e conoMi ~s; co\"! trot 
mechanisms In bio- & eeo-systems; etc.. T range interests 
Is very wide and barely hinted at by most texthooKS on CE. The 
proceedings of these symposlor and those of the !FAC 
congresses held once every 3 years (latest August 1975, 
Boston, USA), should be the prime sources for those intl!rester! 
in finding Jnter~stfng CF situations in which to apply At 
techniQues. 

4 Concluding Remarks 

In the 60·5 there appearert to be much common ground 
between A~ and CE ... "learning controllers u in pal"'ticu1ar 
5ee~ed to represent At thinktnf In CF. (see Tsypkln 1911 for a 
review of this type of work, and Gain~s 1969 for a discussion 
of the Vocabulary of tadaPtion!! in blo1o~y ann enp:fneedng) .. 
t n the 70· s, howeve 1", th f s communa 1 lty has 1 essened w1 th the 
decrease of !nterest In machine learning as sueh in Id, and 
the df senchantment \<It th the more esotert (': forms of "l earn i ng 
machine" In CE (and the ahsorption of those thAt work~d Into 
the less emotive vocabulary of 'optimlzatfon', etc.). looking 
through the first 5 years of l~rtfficiAl intelligence' i finrl 
nothtngwhfch can be taken as a CE applicatIon. Looking 
through the progranrne for the IFAt 75 con~ress there is Httle 
that can be directly related to AI. 

However, this apparent gulf 15 not as real as it appears 
since many workers In CE are fully awa're of the AI literature, 
and vIce versa. Fundamentally the problems treated In eE,· 
particularly now that economic and bfol0.tcal systems are 
attracting such attention, constItute a natural domain for AI 
- they are problems where human actIvities are belng aided or 
replaced by automated systems, and the frontiers of this work 
must, virtually be definttton, be closely allIed wIth At. 

Finally, to end on a positive note, let me illustrate 
the tnteresting developm.nts that may arise when AI techniques 
are applied to a real control system by describing some rec~nt 
work at Queen Mary College (Assiltan 1974, Mamdsnt 1974, 
Asstltan & Mamdant 1975). A m~del stea~ engtne has been used 
as a test bed for varfous forms forms of 'learning controller' 
~ chosen because of tts nonlineartties, hysteresis, holdu~s, 
long time-constants, and other real-l tfe features (1 ike 
proneness to blow-up t)e The initial objeetlve was to 
tnvestTgate a range of publ,shed learnin~ algorith~s comparing 
them amon~st themselves and with some classIcal ltn&ar 
controllers. It was realIzed that the learning controllers on 
any real plant WOUld, in their fnftial narve state .. close Tt 
down, or destroy It, before aCQuirin~ much informatIon about 
It, and attention was foeussed upon the posstblllty of 
·prlmlng! the controller with a reasonable Initial strategy. 

Zadeh's (1913) applIcation of fuzzy sets theory to 
linguistIc reasoning seemed to offer an opportunity to do the 
'primIng' in a general form withIn the spirIt of an AI 



approach by tg~vtn,. the cnnt,·oller initial uil1.:::.t':ruetkms U of 
the form., 'If the ~)r~"'~Uf€ ::rl"c;r I S n~gatlve bh:, ~nrl th~ 
chan~e in pressure error Is near zero then Incre~s~ the k~~~ 
input sltRhtty'. A fuzzy control strategy of this form was 
constructerl and userl quite formally by the controller ~~ ~ 
computer program embodying the rules of fuzzy logic. The 
resultant performance vU!!! better than that of the best 1 inear 
controllers andw8Y beyond that ever achieved by any of the 
'learning machines· ! 

The most fascinating aspect of this story is the way Zn 
whieh the synthesIs of a control pol iey using fuzzy reasontn~ 
so mIrrors onels Intuitive grasp of' how controllers are 
developed. The desIgn engineer 'plays' with the plant, gettTn~ 
the 'feel' of it before taking formal measurementSe His model 
of the plant and the instrumentation to enahle this to be 
quantifIed are conditioned by hls knowledge of it .. and those 
lIke tt, and by his own Interaction with it. Currently this 
knowledge is translated Into the mathematics of 1 tnear system 
theory and the design of a controller then becomes a 
mathema t i cal p rob 1 em. The di feet 1 i ngu i st i c t ransforrnat i on ~:)f 
statements about the plant into Cl control str~tegy is 1n many 
ways more natural. Mamdant has rec~ntly produced independent 
evidence that this is so: Chapter 10 of Perry a Waddell's 
(1972) book On rotary cement kilns Is an operations handbook 
for the human ODerator of a lime ktln. Since Tt Is intended to 
be valid for any kiln it is couched in qualitative rather than 
nUl'Ileric terms, and consists of 27 rules of the form: "f~ the­
hurnlnR zone temperature Is drastIcally lnw, the percenta~e of 
oxygen Is low and the back"'end temperature Is low then r~(4uc@ 
the kiln speed and reduce the, fuel", etc., Si 'fulzyt control 
strategy primin~ the human controller! 

. 
like algebraic technl~ues, or any innovation fn any 

subject area, it will tZike tt~ fnr results such as those of 
Mamdanf & Assillan to be testerl In a ran~e of situattons and 
assfmilated into CE. However, they do tliustr~te that the gap 
between the continuous linear world of CE and the 
discontinuous linguistic world of AI ts not insuperable. 
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