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Abstract

II

Ii ()

Ii

As ind trial p1311t& become mOTI? complex. there is 1'. growing need for new ap..
prca ..chef' to control and supervision. This research investigates the issues involved in
applying Artificial Intelligence (AI) techniques iII. the real-world eugineering problem
of process centro. supervision. Current AI theory is examined and some terhniqucs

ruodified to design a. general-purpose, reactive planner. The planner forms t~v~basis
of a. supervisory control system. The system is implemented and interfaced with
an existing Laboratory plant, 1;0 that its performance can he tested and evaluated
hy comparing with a. conventional feedback controller» This 'rca.J:Uf€testing neces-
sirates explicit treatment of issues such as data: sampling. situation assessment and
CPU scheduling. The cal;'e study shows that by combining Ai techniques with con-

ventional control, a system call be buill which displays superior performance under

normal operating conditions and which (an deal with abnormal conditions su ..h as
equipment r"iilures.
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Over the years, control: heory has become increasingly advanced and complex. ~on-

ventional and rnod~'fI) cGnt'il~l methods are based on solid engineering concepts and

use very sophisticated tools from well-established sciences such as mathematics and
physics. Most of thebe: ncethods have proved themselves unequivocally In real-world

\\

C)

Chapt.er 1

Jntr-oduct ion

1.1 Background

conditions.

HO\\'eVN, automatic feedback controllers, no ma.t~, how sophisti- .ted and reliable

have to be sunerv.s '(~. Supervision represents those activities that take place above
the low-level contro. ,;)I}PS a.('''\wl' ose objectives are to improve the performance of

.......j

the system and ensure its safe '(1j>eJ;'l'-tion.As control systems become more complex,
;·1

this need for supervision increases ..
(\ :

II '1\

Control supeevision in stili mainly ti:e responsibility of r,..!nt operators and engineers.

Shifting this responsibility' onto "'llt~HT1~.~icsystems could have a. great economic irn-
.'..1

pact (~')y iner.' " ;n~ l::on8i.sten~.i:.J.'Hl reliabilitv, while lower ;ng costs). The difficulties

encountered .1\, automating '~1h!':ervis;ij!l,are itl direct, ontrast with the natural and
st r ifpht:forwnrti approach to supervision exhibited b) humans. This suggests that
illteHigf'l1ce could be the major i (,(jient of successful supervision.

!)

Some (~1?";!"erci!l.l ('tmtrol pa,:k,\;I.;cs i!;chlde a limited amount of supervision, typically

!~ the form of an automatic start-up or !:j)mt-dowr sequence or an optimizing algo-

rithm used to lll<l.nipll)a:~'e the setpoints to low-level \_OlI~rol1pr;:;, However .. existing

Ii
))

iJ

-------_""---- ....



1.~l.1 Heconflgux able Control
1\

implementations of control supervisors fan short of provi~ing truly automatic super-

vision. Indeed, the task of automatic supervision is so complex. that t!\.e tools used
, 'r:;::)

in most in:plemelltatiol"!s---mathema.tical algor it hms and preprogrammed logic-s-are

not sufficiently powerful. 1herefore, l1<!W. mere sophisticated tools are beins inves

tigated and some pr~mjsiJJ:::"ones come from the domain of-Artificial Intelligence.

1.2 Statement of the r'roblf~m

Artificial Intelligence (AI) is ,3. relatively new science. ambitious and pronusing, but

controversial and often misunderstood. In the short space of about forty years, it
hat produced some valuable techniques which resemble certain aspects of human in-

\ I' telligence. i',~ese techniques are very computationally intensive and often perceived

as too inefficient to be used for real- world problem. .g., in control). Even if they

arc appHea, they are typically used in off-line, advisory systems. limited to '!. s,?~dfic
problem.

Application of the AI technique of planning tc create an intelligent supervisory
system for process control, is the subject 9f this research. ,1\ supervisory system is

designed, Implemented and then t~&t('.j on a real plant. to determine the validity of
"this approach. The purpos> of thi~i research is not to devise a new AI t echnique, nor

to develop new control-theory, but to show how the two fields can be brought. together

using (I. pragmatic approach. The objective is to'S; that i?y incorporating some

intelligence in the system, truly automatic supervision can be achieved. Therefore,

a. real-world ca.~;2study is central t6 this research.

(';

1.3 Literature SuryeYt(
;'"i\

,!
t; .1' 1 h l" f I' . d . I, •Adaptive (OUtl'O il1 t e rorrn or on- me, auto-tuning eV1CCS nas oeen around f{l~
some time. This section summarizes recent <tpveloprn{'nts il1 the area, which attempt

to produce truly adaptive systems, particularly the idea of a controller capable of

/ ,. changing its control configuration according to the circumstances,

(\
While there are some proposals of expert-systems exercising direct cor,·, .,;<; " .t.

plant, tbey are not pursued here. This stems Irom the belief that the conveution..'

2

, ~.----.-~--" '"""!.IMe 7""_...~_",,nll!ll__
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FID algorithm with its firm theoretical foundations and widespread acceptance in
~he processing industry, is a very competent tool for low-level control. Indeed, the
\ ,'\, . . " . I

most frequently mentioned criticismIies in the fact that PID controllers are often
not adequately tuned.

o

Astrom, in [Astt.3ro et al., ~9L describes an intelligent feedback controller which
takes OVE!f the task of the instrument engineer in addition to that of the operator. It
is ~pable of choosing a control a.l~"()~,ithmand then mOni;;~trjng its performance, to
determine how effective l.ha.t cont.roliischeme is. An example ot such control wouldI: .,

he a. PID controller using the sl,anda.ifd Ziegler Nichols method for auto- tuning, but
one thct.t could also automatka.Uy jwi,~(h between P, PI O~ pm algorithm and. ifv;ec·

\ ') t I,)

esssry, indicate if" different comrolccnfiguration should be used (e:g., Ieedforward
compensation, dead-time compensatjon, Smith ~redictoT, pole placement etc.),

"

In [Verbruggen and Astrom. 39] the i~bility of a sy~tem to change its contr-» rr.nfigu-

ration is viewed as a. higher level of ;·{1tOI:,AtlOfl. !41're<juire3 a large body nf heuristic
knowledge about the process dyna.q~r.5, specifications, objectives, implementation
constraints, disturbances etc., to ep.iilbleit to choose the best control strategy. Thus.
not only are the dynamics of the pr11cesil ta.ken into account, but more importantly,\\Q
th·" purpose of control. Ii

"II
1.3.2 Knowledge and its Rejflrf'..f€ntation

There is little doubt th~ thl! concept of knowledge representation is In a sense at the
rod of Artificial Intelligence and y~~:thap~int.e11igellce in general. There are many
£lffen~nt approaches to this problem and they lead to different AI techniques, There-
l fore, questions sud, ali+what iii th", difference' between data. and knowledge; how ,to
//

extract; classify and manipulate kncwledge+shoutd he answered before committing
tn a particular A] method

Traditional AI, which employe computational methods, adopts symbolic representa-
tion ,while there is 110 IOLa.liz~d, explicit symbolic represci t ation in neural networks
[roo, HS]. For this reason, neural networks ar .. "ten as more suitable for perveption-

t

I
I
i
1

I

cognition ta.:;ks as their sub-svmbolic, narall- stributed processing can deal -with

lat!>,f; amounts of continuously varying data (such .as in real-world systems). '1'.'1\0,
(, .

tb, IT auto- associative and generaliz3,tion properties could make them Ideal for knowl-o 0

edge acquisition, while tIlc:;r S!K~~Uof ~,:m~'ergencedoes not depend on the physical
:,;ze (im r~ant for complex, xcal-tlme systems]. ,On the other hand, symbolic ap-

\)
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" \

preach of traditional AI seems better suited for high I(lVetl:reasoning.\\
:' )'

"',

"
An e..ump',' ..,e of integrating a. Mural net.worKllnd a.,,~r&.ditiOn..a,lAI met!i~t,.(dis presented .,
in [Handelman et ul., 88]. A CMAC (Cerebellar Moc.el Artr~ula.tion d~Dtroller) net-
work with it!) implicit. knowledge encoding ilS used M the r~!f1cxjveCOi.lp;.>nent. [i,e ..
reacting (l.utomaticf'lty, without t.l':'eneed for H~fereace). whe.r-~oi:.S~h(>declarative com-
ponent. is im:i>ieJ:nent~ by an explicit knowledge ef..co&ng, L(l~;{a.rule-based system.

o [,
This integra.t9(i system illu5tra.U$ '~<1W declarative rea.sortl~g is used when a. new
sit.uatkm is eneountered, but soon becomes ra11p.xi.vt!,th,{)ug~\ rep ...titicm.

In the context of 'i, control system there are ~\Wo fundament~illy ruff€trent" types of
knowledge. One'M them is essentially t:ltatic. i,~nowle<lgeabout the ·?la.nt~control
system. objectives etc. The other is dynamic; itnd it captures tbe current 8tat~ of
the system, ~vircilU1ent etc., by a.n.Uysing thie \\(msor data.

KT'.Qwled~eused in the eatire control life-cyc«. .1t' a.nalysoo in !Sha.dbol~ f't el., 89}.
Baf.i~alIy) It u:mta.i!l8 different abstractions 01 .he process reqlli~'~lmects, a. model Of ()
the process and elements of contr dv:ory. These are needed ~Il al: three stages:
design (i.e., choQSing " control algorithm to match p1'OC~.s8 \:ha.r.a.cter'istks aad ob-

'" ")

jectiv~ i? eommissioniug (Le., tU)ljn~ the chqsen ~gorithm to athieVE' required per-
(orma-nt_;) a,'c}c supervision [i.e., monitorin.g the behaviour of tht!'feHulting control
system and the process, and if ne~essuy caJling for l(;col(unisslcniftg or redesign}.

I)

TI("is knowledge i~ furth~ ·d.i1,ided into \hree types; generic a:.pect; (e.g., overall
objective, choice of mea.surenler,~.8. contr9Lpara.meter8:~'5'P~._' ,a.cCllriICY, robustness

I ':,and cost of control etc.), doni •n coatext (>.g., r;mgt I of p~~e1.et8. overshoot
value, lag value etc.] "nd control thoory contlJxt (e.g., ch~8.(:t~rJstjm} of P, PI and
llTD controllers]. ALthough. the supervision st~(.; does no', n'ec~."sa.rJ";,:,: require deep

I<

'<now~edge of underlying, principles (us exempl"fie4 ..~Y most human operators}, it"
inclusion enhances diagncstic and faUlt correction ~a:p!\biliti~s.

The mostpopulsr medium for storin.tf and manipulating static kn.[?wledge is a. rule-
9a~J\~xpel't!!y3tem. tr Tmm rul~,~L~eused for encoding expert knowledge ~\)d DDt':

of the available inference m"I~,hod.lIui,<od tor chaining rules to produce some action.
',l'hitLtyp~ of expert system II; t~r:it~\1 ftrst-~neration hi [Simmonds, 881., wher-i it~'

limitations are considered. Serious problems (an arise when 'such sYSt~U1s are in-
terfa..:et} with the real world c.}la..-acterized! hy ir-complete kl\Owlt)dge,i{on-monotoni~.
1easoning and teal-time constrai ..ts. ..

While rules are ideal fot representing ca,usiI.1:y.:iations.uips. they are not '
1\
\~

'i)

o
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for other kinds of relationships (e.g., temporal or spatial]. ThE: type of logical infer- /

ence used (rule chaining, fJeUri,l:i,'tk eeAr",pi) ea.,n be successf\~Jl(~l',plied "O,3.Il<llytiC3.!.!,lJ
taslts's.'lcn i.'.li diagnosis, hut if! tOiaHy inappropriate for synthtl,S:s {as jn planning o~ ,

1/ c, " '

design).
~. ,

There is ~so the fundamental ehortcoming that iia rule chain iSi,\ot a.iforded el'ou;~
I

time i.u ejtccute, there ,,,,ill he no decision or action at all. Thus, real-time requive- >
1

menta are something <It an afterthought, addressed by limiting rule length~ ''1ad

d.ecrelUling execution time. J~inally, there is generally nq integration among indi',},id- ,
":::;::;-"·-·.Ji !

ual rules, which le;;.d8~,.6'~t:unstp.tctu:red, homogeneous body of rules---'ca. set!OU~;
problem for, large and complex system", particularly from the poin, of view of ufain-

tenance.
,;

~ a H
A &rflnd.g~~r!tkm expert s~rst~m is proposed, which Could .reason with real l;il.?wl-

edge/ Such knowledge ';"ould be chsracterised by the following attributes: breadth

(related branches), depth (governillg principles), certainty and richness (dHfet>!!nt
fcrrns]. rt would oe represented ad a. framework of hierarchies, with sub-classea

inheriticg knowledge irom their parent. classes (more generic frames), gi"hlp. 1 :s~,
to vertically oriented Ijhellii. Also, the importance of.a model- based reasoning Ic;r
creative tasks of pla:u:dn'j!; and design if! e-nphasized,

" ~ \'

The difficulty with dynamic ki~o';'ledge ol the stare of a system lies iu its extrac-

tion from a multitude of continuous d~ta. As noticed in iVoas, 88], one needs to
construct a mapping between such low-level data and the information needed by
Ithe;~ype:;t aystenl'. Such mapping should overcome th~ abstraction gap which e:~stll
I~etw~n the level directly accessible by the tra.ditional control str ucture and tKM
'J( the knowledge-based system by, for in.sta.no;,,, transforming numerical data into
qualitative descriptions and time stamps into temporal relations. The very need for
an ex: i, sjlste1fi follows from tha fact that not all low-level signal. combinations can

be immediately associated with a control action.
\i

The abstraction of numerical data into qualitative domain has been studied a.no'
used by researchers of qualitative reasoning techuiq: ,,{or example, IKuipers, 86].
Typically, the magnitude of a. variable is quantized mto positive, negative or zero
categories: the change in <L variable is described as increasing, d~rreasittg or steady.
Sometimes other landmark values may be used (a. particular value may b.av€ far more

-':',

significance than zero, depending on the problem). Simple arithmetic uper;i':h)'!lS

are shown capable of lEa.nil)uh,ti~1\ these qualitative representavions and complete
simulations are possible. u

"
I) 5

1
I
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1.8.3 Planning
:0

The pioneering work If; plan!lin.g VIM> characterized by tnt' choice of hig,!Uy pre-

dicrable worlds as the application domain .. This allowed for construction of the
entire plan prior to ite execution and no need for monitoring, at; the plan was in-
herently static. 'I'he obvious inability of such plan! to dea..1wit1.l very- unpredictable
and quickly clla.ugiug real-world situations was soon realized, resulting hi planning
8YS~& with Mlll80ry few.iwJi:, interleaving of planning and execution and :"lost
'reC:.ently reactiVe pla.nning (i.e., pJanniug ~ execution time).

O.ne of the main problems of the first gmu~tal problem sOlwts is addressed by Sacer-
d'oti in ,tSacerdcti, 141, namely the c'Pmb~ni\toliaJ.expansior; of search Sp4.Ces. In his
approach, attention to detail !"l problem domain representation is vieWt~d as the rna
jor l'i!uon for n·jR b'ch-?-".,..-.~r. To reduce it, ;>.hst!j.Ct.i(Jn8'p;U:f'..8are introduced. _Th~y,
arc simplified represetl., __;;rns ,~f tbe problem space, without unimportant details. Ii

This 8tra.t~gy m'hkF;dly reduces the problem search space (therefore improving effl-
ciency) ll.8 compared with earlier IQ~thods, due to the elimination of work on fruitless
bra.nches of the search tree.

\\

It is also recogaised t;',.\t complex, real-world problems ",,,e lfha;:-a,crerized by large
numbers of outcomes ior each opriration." This means au expcrnential t,fowth in the
hypothetically possible !'h.t'"tl of the warle! bt':ing considered hJ~ia. traditioniJ problem
SOl,"". An Interaction 0' p!~""iD! and execution is ,ullI! .. fedl through alternatlwly
~yand~' plan consuucticn, fullnwed by ii;ii pa.rtial cxecuti1' To compensate orot
Sl.!rious differences between the predicted model and ~~e a.ct:~al &tat<! of the world,

replannlag would be neeessanI.. II ", "
Using a. temporal ](Jgir,to re~>reseT'~knowledge in a pl~l1n.jnfSY!it~ is ~escribad in
[Allen and Koomen , 8Jj. Thie overcomes some of the li~lt3.j~~ons of earlier problem
solvers, using less adequate world models. Simple represell~lat~ons in which actions
and goals F..ust be iustantaneoas and sequential, while changes can only be caused
hy the planner, are not applicable to the majority of problems. By introducing
interval-based representation and some simple relations, traditional problem solving
methods can be used for a. much wider range of problems.

,

I

Planning looks for facts which are required to hold, hut have no causal explanations,
l.e., goals. Once these causal gaps are found, the planner proceeds to eliminate them
by proposing new actions. Thls is repeated 'in a hierarchical fa.shio~.}6ne level of

() 6
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The implemev.tation presented s~ers from aaexponendal growth in constraint prop-
,,_\ ,

~($ati~, as new con~~;rail'f.$are added a.utOY!HtticaUy, hailed on the structure of th~
d~?ma.it\and th.e deftnedrelMiou. Ano'i.hE"1unsolved Mea is that of put and future
e-.r'elli.l, puticulvly the inability k> reuuRot\"b011t changing future events.

abstrac ..ion at a time. The temporal representation used, allows f:u- mote gen~r.t.l
descriptions ofactloas and goals which are ItO longer limited to instwnces, but may
take time, for example, action ordering allows fur overlapping of di'ff~rent actions,
ill addition to actions followillg one another or occurring simultaneously-

Plahni~ as i:~,imedependent funt:'tion til diacWSBed, in [Dean and Boddy,88}. The
tratiitIc;nrJ a.ppro:)Chof (.()mput~l meJ1(c has been to focus on the correctness of a.
particular ~orithm and a.cc(,pt th.,T, it needs certain time to be computed. If the
com.patational tt,pa,llility is looked at as a. function "f time, four difterent cIw..."'S c~;

.: ,i>r
oe io.antifled, i!.~ howir>' oaoeoaic improvement. Three of them arc characterized
by a. gr..dual improvcrnec, , iihile one shows 1\ one-shot improvement (S\A!p fUD-dian).

o

This ~\'<III; function is typiclJ ,41#f mtltt ~8tlng pl anners < If given enough ,timoe it
~~ '. .

produces t\ CQ~t answer, (1~~erwiae some predetermined defa.ult action h3.3 tl) be
taken by the syst.em. WIlen t~i~time a.vailable for making decisions is highly va.liahl1>.

and sOll1etim~. very short (s'!db a.tI in real- t!me application,.). these methods ~nera.Uy
ra.i!. PJanl\'fl'i beloaging to one of the other classes should be developed, ones tha.t
provide the bt::Bta.nswers thoy can in the time a.va.ilable. Therefore, if necessary, thE;F
could be terminated a.t any time.

Fixed, detailed plans genera.ted before execution are limiwd to structused, artlft-
cia! domwrls. Rr,octive planning for dynamic worldti requires that :,o"ne (',1' e.....en all
of it is performed during execution. Thia idea is rcco~izl'd in [Firl.l)'l!1j, where
purely reactive pltlJlwng'is investigated to determine it 'c'Y~·a.r.t~g(>etand shortcom- «

inga, There, the world state is (;o:ostantly monitored driWhg execution, so t.ha.t a-
li

direct assessment of the situation can be made and immediately used for planning.
, It is. M(pun-ed that no anticip ...tiotl a.t ~ is possible and autonomous en1;~fiesare used
to nnrsue diffef€nt goals in p:;.raild.., \\

1/

The world model update ill automatic through corrective feedback and incousis-
tenciea, which a.ri&~ as a"~result of uncertainty in Ute world model, aJe dealt with
by replanning lusing th, updated, consistent model]. S'dch purely reactive planner
proves to be very tolerant in the presence of uncertain knowledge, through its quick
adarftation. However, b~ildi!lg plan decisions. purely 0.11 tile basis of tit'!:! C'\lftflnt

world stat.' often becomes ineffec('{ve and can even lead to ,langerous situations, as
->. ,
~'~j

n
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they cannot be identified and prevented in advance. Therefore,'& kiItd of mtegated
&tra.t~c planner with look-ahead capabilities should not be disC&tdE.'d.

Reac.thity in Nosoning and planning is seel'l u neeeM.uy for survival .m. d~,
uncertain worlds in tGeoi~effand Lansky, STI. Tbey list the folk>wiu.g .~' ~
le¥ts of typic&l plannin~;ystems. Often most ~nfotmg,ti~ neadt~d itt pl&~ It
only acquired during pr~ execution and not hethre; aearclt hMeri tec.hahl .. -
. tiJM wnsumins and Aot ~uitcl>le fot raaJ.-ume a.w.Ucai~.. ~ .:)~ ~.
toefl l\Ot ta.ka into accout the C®lpro.mise b4ltweentime amlJ.W6fot,lM"Z~"·~
for execution; it 1&cks the procedurttl ~now~ about how u...~i'~;~),..
sit}' to take n.otice of, &ll.dto react to critical chMll_.Got \\!d., 41uf.~,~it~"~;'
but alBa dariq p~ forma.tkm is i,puJltd.

()' ,1:,

£eMQnet is ~ choose t~ beIJt.,M1._WiJilt"
goal:~'uul ia_tka'Q6 .• )1t,.a...._~~

o

!~~t~ remedy it) to f.()nttnu:t - qstG wbidl, .i.t. MY ~., ~~,.:,: It
~'~~~.ction'd~p~\(HJ1g ou the t:unet g()ds,·,~ a4' in.tW\tic""., '~;.~~~ " ' .::;'J!.:

Are aeseribed as ~q\t~ of ~iMi 'Md st~ (~~ ~ b~~, i ~ .\

U~ lIimple iOOlporal opera.tota. BelHr..~ ~ ~t _~@,.
obte.iaed from ob.__ M ()f WIlidt .~ ~~ "(lCQ$C> , ,i "

3t~ <4 ~heIW.ck of boM~ __ ·(~.:~~._t,,;,:,;~.
. " .•'.. . " f'1.~,,;, '\ ;,:~~>~"fh:..,

These kDO*l~e areas t!>3lahl ~Ad.· lthU~~~'''j\Wl_: .. ."".," _- ", ,,> -

Mt~ Ad1 udnw.t_ ~"I)at)~~:'
Pi .~~ve bd~ . :'M ~ ...J.~~~;., .~ ..' . "t ,,,,,,,,. '1 __....,..~
!Ka.elh~t 38},it is f~ ··iW~:r_\~'"'..,',
8~~'" nuis d_k.I.~tMt."
~~."Ie..t9lle"~~"':'}'·;

"~~ '~~{'.~:,;;:'.,t :. l: '
An ~l'lDe .~ 0[ !?~U"ll. It_m,~~~.~~~.{;~
&(i\UIt~~ IAew "'d.~-~,In~~4.~~~~~~, "~..

p~ p~ udq~k~; .• ~( .. ~.4t\ .
13 ~) without the~PtObl~~..fJI ~~\il ~~(&. AtQ_:~

, '," 'J', _ ,'_ - :."" -. -,-_,' '_ -" _'~-' =, _'.: ,"":-\_..~:-:,,,>:-<,

UnUJ im~oo. in~:~~ ~ In. aural iitU:t1or., udJil~·' •.·'
, ..«wts etf .:ttet&etion, talJ81~ roQt{ua. ..

" rnn.y we actltm- plaM aQt fU'Qo.trl.... ~.tAtlltt OI\~tf.1l ~tt~.~{•• ~ ...
appllable undu terwn oo~lditiOBIL. Thmt~~ tlleit et4pUW~, ,ttqu.ir~~

Ii' ',. " _ . r( '_";-':,',", ,'_, -" ..: ,_ "_

a
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,{I

,1.tf> very low. Thi~ approach does not need a.n explicit model of the world nor
,'I ,

the typica.l kIlOwl~dge representation methods which involve binding constants to'
~Mia.hles. The agent only hasto focus on that region which is currently important
from hi point of view. Repre5(ll1tathli of objects.Is totally relative to th~ agelH

situatiou and purpose, in contrast to the lit~d absolute representation;
"(;\

J~J

r.

This type of a.ct~vity is envisaged for situatio~s wher~1 events are moving ti)Ots-uickljr
fot any planning to b~ possible; or even for all the necessary data to be collected
a.ll.d a.nalys;;;d. (I

1.4 Overviewof the Dissertation
\,.1 ,

The first t.h.tM' cilapt.~s (1-3) of this dissertation are introductory in nMUle. The
nexs three c.ha.ptCl'8 (4~.5) d~~cl'ibethe design part of the project. Chapter 7 rovers
,'l. case study i\nd the last cil,,,ptel (8) contains concluding remarks. Two lWllorta ..nt
issues, nameiy plAnn.ing in the context of Al aad.supervision in the context of control,
have to be devclo}w:d Shlluit1UI50l151y. Therefore, there is a slight discontinuity in
going 110D;!Chapter 2 to ~hapter 3. Both of these iSd1!~,~then converr,e in Chapter
IS to form a'icoheeive &y~teDl. Figure i.t shows how the chapters are integrated .in

this d.i~tiori. 1'/
Ie)

A .ItIDma.ry of each ilf,the remaining cha.yters is g\ven below.

l'hle t;h..pt.eris en~id~"SupertMiun in Pr"f1(%S$ (.70ntroL It introduces the concept
~ ~pV,itlon 3gci1'.s('the backp-0Ul.d of control and, in particular, process control.

'-_ r-
~r lUusttli-tes how the C\lnventiona.t and modern control methods lead to increasing
Jev~l$ .;,i sopbi,$ti(:ittion, culilUnz.ting fu int.elligent ~yfjk'ma. The reasons behind su-
pel\-~ion a..~ explained and the tasks l}'l'.d actions involved in supervisingprocess
contl91 a)'a~ .\\fedefiled.

Thi$ chap_. entitl~ Im'f'tJJuction to Plc'tf!ing, leaves aside supervision and control,
to con~ntr3J,e on some of tke most succp,ssft11 AI techniques. The emphasis is on the

9
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Figure 1.1: Layout o~'the dissertation.II

.xisting planning methods ";d their advanJb.. and dl...dv"",.g., "hen 00,"'" ared
with o~e another. This discussion mt.:ludes!lsnm~of the latest developments in ~h.e
field and provides the backgrocnd info~~ ...t:forl 011 which Chapter 4 is built.

\'i\
\

I)

J)

':i

o

Chapter 4

//\./

I
Chapter 4 is entitled Design of the Planner. It shows the development of our pro-
posed AI part ~f the system, fr9m, theoretical concepts, down to iii. description of

the S(,~l ~gofithm. T~ make "" issues inv~lv.~ in. the d~ign clearer, a. aim.pIe
example is given a.t thc\end of this chapter, It is 1ilt~ded to illustrate the planning
process only and has nothing to do with supcrvisiob. In fact, it comes from the
game playing domain. to show the flexibility and general-purpose character of the
proposed -plaaner.

10
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Ii
Cha.pter 6 I

',.T~' it •wry impor"'" "h.~ter.e.:lill";]"";'n r'til< S~peroiMn' I, bring.tog .. h..
the ideas developed in the earlier chapters. .~~ presents the development ,of Q1!r
proPfJSed riltelligent ~npervi&or, by 5Unontun~!the AI part with other modu1e! to
ere ..~ a real-time .y.te)n. TMrefore,.it d,.....ala with the issues of data. communica.tioA,
mon.itoring, diap.oei:ng and a.c\iou execution. Qt'iler "o'ery impOrtant issues discussed
in this chap\'!r ~ the run-time reqairenum.ta of the eupervieor and the mnititaaking
k<n.el used to ~1Ulble00l.lOlrrent eJt~eution.

, .,\. ~
\\

Chapter S ..
p

"{

I
I.'f#'

"

This chapter, entitled Outline of lmpkmentati.m, describes the PtOb"nm which I'm·
pl~eots the illtellirent Sllpf"..tVj80ry system. Thus, the discussion is from the soft
w~~pomt of view, although it is kept free from 'iUy specific computer la.~u:w (in
thta cue, tbC,:)Cb.nguage). Firstly, the fii06t important d..h. structures are described '
and then, a. t.op"dawn explanation of the most important routines follows. The rou-

h

tines which are absolutely central to th~ entire program ~.re described in terms ...:f
their inputlO, ontpU"tb ad tbeir algorithms .

Chapter '1

This ~ tb cht.pter on Ctll-t Study. This p~rt of the diss~rta.tion is vay important
ali 1\\t the concepts developed in tlie earlier <.},a.ptm are p~,ttp the test. The chapter
~l.&rts!>y,intro<iucing th~ laboratory plant used in the 'i!xp~fim".,t and by explaining
the rhjectives set up hcl"ore the- 'test. Bm:a.ue some pa.rb of th€ supervisory system
C\fedomain-dependent, this ,r,.hapter describes them in detail. Finally, the \$t results
are presented in ~ form whirll should make comparisons easy.

,;:.
~,,:

I
tl:ii
f'~
~
~~
~
ifIta'~";
~l
~

" ;

iI"f":* ,
. ':cl-'-~.~--~~~:i

I
'i""',

.

(I

Chapter 8

The 1&:1tch&pter provides a. summary of the major findings made during this research
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(~)\\Chapter 2

Supervision in Process Control

This chapter discusses the concepts of supervision and intelligent supervision, an-i
their 'role in control systems. This is done against the ba ....k6rcund of conventional
and modern automatic control methods. I

2.1 Supervision III the, Context of Control Systerns

2.1.1 Limitations of Control Systems

We can define the general aim of centro! as that of achieving a deSired response
,)

[rom the controlled piant or process, operating under changing conditions. However.
in reality, present control methods fall a little short of this target. The major uitfall
follows 'from the r~dthat the changes in. (he plant or environment characteristics
they cater for, are not truly arbitrary. They are limited to parameter changes
(not arbitrarily larg ..~either) and geI'eraliy not capable of responding to structural
changes.

This is an inherent 'characteristic of all low-level (direct) control systems and a
consequence of their design. The mathematical and engineering tools used during
the design process require a. mathematical model of the plant In the form of its
.transfer function. Pard-meter variations within the transfer fur,dion correspond to
\ ~r-·'. -

changing operating conditions, but certain structural assuruptions are always huilt
/1

~llto these transfer functions. Once a parameter goes beyond ih anticipated range
",. the very structure of the plant or the control system itself undergoes a change,

I
I
I
I

t:) o



, ~
'" "'., ,) 1.\\

the.initial assumptions used at the design stage rrijq become invalid, rendering .t!lE
.) ')

system inadequate. Yt'

j
)

'1
i
t

The amount of the initial knO\qed.ge of the plant or process varies with 'the diffci,)nt
,/

control techniques used, for iiistanre. feed/or-ward contml can only be used if dis
turbances are pre«i~!_(.tableand m7J ··-f11e. Feedback centro! is typically used "I1sre

L~:i.Tgeand unpredkt~.bl~ disjurbai», ..,.-tan be ~x?ected, Optif/lizing control assumes
far better knowledge ,t,,::'\\he operating conditions and their effects (i.e., a more ab

',--:J " 1,'\

curate model), but provided the assnmptions :Me met, it rewards wi.th ....~ltil;!<~l(or
dose to optimal) control. Adaptd(~ coniro; tries .0 bridge that gap, by realizing
thai; hlgher quality of control needs a. more accurate model of the plant, but that
oMa!ning such a. model is not always possible at ~ite design stage and may have to

J "

be/Alone on-Jhe. Ad~ptive con ',,1 can respond to plant parameter variations. but

tY{ebasic Infidel of the plant must still he known in advance.
, ~ c

\\
Genera,Uy, to a.chJEVC better quality of control, the plant and its environment need
to be modelled more accurately and, inevitably, more assumptions must it? made
along che w~y. Such a. contvol system runs a. higher risk of finding/}tself in a. set of
circumstances it w(;.s not designed (or :Ul~:jifhkhcontradicts some of its assumptions,
This goes against the trend to mort': rebus! controllers, which C<L1 deal with the
majority of expected and unexpected problems,

o

=f£,

\

L.
2,1.'2 The Role of Supervision

Control involves constant checking an d ; guJa.tiug, ",hcrea.s supervision involves oc-

\,' If'
J

In the end, all "fs~l systems need supervision, It may be lower priority and
occasionak like in many industrial apJlFratioJ1s rur.ning detuned 1'1 controllers 'n
the interest of greater robustness, rather than out-and-out perforrnance. On the

other h •.nd, there. ~lsomc pro('CSS'~S and p~tntswhich 'l.'lf cequire accurate ..co.ntr(.l
and, 30'. the same 1~~f)H~.'l;ta.y within the ~it.nifu,~:sa,f-e?JHation a~ all times. Such
systems depend h~a.vi1y on close and ~t;'edive sl~1;::"'t'.:,:#f)JI.

(,'. ',.~

casional inspecting and dhecting, A controller t, ies to achieve a desired response

tlnwitting.\~ assuming its own competence. A supervisor is then necessary to en-
, •. 1

sure that the olH,ra.ting')wnditions are in.ieed within the '>cope of the rontroller's
capabilities and if not, that alternative act ion i~ !.'lh:~ \11 action such as this
would t,ypicaHy be concerned with maintaining some :!f'r1'\)nr.AJ;,,:e'tevei or at least

C'<I ';;
\.._,//

maintaining a minimum safety 'In:.rgin.

)\ 13
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3.':>.3 Plft!ming with L(>?rning Abilities

o

I !I~t as r,·a,cHw' :ud h;'.>tn.fCr.ical pl<l.lllliug ran be observed in human problem solving,

so ,~tn ntiLzir:g past {'xp'nieHcc. It is not. Otten thc.\.t do radically new plan has to be

gejH'ta~~d., Most of the tirne , a basil, plan for each T'i>:s]i;can form a, good iit oiting

point and it car, 'bpn he fied or €\'tenoe.J depending on the need Such approach

,~lirnln~.tes Ul~ s<!o<tcful ,,'fitc~;·t 1" "n~'ratir!g lcier.ticilJ or very similar plans more than

o The cor;scqu~\ ,; ,cr~'Bc';C it, ,'Hkienry fm C(1Sf'8 previoll:-:ly encounter " can

be 1i0,ry significant, '" ',)g!: a. ,I ir+.~ complex database ami search .:-trat~'gy would he
Iwed",a to store a!}:ciTU ~dl ibel't; 'l,'!"nlate' plans.

D"spi((, :.' recent re&lirgerr\'(!: into the ranks of tl!,~ most ;:u'i:ively researched areas

of AI, machine 1~;1Tning ,; Iidl far behind fhe capabilities of hUITIam The few

.,echlliqlles that h ..,ve b~"n lliled In automatic planners are iilere!ort_' filth.,: limited,
n .it uevcrtheress account fClI.'ihrge redurtions in the search time

1\ -
\

[) . . " ~ ,,~ • ,'., r •
o Mami~tnziHg sU(,C"SSfU~\ plans into new oper ators lor Hi.le!' use was impl.,.

mcntec..'witiJ :z;ooti nFuits,u :.;l'RH'iS. This rn'f'thf,d works II} ~ath(';ring ;)I(;vi.

ous solutjor-s into :,.d,·!'!} of:\'[atiln; (MACROPsj, I.' ,grnllps ,A basic op erators

<"jl.::cffl~~d:,,:;~.'l,;('r. \'Jjill p;\ran\ters 1ll;;t8a~ of consran.s to miLk(~them ge:wr dly
appht({;_bj(l \

,j \

'I \
') SrrjjJ\\,I_"lJH:~d ph in.r, also ;:a1r,\J l'I'fin<!lllcnt of "k ..lnai ~J;j,lh, was uwd in

MOLGEN2..;lf ,'ver, this apI\r()a'~f 'oes not provide a nr~ch,dlisrn for storing

pla<il>. Instead ne task of the I,>ja;H\~~'ris to choose one of a selection of prl';.

entered skeh·tal "r :l:)SiC,ttl. pla"l~ \\'h;~:h (Ontain t.h!' mail' ~t[~PS leading to ;~

"iluti,lT!, 'loci then 'dining it VI :·ilit par'((clllar jllob, . '{juirem-:'nls. BI'C<tUs('

tta~re is no \':~y bf gener;dng a IIf~W a.l,~"r~\e plan ,.,MOLGEN2 is liinitecl v..Its
tdlget domain. i.e., it IS not a genera.l pmb~m S~,'iver.

\
\ '.

q 1\l,)d'~!lillg d.:il1 acquisltiGi! was t!lf' Jil1rpO:W ~! t!:\ChCI{ It~ !1'rhriH!HP ca.,

h" Iksndwd as 'll'i,IV ·id 1'1. ns \:;ki!lri) 10 soJ~ l.;ubgl)a.ls of ;1. ;";v.r 'prohlt'!.;,

{'VI''! if f.' art: not ('umpldf:!Y ~'iji.ahi ... In such 't\a~..s 'bHI~~' orrn r i'~u., Hew



\')

comJi~erabl€ promise, lilso when it .comes to hl.erfacing with the rea.l-world.

3.2 Definition ~f Pla~ting
\ If

Iif the gO'll/; of AI, i.e., vision, natIH,lIla,tlgnage u~ :r;;tanding, j,~anliI'.gand V .. ":'.iOL~
u

( ;.pJblem solving, form the basis of irtellig.~n(e, t~ltn: not only immaJla arp, iateUigf:!n 'I,
bvt so are most aaimals (r.ertainly c....p<I.'.:'; of vision, simple problem .:iolvJng <if;'~

learni ;ill nC{;I?Mt(lfY in ~he fight for S\.tV!Vr.l). N<>vertheh::ss, it is highly unlikelY
that a(umals share with us i;he notion of J;ial't,ing ,1.'hu8,:t belongs a.mongthe mor'~

1\ ~ (I '

l!opltlstka.ted signs of intelligence, together with Ot!:.1S abstract reasonin« method ~

such a& deduction ,or inductiyc infer{;D.r,·. There aro even diff~rences betw<?el' p"oj.l
those who plM\their action- ca.refvUy <lri!pt;rJ:··~" more likely to spcceed in whd.tev,~
they arc doing.

III the context Oft'llvr/' "Ill
advaaee. :Func~j\.)~I Iy, a. pI.
of building a !loU tion pian
eonsrst of:

Iving, a pith is a. method of soluti?ll thongl;!, out ;~

.~'l' it' then a prohlem E. .j.' (typically general) <:8,p,,1/e

(.1 iote ~fl\n!l'. Structu iall/, the simplest planner v.,11I' '

., Solntion strategy (sea{2h me thud)

I)

Oft en, th~re is anether part:

A world model is a symbolic abstrar tion of the (Jutliidc world. It typically u ~es

"(·a.te-sp ac I; description and t he I.'t,ates with pa.rti(:u!ar i!lip()rta.u(!~ are the initiaJ ~.ll;~

goa) states. The. reprc1'!p.Ji,lation is handled by appropri,~"e eymbols, a.ttriblltC:6 and
n ., i

relations. ')[t;::n combin~d via predicate calculus Of a. .'I,imiiar scheme.

('rl(' m;I);'S, also called action mo,', ;'" a.te a.bstra,::tiona of the system itsel:, i.e., oi
-c

~W! alto'Ned tn,n"formatiolls buween sta.f.es Hiat the system can make, and their
I 1.\

" int(>radions wi!,;, i;ht,outsid~ '!'(;tld. T! :~tl, each arl;on dt.'ScnpLion typically COflSl'sts

2i'

\~~
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The super- descrlbed thus far has heen mainly concerned with the possibility Iof th= plant and its environment goin~ beyor.d the type and r<lIH!;'~ of changes which

the control 'tern can tolerate. But even if the operating umditions fall within

the acceptable limits, a ~q ;;ervi-;or's special abilities may he utilized to enable the
system to follow far more complex and sophisticated objectives Wa.n those typically

associated with basic control systems. This could !.aL:eon the form of deciding on
the most suitable control op, .n for a. giVei.l task, or u~ordina.ting several individual

((';ii~ti.)llns to manage a. complex plant.

Supervision ill then necessary if the control system:

(J Cannot meet all the objectives regarding tit; Idesired "'esuonse of the pla

The firs

(which q

P'
Me can be illustrated by an aircraft cqUlR,!ped -...vith an automrti: pilot
lifies as a low-level control system}, Even 'though the autopilot may be

controllin. he plane for 90%) of Its flying time, a htJwli~~lpilot is necessaryto rnonitor

the conditic dHuge the settings of f:he autopilot to JOnOW h giv{'u

course and to take over the control cask during ea.i;h take-off and landing (not te
()

mention emergencies).

'I'l,e second case L the typical reason for having human operator!'! supervise what ar«

()therw~;;e, fully autornacic centro! systems. They are expected to notice ar.d deal

with problems before any damage is done.
(\

o
2.1.3 Supervisory Tasks

/1

Though the det.:r.lls of Sllp";'. i·.;ing lhtterent. control systems can V'UY conslderably,

certain generic tasks can be lci(){ltified as mEows:

o n.teracting with t}.p system.

o Monitoring the system's performance.

o l\ia.kir,g decisions.

o Takir'!!, appropriate actions.

i4



3.5.4 Opport unist'ic Planning

Opportunistic planning is it very different approach in which apIv'opriah' actions are

proposed when trw rigbl opportunity <irises. The inference control strateh)' is faI> less
structuved than in the other approaches, mainly berause it is distrihuted be~ll,'('en

many so called specialists, which work iie; an asynchronous fashion to provi-lc a very

fh~KibJe system. In order to recognize opportunities arisiTlg in tI.e wurst; of the

planni ng- process, the system has to consider low level (detailed] actions froUl an

early s(.d.ge and tha.t is where it differs markedly from hierarchical planning,

The idea behind this approach w:;,s to model certainl'tb,ra,ct" :i<:spresent in human

problem solving, The chum that human cognition displays opportunistlc behaviour

is not disputed here, However, it is viewed as emphasising the le,;" desirable features

of human planning. Indeed, purely opportvnisric planning j,; something of a 'jumping

to conclusions.' method, contra:liting with the str tift ured and calcul axed approaches of

t,I'e other system:". Another drawback of tlns approach IS that it requires a. complex
architer tu ro- d bladdwa.rd control ;;tr''',~tur~,

3.6 Advanced Representation Met hods

a.H,1 Tempor~l Logic

The flY'St significan- dl'vl·lopment in the l'('J're~ellt<:,ti(lil lnf'[,hud:. t1;;t~d bY:iut."'l!<tU.

planners ha·; L>c8n tlw •,'plici! treatment of tiUH' in t.'mrnrallogic [Allen, 84], In tb~,
!'"plcal ~epr(,S(;lltMioll ,,(heme the state spar" det'!triptJor. _.World .models df'f;cnl,..

the world at difJ('rellt instants ill tirue J\~,til)ns eli(':ct ":,hang(,,5 ill world rm~d~1h:

;llld thereft)r,~ ti,(\\' CHI be seen as fnnrtl<:ons from olte lHst<tnt,~nc()',ls world nwdd

to another, '1'11:' limited expressive power of tins ~.pprofld, (al"o ',;dll'd silha,ti(JH

cdlndlls) i>('~,tlts in ,). .seflu(,~lthl (ndnillg of actIOn:; jl! Ill .. <;obtioi.) ph.n. \V.liitp

I')," i.'·!l1pnr;u !f'gif Ill,JpS ,I,'; "WS ;\Wid ev,'Hh lntu I('·mpnn.l il!t/tv<ll,:\, ill~" .ld ijf tirfll'

l"'1" Till; d.llows for ltIO!'.' ;'i(\I':>istiUlted ordl'ril,r.: ;If i~.\'(ioll.''; Hl(:re ;ue tinrl"t'H
pf'~~i>hlc r('l.'Il<)1l~h;ps :>n total:
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of It, set (if preconditions, which need to l)'esatisfied in the current state for tbe adiml
to apply, and a b~t of effects on the current state. Th€ effects are typically described
in terms of the ;~tatl.r)e"'pres, ,On!! which are eliminated and those that are added
to ~he state description in t>.~' course of '1);ccuting the action. The representation
method used is the same as for tIl4_!world model.

The searei: st''Gttfly, also called inference control. ill the wa>' :1.f which tile system goes
about generating and testing new ...odes i!~tlt" seard, apiice, wi~.hthe aim of fincirJf,

.. .

a p~.th joining the in.itlaI a.r:.dg':>1!l states Solution. path is t.hl" necessary subspace
of the entire search SpACl:\[i.e., all theoretically possibie combinations of operstors},
which must be expanded to find a solution. The nodes in this space correspond
to the states the system plans to go through, whik~ generating new nodes ref~r& to
applying fijfferent operators to the current nods.

The Sil,(> of the so;'IJU6!~a.!.h is a:.)DJCa.'i\)i(~ of the effid":lCY of ,;:I. I)il.rtieu.lu ~\ r~tegy. A
good stra.tegy wW only need to expand a. small porti ..in (If dIe search liJw.ce.l.:) arrive
at a solution, whi1!l'an insfficient method will result in the~need to ~~:,mlor('almost

"'-tb ~'11' ;;,... ,', p "X) I
(> , ",. e 1I.:arc,,! ' I:

1\ deduct, 'I' mechanism? -niy .cquired if the rel)r;~:entatlon used. for state de-
scription sllows cornplicar ,'q\reSS~fH1Gwhich tannot; be directly handled ~y the
inference process. Its symbolic manipulation ta.kc~ place within a single Ht<lt,~nnly
and for the case of predicate calculus f' resentation, it assumes th€ icrm of a. logic
theorem pWVN,

The dear separation in t~t!,\Jttur(' of automatic planners and insi;tell('c on gen-
erality of both t!le l~pfe5t>.ntation met! \ anti the search technique give rise to two
major shortcomings: ic

1. Combinatorial explosion.

2, Limited expressive power

Combinatorial exp/o.'Jion iii tbeGconS('qlJellfe of using a 'weak' search 'Itrategy, wIde"
will necessarily conform to con.binatorial principles. As the complexity of ·.he''task c:;:::::::,j

domain increases and m- 'OnYft!(.'HS need to be admitted .to the datahase, th<!search
space of possible combinations of the operarors grows exnonentially. ,\s a result, t}:e

~;c
IH~r~ormanc('decreases exponenrialty

The fad that any non-trivial problem has '" potentially huge search space, e~plai?,~
\-i ~.
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Each of the tasks requires specific abilities, Interactin« ',;r comm:lnicating with

the system implies the ability to work witK~rca.l-time, continuous data, Performance

monitoring applies to the plant as well as the control system itself, and it involves
some complex issues. They include conversion of continuous, unprocessed data. into

hig:1 level symbolic representation, testing for problems and diagnosing them,

,",

The process of making decisions by using some form of reasoning is proba.~\1Y tho'_;
tr

most complicated part of supervision. T need for an agent ca.[lable of reasoning

sets it apart from simple decision-making based on mathematical algorithms (which

is the basia of low-level direct control]. Qlla.1itatlve rather than quantitative meth!,'1S
become necessary and tb" best ones implemented 80 far, try to model some aspect of
human thought, tcr example, logic inferences, , ;/7.y logic, production rules, planning,
qualitative causal re~oning and other AI techniques,

Finally, taking lie decided-upon actions involves the reverse of data concer-tration,

i.e., translation of symbolic representation into low-level continuous data, which can
be processed tj other puts 'fir the system.

2.2 Autornat.ic Process Control
II

The processing industrv is ...n excellent example of an area cL.a.ratterix€d~ a. high

degree d automation. This allows a deal separation of the basic control fun ct tons

Irozn the role of supervision, These differences are reflected in the fact that the tow-

level control is performed automatically, but 1'"10St super visory casks rely on people
(t\rip.ra.toTs, engineers, management]. It is also of particular importance to us, as a
small plan; whir} iii a put of alrr.ost any processing production line is much more
available for experimental evaluations than, for instance, an automated vehicle or

aiteraft etc.

The processing industry has experienced a historical shift [rom the very early manual

control to the very i;;l('st digital control. A surnmary of the difl <11. approachr» to

automatic process controlis shov....n below,

Automatic process control:

o Analogue computer contr.

o Digita.l computer wntre!.

15
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X equal Y

X meets Y

X overlaps y

X during Y

X starts Y

X finishes Y

o
plus their inverses. Temporal logic is a. ":ery important eahancement of the state-
space represent.crion, it enables planners to deal with more complicated WOrLd5 and,
therefore, solve &. greatcs variety of problems. On the other hand, there are many
problems adequately handled by the situation calculus and to, which th~re is no
need to introduce the extra computational overhead.

3.7 Conclusion

/_I

This chapter has provided the necessary information on planning. It has introduced

pia-llning a.s an important problem solving method. The fundamental concepts used

in planning have been explained in detail, particulady the basic knowledge repre-
sentation and search methods. A survey of tIle most significaat new developments

L-

in these areas has ,-)1$0 been included, with particular empnasis on the concept of
jl'6<lctive planning.
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\'
why even the ea.rli~,£;tplaxners treated search methods with care and ip':lBt research
since then biB been concentrated on dealing with combinatorial explosion.

'rite limitations in the expre./;.iiVt: po'JJ~'i of the represeritation vsed, follow from the
as ..umptron tha.t it should be equally suitable for many iliffer·~ut domains. Since

f'Ven the most specialized repreeentatiens UM:d in AI are still far frQUl ideal in terms

or expreasivenesa, a universal representlfttion is bound to be even ;eas sathlfa.ctory. It
will be 'good' (or ID3.ny cases bu: ·)t p~~tkc.larlY good in any 011t'!.This shortccmlng
it: !'nueil Hi in ~hf; typical difficult! e~<:o'mt(:n~din mapping features from the real
world abstract model.

3.3 Basic Search Strategies

Althougl, this discussion is in the context of planners, many of the techniques de·
sci i~. here ar~just as ~~eleva.n'tfor other problem solvers: Search techniques can be

daBsifie9 aecording tel two major criteria: choice of th~ .itarting poir.t and choice of

the next mOfH!.

A fMJ.ftOrvf directed ~ea.rch begins at t.he initial std.Le and progresses toward thc~ ,oa.~
'<, Therefore, operators are I!X"m!Md iJY looking at th~r precouditlons to <sec if

these &.r'~ present in. the .curreat state. Effects Me used to create new nodes in the

seard'l. space, until one of these new nodes it; equal to Ult' goal. IForward cha.inj!lg is suitable in these cases where tli(~gr.a1 !Sta.te not as i.nportant

as-the initial stat.e and, In fad, tpere dOE.' not have to be a goat at aU a.t the

beginnhl.g of search. All example would be monitoring and alarm triggering, where

all that counts is the state of'the process an~ whether an abnormal condition b&oS

o boon noticed. It is also knma[.r:. all bottom-up or data-driven approach.

\

A bfU:k1/JQrd chaining method works from the goal state, looking for the operator;
whose effects cq~T.cide"wjth it, Their preconditione ar€ then '::{)111pa~cdwit,r. t:b~Initial
state and jf they are not satisfied" intermediate nodes). a.r!- geneptted. Backlwud

chaining is s¥,H.ed to lIa'l./,a~~~nswhere ..th~ goal c~a.te is known at the beginning of

search. 'It is wiaely used in soivhlf,) diagnostic type problems. III 8U1:h cases, the

fault il; the sta.rtiltg nod;' froiri(~hich different paths ale explored to find the cause.
Aiterila.tiv~' liam~.s are top-down OJ goal· driven. ()

u
Once the starting node' has hefln decided on, the question remains whether to l\pply

II
II
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direct digital control

- self-tuning control

adapti ve control

- optimizing control

advanced control

Al-bascd control

Analogue computer control. This has been the nom, fOf decades and is often

called eonventioual control or just analogue control. Analogue computer is all)'

information processing device which operates on continuous data. The classic control

theory deals with continuous control systems and any cc..ntrol system is intrinsically a

dynamic information proco:s:lllg device The computational aJg;orithms implernonted

hy these systems are the well-known proportional (P), integra.l 0), derivative (D),

phase lead flag etc. 'l'hl~architecture of these systems is typically Ieedback a.,I<l based
on single-input single-output, ludivj(i'l;u control loops.

Such devices continuously g(;~nefate a control si!~na.l.related by a shlpJe mathematical

function to the difference between the setpoint (the reference VdlH'.1 and the actual

measured value of the controlled variable. However, more complex configurations,

""len. as cascade feedback, ar;: also possible. EaT!Y \~np1em(,llta.tion~ were pneumatic

and later ga.ve way to analogue electronics (still widely used .in industey ). Ana-

logue methods suffer [rom limited cornputational capability, inherent. inflexibility

and inability to Q.~a.l wi tit nmH1U merle data,

Digital computer cc nt rol, 'This approach relies on tIn! use of a digital corn-

'! puter which works in a. dj,8c:de-tink domain. This means that a. continuous-time

I pn!cess needs to be sampled wit.h a high cnOllgh frequency ,,,Jon, e',,)' further sig-

nal precessing C:'Ul take 'place. Such systems ((!.It typically!,· divided into three

larg" parts: inp\l~, signal-processing, control PJOC\~;,!jJlg ii.e., tr iI'i.>fohlli ng the plaut
me;'l.!nU"em~llt:;<tod other inputs inti) d. control signal] and outp signal-pr ocessiug.

TIl(- grc;,i <t, advantag» of nlgitaJ computer control if'. till' ('min, 11S ft"x\bility of
Ihe COlo : ,t! te}' and, consequently, the potential variety of application Ther» is a.l,
ready 'l multitude uf ciift't'rel't approaches, from real-time din"Ct cont: ,I systems tn

off-line advisory e/pert sy.st~lrns, W}IOf)t' on!~r common f,,-<l.ture is tiw (lig:1 :i,( computer

th('y arc baaed 0,1'. This is probably only the h€giHning iwd ther« ;; lot more \.'l

o
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Chapter 4

Design of the Planner

Every design involves certain compromises. In this cast', the mai,J1 trade-off is in

aecJ:iint'{petween a general-purpose system and a domain-sped, ~'on~'. This topic ~~ ..

already been discussed in relation to other problem solving systems. It is important

to briefly look a.t the distinction again, this time from the point-of view of the design

objective,

This objective is to build au intelligent supervisory control system whose perfor-"

malice Ca..1 be tested 011 all (>,xisting laboratory plant (level control plant). It would

not be difficult to imagic,e a ;)urpose built system to supervise this particular simple

plant. 'I'here is little doubt that such a. system would prove easier to develop, faster

in performance and smaller in size.

However, the approach presented he~~ relies on the 'brain' of the system (i.e., th':

pI anner 1 ht>jng: sufficiently general, t. make the system applicable to a range of

problems ncountered in control (and not just this particular plant}, Yet, within

the collection of generally applicable methods described in Chapter ;J, some are more

suited ~~. th,~)intended application &an others. Those that fit hI'S! ,Ii' "b";) and

modih<::d .or slmp!ified, without taking away, their generality.

(')

4J
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the first Imitable operator to crea.te a ney node and Immediately shift the attention
"\

to the MW node or, alternatively, firs: exhaust all tJptions at cad't' node,

The first method is called de;,lh.Jirst search, ~ it explores each branch of the search
tree as far as possible (Figure 3.1). If it finds a solution, the search it; complete, nth sr-
wise it. will backtrack to the moet recent natta ar.u 'try aiiothH operator. Depth-first
is more suited to 8~..<lltch spaces which are ~ide bat not very deep, wherl~ &lt~m..ti\l'e'
hr&ncllf~$are ofsimill.r length ~ltd, ptrticul&tly~ where sewral solutions IJI.l'e p!:1l1Bible,
which iii the t:118,; for ma.ny problems. If no solution is found, it simply (i;~genflr~tes
to 1ln exhaustive search.

)\

Figure 3.1: Depth-first if,w"C".h in. Ii. oJitabJe $pace,

In .. im.>od .-first searc.i:r., aU pos8iblf' operatOta are tr5-ad bf..fore .P'~e!,\l>ing (0 .A,b~
. ';. '::" \~

hl:'xt Iflvcl F'igllre 3.2). Therefore, b.readth,-fil'8t is Jtitl\'e a.pp~clate wherE som~

bru.dw. <~ .! short, while othMl a.re very long, and the ~nt~te apa.c~ is not widl'!(i.e.,'
,I c'

'0 few operators are possible at each node). It is <:!Specially adVnttag~us ;-vhere thoere
iii a pouibility that ~ unique solutIon ll~ doe to the starting M<i(\, surrouJlded by
very ions bl&llchea leading to nowhere. AilAin, it will deli..;::,~..:...te to .dwaustive
se.ara. if no solution is encountered.

'fhere &n! .tlW1y other seru:cit 8f.rategia optimized i~ diffe~n.t a.pp}i ca.t_a, indudi1lg
li'dSt'4:OIt and bill-cUmbfug (which ha'Ve&n additionm heuristic (.:,l.fJt fUl1ct;,on), bllt "

II " "
one puticullrly worthy of mention her-e i. the nifAm·en<L!Y analYlS!8, I, Wi,i pi~n~
by ors aad fHlbseqq~ntiy used in roa.llY cnther benc~mal'k })la,nnettl {~"g.,S'r'fUPSJ

.o

i) .Means-ends a.rialyrus is well Sll!too to planning "pplicMions beca.use it takes UMO

-account 11(1L only the st~~ting sta.te (whether initial'or go-.l.), but rather tb, dJJ(r~
between the initial an.d g(.~ sta.tes. mffe:t~A1; opera.tors are raak-d l.\Coorci.}ng kl
their nsefulness in reducing a. pa.rt.iuuar ~ijIet'f!uc.e:' If the~ is D.~ opera.Wr whlch tan
~liminate the diifere.llce altogether (Le., din>etly bridge the initial ,uu! ~.t..u.ia.telil)
th~ next beat choice is made, If thls O}16raio'f is directly a.pplic.a.bl€~uthe initial.
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come with new advances jn computer hardware and software (such as rupercondu-

ing materials, parallel processing, symbolic languages, neural-network architectures

etc.).

Direct digitnl control. This is (he natural successor to analogue control. It uses
the Harne control functions and algorithms as befm'(', but the actual signal-processing

is done using a digital rather than anaiogve computer. The ~heory of sampling

ensures that a digital computer can, fully replace an analogue one for continuous

processes.

Rapid. developments In microprocessor lerflll.ology have resulted in progressively
cheaper and more powerful and reliable microcomputers replacing analogue Cf)U-

trollers. Advances in communication tl';;'.works have led 1.0 distributed digital control

systems providing new If-ve1s of reliability, in addition to the inherent !t~'!-':~J?iJityand
\1

ease of configuration 0;' software-based control algorithms ("ther very important

advantages of direct digital control (DDC) are tiw snp'riotity If cc.thode lay tube

(CRT) .ed displays over their predecessors in flexibility, accurur.y and informc-

lion capacity, the elimination of controller drifts ({;OmalOtl m "u<llog;uc ",y.sf8X1S),

easier interfacing with other low -level or higb'lT'ievcl control systems and reserves in
, /:

comiHlt~\ti()nal capacity,

On the other hand, pure DDC is something of a very hi-tech implementation of the
r . .','

old. conventional control methods. The difii.al computer is only required tl' mimic

(only more accurately and reliably] its analogue counterpart, which uses only a small
fraction of its potential capabilities

Self-tuning and Adaptive control. These are rehted concepts, f<>qllirinl,; ill-
creased processing abilities to provide on-line controller parameter estimation. Sdf·
tlilting control typically rdf'n to the case where the process par ....lwtHs are not

known in advance, but it fa!l he assumf:'; that they do not change with time, C\a!-
nation of til(' fJ1"()(,(,8t:' pararnda', t~lIable:, the system to estunate the controller pa-
rurnerers t'.) ;)ch!I~"e required performance.

Adaptive Clm1rn' (l,;'iS1HllCS that n,ere are changes in the enviroument, r1/!cess:tating

<1 •.continuous abl\hy ta adjust the controller tnning parameters in relation to the

changes in the process parameters. Self-tuning and ....daptive control algoritlnns

have beeu used successfully ill ;",lnstry for tuning PIn controllers. Their major

shortcornin$ is that the stru, 1 ,I, ode! of the nlaut as well as the controller Y11\,st

17



4.1 c

Proposed Representation ))

4.1.1 World Representation

The s\a.~?ard state-space method is used, where a world mCJ'!! (state) i~ a set oi(\
statenl,'!f'.titb, describing the features needed to solve the problem, at a specific point in 1\\

(\ Lime. The state-space-representation blends ill well with tl'le control component as it ~,

is convenient to rep~'esent a .control proce~s ii'1 t.~~ms of steady states and trans~tions \

between them. This should not be confused with the state "pace {state variable) \'1

description used in 1110deIll control, which is a systematic, numerical method for

representing complex, continuous-time system".

The propositions we use here, d'P a. relaxed version of indiv. !ual predicate calculus

propositions. They have the fOUOW;:lg distinguishing charact ristics:

in contrast, the representation used by the planner is non-nun ricaL(i.e., symbolic)

and non-contmuous (but not discrete eithec+discrete typic« ': refers to digitized

contmuous-time functions conforming to the Nyquist sarnpli.ig theorem). ':.jm.pling

of the state is ever-t-related instead of frequency-related . :,j} reflected in adding

aid deleting certain propositions, rather than constantly 11 dating continuous state
variables (this will be discussed in more depth in Chapter.

o No ~nnectivet quantifiers are allowed.

c Relaxed syntax,

Consider, as .an exam ple, d .rld model from the STRIPS' planner:

ArRoHOT(A)

AT( Box'f ,8)
PUSHABU(BoXl)

!N HOOM tHOBO'! ,.ROOM I)

In our representation the same wori model would he as follows:

Robot.at.A

Boxl at B

44
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be known in advance and must not change, In other words it is possible to 'adapt.'

to parameter changes (within certain limits), but not to structural changes.

Optimizing control. Optimizing control is typically concerned with large-scale

economic implications of overall plant control. This is in contrast to a single. loop

adaptive controller which, in a. sense, also 'optimizes' its control action i.o achieve

reql1iTt;(l performance. It is also just one of the more general optimization prob-

lems, the one concerned with plant OperotiQflS. (The other two level", as given ill
[t,~"lga.cand Himmelblau, 88], are the optimization in management decisions and op-

\1;

timization in process design and equipmen~J specification, which are performed at

the planning and design ,'It,l.ges, rospectively.)

In optimizing control. the entire plant (or at least a sign if,cant part of it.) is taken

into account aud a complex numerical ii.Yj;timizat.ion technique implemented on li

computer to calculate the best set, of integrated control changes in order to maxlmize

the profit at any ti-ne. The computational demands of optimizing control can 1

t,hereforc, be very high, but not; all processes require on-iiWe optimization.

+he mai~ problem with optimizing control is that it requires a detailed plant or
1\ ,I

process model, as well as its economic model, In fact, the more accurate the mathe-

matical representation, the better optimization can be achieved The reality of large

unpredictable variations in the operating conditions and consequent uncertainty in

the rna hematical model is the gre<1.1.e~~drawback of optimizing control, often leading

to sub optimal performance. In addriion, the correctness of the plant and the control

syst- ,s implicitly assumed and therein" structural changes cannot be handled.

Advanced control This c..n take on many different forms, but it is typically

characterisjd by its multi-input, multi-output capability, enhanced mathematical

processing as welt ...s inclusion of programmable logic function!'. This enables ail

advanced controller to utilize all increased number of inputs Iroin the process as w,~H

as from the operator (m!;,oie air ;,th!~I' control systems (including dlgitai inputs). 1\

also makes possible switching helwN'n ditierent control strategies Ie.g., feedfofward

or feedback}.

Advanced control ailows an implementation of a much !.L\t'f'~ complex overa" ror~!,,()l
."

strategy than a tow-level, single-loop controller. In rrin~ifile, it cau take ()'.et some

of the higher level control Iuncrions typically performed {\_, unan operators. It call
he used I~)tcoordinated control, sequent: hatch control, pI'" ""Sf'S which cannot b('
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Clearly, the changed sy~tax makes the propoaivions more difficult for machines to
process, b~t easier for humans to understand. This .is an. intended effect, as the
system designed here is aimed at people who may have no knowledge of predic ..te
calculus. They should be I),ble to enter initial and goal ~tftes, define new actions
and occasionally monitor the supervisory process by looking at; the state description:
therefore, using simple FllgUsh-like statements is preferable. The penalty of this
more user-friendly approa h'Ues in the need for more complicated string handling
routines used for pattern n atching. "

The decision to forgo the logic connectives (A\'l 0, OR, NOT, XMPLlES etc.] has two
u

important consequences, The resulting representation is less expressive and it is no
longer mathematically precise the wa.y logic is [i.c., sound and complete). The first
limitation is not a. serious one, particularly in domains characterized by a number of
propositions not relaJ~:': to one another. The sec-ind one means that a logic theorem
prover cannot be US('·:!. \

\ I

On the other hand, because only itl,l;lividuai propositions are allowed, no theorem
pro"~r is necessary .. Ali information is given explicitly and therefore straigfii pattern-

I matching can be used to compare states, operator preconditions or effects. This
greatly simplifies the design of the planner and was, in fad, the main reas c~n for

using such represent atien. 1\

4.1.2 Action Represl;..."t~t.inn
./J

Actions wh.~:hthe systerrlc~ capable of executing are written as procedures. However.
abstract a.c1;j~nmodels (operators) which art' used in the pJ~~mine; precess are defined

~) .,-,

declaratively, As this M>C'jon is only concerned with planning, the actual <tdltm
procedures are discussed in later cl-aptera. Ea.r.boperator has i, ,pI of preconditions
and <'iTec's associated with it. Our proposed structure for operators is shown it.

Figure I,!..

f-p·~;~--(,·:~)~"~;);';~;~;"-'T.,.-\i~·T·ioN-T~~~~i-E-l-.,\;,I;-F.:~:~:,~;~~s:---'j
l-·-·~-'----"-.-----1 r-------·--,--.-
_N~:.E~_~nI~~~:_L "_ :__. ,lI?~~~F:~rf2.'.::~_

',,11

The preconditions are ~lven ir, term'> of positive conditiol~:' i.c., all the p"ipo..-:it;'-;Ills
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procedures [sometimes called functions or routines) which are <executed under cer-
tain conditions or often by default. A lot of Information is encoded implicitly and
theeefore is difficult to see b" anyone other than she programmer.'

On th~ other hand, procedural representation is very efficient from the computa
tional point of view. Encoding operators in a procedural way hat: a posi~r}~~ffect
on efficiency for another two teuons. l-lcstly, it 18 generally much easier foJ' such.

I procedu.f8Ij to wtoma.tically update the world model. wjth &11tile chh\hg~s that follow
o

fl'O!U applying a. particular op~ator. The difficulty of some [especially large) 8y8-

tell'll k» proP.$(! all ade e1ftdil of prop?~sd op(!%aton leads to the so called 'frame,JOb.'. ~dl) .. t;)ufelic:kutcy of the .ya.tem if gTl'atiy tttfltlel\(",ed by indudlng
~. ~-{\e"dent lt~dHic kt1owlt.dg~. It is very easy to do t~t in procedure!

~"Utka..
~ .dta4vu.~.) ill the (GDtnt of generaJ.-purpOH pla.nners) centre around the
~~ of. .. alit,.· Includiag uy problem .p~ne he-uristi ..... to influence the direc-~.'.()t.order "~ tlVal'Wtonag ~,We $Ol'lltiont (extept thoee explicitly allowld fur ~n
.tM searQ,lfttategy) m.'!.ku th.eSYIl~m ~ma.in-dependent. Using i~plidtly encoded
.' jlt~.t~ (ttitfi.culi for hUtJlUl to Uildetst~d) for_!Jte puts of lhe ,ystem which
~lt(o: •• ,,,..~11 ~s.ible (opez ..t<m) is i".ontra.di;tory. An example of a piaaaer
with f~q,.) ope1'UQrlt is HACKER.

II
" .•........ t.. .'
~~1 the bM lAOWtl detW~~ way (l( representinc bowledge ia.logic and as
~~,.~ Mo61l ~t?;,!-'1!rpoM pla'Uler8 U'l iOt~c·basedi represtmt&tiot1. A world
~.~2; t~S ia.Wud .. a. collection of well·lorme<[ formlUM (wirs) of first-
~~~ue, whett ~ wff' d~crib~ 8Om.ethin~ i.~ut the world ob jette

~t~~,"lM$.· . \ \
/ '''' ••..,:; J. . .' ) ,

t~~.·~!""oj* &II .•~eui<m (){ propoeitiOll<Li ::a.lclLll18 (in whith each logic
"~k~'''_ilte p~~~ whiCh QMl.ot be braun down into partR and
wIndt.., j;.~_ofeithet. Tau't or FAtEE) for h-.udlillg more complex G.om.-.id,)
P~t.'-·~ locic n.tem.~l1 whicllallow a. numb. af argl'ments to he evaluated.
Sv-~~ 0\)... ", aao ~ h1dlvidual$, &fa ''ilh8tltut~d for the a.rgUlilcuts and the

, ~'lli .i$".t~ T1U1B f)t F.u,ut m~M.ing tb~t a gh'f'u reiadollship between the
acptr_t. }lobi., Of doesliot,

.n

,
1

1

I
I

o

Flrsi:.,tl\er referJ to Ule fact that, predie&tt'a UMot be evaluated by ot~er predicates
{bEwq 1&" iud.iviiluals are. Gtlmbinatio1t3 of predicate calculus !Sta.tements, using
t~ !)1!it eoiI'~t1v.s a&\4 qu.utiflefs, a.te r.all~d w..!l·toft(l(~dformulas.

\\
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handled by conventional control, control algorithm selection as well as responding

to structural failures. Many of these capabilities are due to the addition of logic. but

sequential logic has definite limitations when appl': d to ia:rgc~sr.alereal-life control

problems,

Af-based control. This is still in its infancy, but nevertheless it has already

proved itself in some isolated industrial applications (mainly in the form of the

expert systems]. Although it is also-based on the digital computer. its approach to

information processing is radically different from all the other methods t.

Every system which takes an action in response to certain conditions nerds to make

decisions. IIi the case of control systems, the decision determines what control action

should bl? taken for a given set of operating conditions. All the approaches described

above use a mathematical algorithm in their decision-making. In other words, the

output is related to the input through a. pre-designed and pre-entered mathematical

function constituting a. fully deterministic, fixed algorithm.

Advanced control adds to it a. fully deterministic and fixed logic algorithm, which

greatly enhances 1tS capability, However. it is still numerically based decision-

making, even if beth analogue and digital numbers are used in the information
G'

processing.

In contrast, Al-based control puts emphasis on using slfmbols and not merely num-

.-~ c_9NS in making decisions .. As numbers form only a small subset of symbolic repre-

sentation, they cannot capture all the available information (and particularly knowl-

edge). the other hand, numbers are well defined. precise, unambiguous and can

be processed using standard and strict mathematical relations. Thus. they require

little 'intelligence' in handling.

o
The mor« general symbols can he arbitrary and therefore much more 'intdligence'
is needed to interpret them, M"tthema.tical functions no longer apply, instead the

Al techniques of pattern-matching 'IJld search hast: to be used. l'he relationship

between the outputs and the inputs. of an Al-based system can b~ l\oI1de:prministic

and dynamic ;~s it is based on search rather than a fixed algorithm.

The symbolic nature df this decision-making; hC:HS much !HClf\' resemblance te hu
man l)whkrn solving. The unique advantages (If \; b i:·,'d approach follow from its

ability to capture some of the human-like i", uitive or heuristic ways of represent-

ing knowledge. It (.1.11 utilize qualitative ; Howk(l?"p, such as rules-of-thumb , which



which have to hold in a current state before the operator can be applied. and negative
conditions which must not. The effects a,; divided in a similar fashion into add

effects, i.e., all the ~ifopositions which have

the operator has been executed, and ~,~lete. eliI~! '
" ".{/

It should be noted (ha.t positive conditions are h -all.y Armed, so that the: al!
Ii .."

have to be satisfied/ while negative conditions are lOb ally Oared, 'Sothat not-..one
must be present. Similarly, add effects are- AN oed, s: hat all are added, while
delete effects are Oared, so that only those present are dele~ ~ For instance the

equivalent of tio - STRIPS operator goto: \ j

, be added to the current state after

IS which must be deleted.

goto(M,N)
If Precondition: ATH( M)
Delete list.: ATR('Id)

Add list; ATR(N)
)\

would be as follows:

Af. can be concluded, the repre- -tation presented here is realty just 1. simplified

and more readable version, whirl! has been fount! well suited to the intended apoli-

cation: whiles ll preserving its f,·nera.!-pu rpose character. The type of application

considered here does not require t'!mporaJ logic ~ncl therefore does not justify the
considerable extra efforteit would. involve in development and run- time processing.

4.2 Proposed Search Strategy
I
!

~ .
The system developed hr'I(' can \,'", sumrnariz ed as general »urpose, reactive. non-

hi';!£ardur.il.L with no learning abilities and non-opportuuistic. In other words, thti'
[.I

inference centro! used if; not domain-dependent and allows replanning to take pia.c',>

If necessary. Reactivity will he djEcU5S~1.

system. This sertion only deals wi, h til(:
context of the en!,;-!'

\ "



A simple example problem solved by STRIPS was as follows.

Initial state:

Al'RosOT( A)
kr(Boxl,B)
A:r(Box2,c)
AT(Box3,n) II

!)f in w~tda:
The tobot Qd the \h1'$! bo»ta ate all at dlift!l'leut loca.tions.

,,:;,

Of in wvrdp: ~i
The th~ bO)t'efjshould be gatheRd togeth.!f. at rome location X.

The a.ction ~resen1.&tiou 1&alec based on w11'~ in the precondition part. aad in-
dividual predicates in th~ add. cw.ddelete lists of effects.

pWlh(K,M,N}
Precondlticns: AT(K,M) ll, ATRoDo'r(M)
Delete list: \:rRo.BoT( M), A'I'(K ,M)
Add lis,t: Ar ROBOT(N), AT(K,N)

Jl,

or in~t)rds:
Provided both, object ~I and robot are a.t location M, the robot will pttllh,~bject K
to location N, hO that after the action i6 completed both objt'!ct.K and the rot\Ot will
he at N.

(\

goto(M,N)
Preconditicns: Ai'RoBOT! M)



( j

is commonly used by operators but totally wasted for numerically oriented control

systems.

Symbolic reasoning creates enormous computational demands on the current com-

puter architectures, resulting in limitations in the speed, size and capacity of such

systems. However, it would be incorrect to view thls a.. a permanent shortcoming.

The rapid rate of development in computer technology has always ext' eded the ini-

tial expectar ions and there is at present a concentrated effortgoiug into designing

efficient symbolic processing machines.

2.3 Automatic Supervision

Some of the techniques described above go so far beyond the conventional mean-

ing of control, that it is probably more appropriate to classify them as supervisory

techniques. In fact, all often found description of supervisory control is that it rerre,
"sents everyth.ing above the loui-leoe! control loops. Consequently, it enables achiev. ug

better perforsnancc or meeting more sophi.9tirated control objectives than the basic

controllers. It also follows, that a control system carl function without a ,<;uperdsory
control (assuming normal operating conditions], albeit at a. lower performance level,

It is for this last reason, that the earliest application of digital computer technology

in the processing industry was in the field of supervis. rather than direct control.

These early implementations relied on a single, large cU> very expensive computer,

which led to compromised reliability. However, these centralized supervisors land

their more 1,;!Cent distributed successors) did only a small part of .~ supervisor's

job. They used complex algorithms t.(. manipulate the setpoints to the lower-level

a~alogup controllers a~Ldpro~ded automatic start-up r ~hut-:jo~n scqueI1CPs.'\:~ey
a.so enabled automatic legging of data, trend a.r.3Jy~s and simuar functions wh~h

oniy assist if! supervising. '

2.;~.1 Supervisory Objectives

Consider i.' main !!,oals for opcrat!;)g a plant, as defined in [Tsai ei al., 86j'

o Maximize safet,y.

e Adhere to governmental regul« ',,,[,;;. such as (,lrviwllmf:ILl,j standards.

20
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Opportunistic planning has been ruled out as a method not appropriate. to the

eventual application. While opport-mistlc approach may hI'! successful for plan. mg

a shopping trip, a control supervisor should only be directed toward fulfilling the

goal as its main responoibility, rather titan diverting its attention and louking for

opportl~niti{'s to perform some action of secondary importance.

~, I, 'i

Both 'hierarchical planning and including sc!rne learning capabilities arc considered

very useful extensions of the bask planner. And that is exactly how they are

treated-v-as extenslons=-which can be added tc the system when the need for higher

i.• speed ar.d better efficiency arises, or when new techniques become available: ;~?r

no". they or. not included in the interest of fo,u'i~g .m "me important i",ue,l! 1
The search tef;\~niqu~ W~ propose is forward chaining, depth first but with an im-

portant feature d t,h~means-ends analysis. A brief look at -the asrea of application

helps b explain and justify this choice. Automatic supervision of a control system

iIJ characterised by:

47

1. A .limited number of applicable operators-s-due to the fact. that there is a

limited number .of setpoints, overriding switches and emergency procedures,

the supervisor (whether huma n or automatic) is restricted in the choice of

actions he (or it heM t.;~ke.
\\
\1

2. Data-driven approach-v-monitoring, emergency handling and alarm signalling

;tr~ ,,1l extremely important action" in any supervisory systern and they are

triggered off in response to an abnormal condition in the current situation, but

largely independent of the goal state,

3. Wei! specified operator preconditions and effects--a~~ most actions arc quite

specific in when they (an be applied :mJ what changes they pmdo.ci:',· both
preconditions and effects t'<ili be used in ~uiding the search.

\ '
4. Branches of th'~ iearch tree are quite uniform and not very long-> supervision

consists of taking the right few steps; there arc no undulv long seqIJ(,lll;al

operations.

It follows that th~ rf(l;St. suitable ~ca.rdl Int:othod is forward chaining, which allows

data-driven responses, and depth-first .. which is well suited. to the shape of the search

space, In th(' int.erest of reducing the search SP1V'€' IS modified to take into account

no; only operator preconditions, but 3],,0 ~ffect!<, in decidinr 'In the next move.



Delete list: k.r.RoB0T(M)
Add list: A'!RoBOT(N)

or in WOrtts:
Provided the robot is a.1 location M, it will move to location N.

An eDmp\e cf a. more comp~~xSTRIPS action is:

gothrudoor(K,L,M)
Pretonditiou: NEXTTo(RoHOl',K} A' CONNiiCrs(K,L,M)

II INRoow(RQ8o'r,L) .'\ ONl"LOQIt
Delete list: ATRoifOT($), NEX1'To(RoBOl',$}, INRooM(RosOT,$)
Add tiBt bRooN(lbJBOT,M)

II,

Of in worda:
Provided tile robot iii in room I., close to th.e door K and K is the door between
rooms Land' M a.nd all obJf::,i:s ar" on the floor, the robot will go t.hrough the. door
lnto room M.

Three conclasions'follow from the approach used in ST1UPS:

1. Because complicated wffs Mil: used In goal descriptions an>! in action precon-
ditions, STRIPS need" a logic theorem prover to extract all the informatlor;
from them, 11Jl simple i'ilttern matching is no longer sufficient.

)!,

i)

2. For mo!~ complicated problems (in robot navigation}, most wffs of ttl\" initial
state describe static features of the problem (doors connecting rooms, station-
a.ry object locations etc.) and therefor€' they do not change throughout the
plurnirig'prot.t."U. To reduee da.ta manipulation, STRIPS keeps all th€ initial
wffs in a eommon d. base and newly gen.erated states are rh.ara.i;teri1.ed hy

'_' (]

their own li~ts (1'( deletions and additions.

))

3. The strict 10lIn of prcdicatea reqvired by the' theorem prover, makes it (jft{l~
difficult to understand th~I'functjon of various :>pera.tors and the mt'Uling of
state descriptions (particularly for someone not familiar with predicate calcu-
iUd). <?



I) Maximize or control on-specification product production rate.

o Minimize operating costs.

It is interesting to note that these goals apply just as well for planning and designing
the plant as for operating it. Proper autom ...tic supervision would be involved in all
four aspects, but that is typically left to the human operators, the engineers and the
management. The first two, in particular, do not easily conform to mathematical
represeusation and may require complex problem solving, absent in the supervisory
packages based on conventional software.

I

However, existing techniques can be useCto improve the consistency in product qual-
ity as well as minimizing the operating costs. Supervisory control algorithms can
reduce material and energy costs (by using various optimization methods to find
the optimum operating conditions), maintenance costs (by providing early warn-
ings) and labour costs (M fewer oper ators are needed due to decreased workload),
[Tsai et al., 86).

It is quite clear that basic automatic control is necessary but not sufficient to fulfil
the above goals. Conventional a.i.gorithm-ba.sed supervisory software can go a. Jittle
further towards satif£)'ing these goals, but perhaps Dot far enough to warrant tEe
term 'supervisory'. Intelligent supervisory control seems to have significantly more

______"'-·'-...,.tialof ;·"".(!gingtnat gap, as we will try to show in our case study.
/--.~_./ .,__ ./ ' .. '~-
._c//_r-'

2.3.2 Supervisory Actions

The "generic tasks involved in supervising have alreadv been discussed. The last of
() • . .J

t'ft~se is the ability to take appropriate actions. The specific actions irt the supervi-
sor'>;disposal will. again, depend on the actual problem at hand, but certain generic
actioas for the process control domain can be Identified in view of the goals listed
above,

For normal operat .!; conditions:

e Maximizing production anti minimizing operating costs.

provide the most "ffedhe sctpoints J~}i'the controllers
?
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This idea is borrowed from the means-ends analysis, with t\\e important difference
tha.t if no operator with suitable preconditions and effects is \\mud, the search pro- 0

cess will dp-gC'nel'a.te.to pure fot:w~l.i chaining and only preconditions will b~ looked
at. In other words, the search is difference-driven whenever possible, but if neces-
sary reverts to data-driven in an emergency, when achieving the. goal becomes l(~ss
important than tire-venting a. disaster.

In CMe of r: failure to reach a solution, bad ;.,(".kingtakes place: Although there
are methods more constructlve than ha.cktrii~k\ng (e,g., nonlinear ordering) the a,-
preach il".ken here was to minimize the chances of backtracking occurring, rather
tlll?1.D devising a separate mechanism for ellminating it altogether.

4.3 Organization and Processing of Knowledge

4.3.1 Data Structures

'i

Problem specific knowledge, which includes initial and g(}W,sta.te descriptions and
,operator definitions, is organized in stand-alone units and therefore c-an be easily
exchanged for another one Wh-7lIl",<ldif\"!;rent problem needs to be solved. The op-
erators are stored declaratively in a ~ingl(' data structure which -allows aovery easy
access to s:ngl.e operators cr even single preconditions and effects. This is shown in
Figure 1.2.

o

[P-,!~(;~~~~N;jOPER:o\TO'RllLA--;;;E~':CT~:..
L!~L~_::.Co~?_~~!_<?~~~ .,~ __lD.~~ l~f_~~EC'r~:, _j

Figure 1.2: Data structure f~lT storing operators

Domain independent knowledge, which is the search stra.t('gy, is encoded Jr' a re-

cutcive ; rocer!nf" -vhicb controls the inference process. '(his procedure e: ,(ores
.'/. e

paths in tlw ,pa.rdi space by creating new intermediate eta.t~s (through application
of operators}, or ~a.cktracking to previously traversed states if [lO operator i.>~l; be



3.5 Advanced Planning Strate~~es
\.,."

Sacerdoti provides a summary of various techniques used for automatic planning,
in [Sacerdoti, 79J. Besides the basic search methods, he lists the following nine
enhancements for improving planning eflidency:

o lJiera.rcJucal planning.

o Hierarchical plan repair,

35

o Bugging (or debugging).

e Special purpose subplanners.

l) Constraint satisfaction.

(I Relevant backtracking.

e Di9Proving.

o Pseudo reduction.

The Handfnc!r, 0/ A rlificin.l InteUige'i'l.Cf! [Cohen and Feigenbaum, 82) restricts th.<;
main approaches to the following:

!) Nonhierarehical planning.

'0 Hierarchical planning.

o Script- based pla.nning.

e Opportunistic planning.

Both (If these taxonomies are a. little outdated, because they do not cover the most
recently researched area of f'f:I.zctitlt! planning. A slight1:y iliftt':ellt classific,~jon is
proposed aud explained below. It should be noted that the categories axe not treated
exclusively, i.e., a particular system can be a. member of one Of more of them (with
the exception that an opportunistic planner pronably ~Ias to be nor-hierarchical).

/1
I'

1. Reactive versus non-reactive planning. J
(,



- provide the most effective controller parameter settings

In case of a safety risk

o P reventing unsafe operation.

switch on backup systems
II

take over control

shut down the plant

issue warnings and alarms

This shows that safe{y 1S awarded the top priority status. N:)Xt priority is maximizing
i,'

profits which is mainly done by maximizing the production rate and, secondly, by
minimizing the costs involved in that production.

Thus, the main responeibiiiry of the supervisor is to detect any changes which could
lead to a safety risk, ff that is the case, the supervisor must have some actions
to prevent such situations. It should attempt to handle the emergency by itself,
if it is within 1~:';ta.pa.hiJjlie:;, Of instance, it could switch to backup systems, if
such possibility exists. or take 0v( t the actual control of the plant and, if necessary,
lust lead the plant to an orderly and graceful shutdown, Q~ll' i' often, the above
actions WOIl~~ evoke a corresponding drop in performance (due • , a switch to a. less
sophisticated control method) or eY~n a stoppage in prod uction (as in t he case of 3-

shutdown), if continuing may jeopardize the safety,

A"ether important type of action would he issuing warnings and alarms to get

the attention 01 a higher authority (i.e., the person responsible for overseeing tilt::
system ).

It should be stressed here i that a supervisor able to de,;.! with all (.heore~iraliy possible>

problems is all Iln.rea,~;:,tic ideal. Human supervisors also ClICOIH.ter problems whi: b

go lwy~)ndtheir expertise and trainmg, and th'~sf' haw' to be referred to dee eng!nf'f[
or even the management. lhwe\ler, the super ».cr's knowledge aN} ability to ff:<,"',uti

ensures that SUCll problems arc imruediatety ideutifled and ddeg'.ll.ted higlli'r \I)) \ !\;.

hierarchy. This is in (lin:c.t contrast to basic controllers whick no matter what

happens, always assume their total competence.

When the system is operating well within its safety :na1j~~jll,economic considerations

COlOe to the fore The supervisor should, therefore, hd.jr~ some actions whic], w0IJd
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applied.

The working meI!lory is ~)rovided by a. 'ltd data structure. St~k refers to a. tempo-
ra.ry storage of datawhi~b works on the last-in, first-out (UFO) prindple (Le., items
are accctsible only on 'a (i,~n(.'_bY-()M bws, 8tlU'tl, 'ng with ~e last on'! entered). To be
useful, stack must be &c~pmpa.cit!d by two procedures fOT ~turing arid extra.ctil'.{git*
items, called PfA!h aad pc,lp·

In this case, the ~ta.dc stl~rea the ~th of the search space whkh. is C"..uft'nti;y being
Ii " "explored. ~re, tliei,items on the I.>L&cic c01'reJptmd to the nod.f.l6 in the search

space. Eacl1 node is a 1I~:&te,Le., ...~t of pfop~itiona. But it illl&tao the exPlicit
II 'c

re.nut of applying an I)p~~a.tor, by Mding the operator';; add effects ~d deleting its
del ~Tects from thE precel~Jjng node. Cou~ttently; each item on the stack is a da;l;a
.trndure itseJt It eotttail~1i all the propO$itiQJu COlJ.sututing an illtermoo.iate Itate.
as well as, the llaln4 of th~~("..perator' whOle a,pplica.tiOll AN *wt~) in ~rur::.,l!ltate.

Ii
I,

o 'I
U! addition, tm::~\l18 th~\iplaamer must be a.ble to badtr:t.ek ruad tty new paths,
a.ru)th(!t' importM.t pi«e ~IffknorlPjie Il'lust be a.d,ded to eacli node, To preveut the
planner from trying agaiJ:l,i thOf,.,;,;opera.f.urR which have been applied heio.re &'ld led
to terminated p~tM, eacl1',node bas to .tore them du~ backtracking. The stack
data structure, an area. df the sea.rr.h 8P,V.,.e and the r..orresponding (Sta.de.item are "
shown in Figure ., 3. ni!Ul4.4and Figure 4.1>. , ~

11

II
III ---

Iii

--,/' \,..,'-----1
S;;~,;K Il'EW 2

@~~K ITEM i.
Figure 4.3: 'ihe stacie: da.ta. structure.

AU currently exl ...ting int trrned!a.t~ state.1Jare stored on the stack. The initial state
is stored at the 'Vtrty bottom of the stack. 'l'he g~ state is stored separa.tely in
ho; own data structure. The sta.ck alwa.ys contains the currently searched path and
when the planning process is compieted (Le., the goal it' reached) tll:~entire solution

'I
is on the stack.

o
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2, Hier~chical versus non- hierarchical planning,
II

3. Planning with or without learning abilities.

4. Opportunistic versus non-opporturustic planning.

t\.ll these approaches have a different effect on the inference control strategy. \~1ile

another category of temporal versus non-temporal planning (an be identified.rit has

I to do with the representation method, rather than the search strategy.
,1

3.5.1 Reactive Plann is

Reactive planning refers to the ability of the system to replan, if necessary. It seems

an obvious requirement, especially as human planning relies heavily on this feature.

However, ea.dy planners produced fixed solutiona +plans that could not be retracted

or modified, as there was no mechanism for monitoring plan execun n,

Even though implemented only recently, interleaving ~/;lan generation, execution

and repair was recognized early on h1, [Sacerdoti, 7·tJ ~d suggested as the focus of

future research in [Sacerdctr, 79}.

We agree with this opinion and consider reactivity as the most important character-

istic of any automatic planning system. The immediate benefit of h system capable

of execution monitoring and replannmg is that plan generation is made much sim-

pler, beGa.us~ it is no longer necessary to correctly predict all hypothetically possible

future situations. But €Ven more importantly, reactive planning is absolutely essen-

tial for dealing with real-world problems, where unpredictability and suddeii changes

are prominent.

Non-reactive planning is termed open-loop in [Smuts, 90], while a system capable

of replanning is dosed loop. In the context of control, an intelligent supervisory

system can be thought (If as an abstraction of a basic control system.

(\
An open-loop control system is illustrated in figute 3.3. Such a system achieves a

desired response it by passing a command C through a suitably d('sifl,T1CC prefilter P.

An external disturbance d and a. chang" in plant parameters 6p can be cancelled by

modifying the command accordingly. This approach implies that all details about

the process disturbance d and parameter variation ~p must be known to the system

in advance. This is also the very reason why open-loop systems are used so rarely,

o



2.4 Conclusion

. '

/'0\

lead to an improveme~t"in the overall performance of the ;'la.nt, over that achieved
by basic controllers. For example, it could switch OP tr.e nilist effective controllers
for given operating conditions, if it bas a. choice of different. control algorithms.
Once the lower-level controllers are running, it could manipulate their setpoincs to
further improve performance. It could also directly manipulate the controller tuning
parameters in accordance 'with some heuristic rules, totally independent of numerical
tuning of adaptive algorithms (if such were used].

These examples of actions suggest that the supervisor should have tota: command
of all lower-level systems, including analogue, direct digital, adaptive, optimizing
MId &d.V!J1ced controllers, u well as <U:-ectAl-based control methods, whichever are.
used in the system.

r

Thill chapter has defined the place of supervision in the context of control systems,
particularly ill process control. A logical succession has been shown to exist from
automatic process control to intelligent supervision. The most important tasks of a

-xamples of f"cneral actions have been described.

I
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F.tgUre4.4: Cllrrent1y exp1or~d Jearch path.

I ~C$dmc operator n.cune:
IOPEJlJI:l'C1t •

l,_"_
FigUre 4.5: A singlE .tMk Hf.~.

<,

4.11,2 Planning Process
I)

Con~der now tb.e steps Involved in the piannir.g process. Before 'pj'~~nin.gcall. begin.
vcalld inItial and goal states must be defined. H needed, nl&UY se:~l{...nt.bJ. goals
can ba f'iltered te form a. so called mission. If that is the case, the enti~ process
described below is repeated for e;\ch remaining gw,!, Also, .,l~,

aJ:ow a.tgumeilts, have to be iDitiahzOO with constanti.
operators which

1..\

When planning starts, the initial statf! i.s pushed. onto the empty stack. The l'eeursiv€
search procedure che<:b if the st~te OIl top of the stw, l.e. rUle CUIl~Jlt sta.te (elf in

O '

this c~ the initial state) is equ~ to th~ goal st ate. If it .lB, a. solution has been round
{Very trivial ill this case, Le., no .ilion 1:8required]. lfr.ot, the a.vaili.b~ operators":"
are"tak~ one by one and pat through a ,!Jeri"" of te5ts

o

(I
It is first checked if the operator being k ted has already been tried from the same
node, at an earlier st.li(.e. If it ha.s,\'.I'.no;11:'.1 opera-tor is tried. Otherwise, the pos

( '>

conditions are looked M first. A pattern n tching procedure is used to check if all
the pes conditions. are pres-ent in the (lment state. If so, it is chocked that no neg
conditions are present. If these three t~ts are passed, the operator is applicable in
the current state, Subsequently, the effacts M€ checked, this time against the g~

';';.
1/state.

(\
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COl'h.kOL SYSTEM •

CONTROL SYSTEM

Figure :3.3: An open-loop cv:ntrol system.

The almost universal acceptance of feedback or close-t 'oop systems (, !,llTC 3.4) in
real-world control applications can be traced down to tiH> question of uncertainty_

To assume total predictability of external disturbances or lntemal.ehanges is simply
unrealistic. But ign !!'ance of the process or environment can hoeoffset by. constantly
monitoring the response R through the feedback path with a sensor, and compar-
~ng it with a. required setpoint S. The error (difference) E directs the, actions of a /

'" , . "II...ompensator C.

Figure 3.1: A closed-loop, feedback control system.

Similarly, a. planner-based supervisory control system could he open-loon M in Fig-
ure 3.5, in wh.ch case all details about the disturbances D or. process variations ~p
would have to be accurately predicted in advance [capital D and j. P are 1I3€:d now to
symbolize disturbances and parameter ': iriations of great magnitvde-vbcyond the
capabilities of the controller -e.g, failure of the compensator). As can be seen fronr

F'{gure 3.5, the supervise system is af a highu level cf abstraction; :hir.ker ar ows
are !IOW used to symbolize that the information u,~¥dl(i-ll:g,e is no longer continuous or

) t\
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Chapter 3

Inttoduction to Planning

(~

This chapter contains the essential background on planning in the context of Arti-

ficial .Intelligence. The existing planning, techniques are explained and their advan-

tages and disadvantages examined.
(I

3.1 Approaches to Problem Solving

Ii

Although planning and problem solving are often regarded as synonymous in the

AI literature, it is an imprecise and the '-lore potentially confusing View. Instead,
-planning should he vhought of as only a subset of problem solving, /if.' noted in

[Cohen and Feigenbaum, 82]. since it is just one t.Jf a variety of problem solving ':'

techniques belonging to AI. The distinguishing feature {If planning is that of deciding

on th€: course of action be/ore acting .

..ii.l.l Expert Problem Solvers

(I

Ii
(f

AI based problem solvers are usually divided into two large and distinct groups

[Sussman. 7.5l, [Sacerdoti , 74!. Those in the first f')"OUP are called 'experts' as they

are domain-specific systems. optimized for efh;iency in their narrow field' of ex-
pertise. Such systems have been developed ;1, many areas of Al research, such as

understanding natural language (~'G" SHRDI U), scientific applications (e.g., DEN-

DRA L) Tl'cdical diagnosis (e.g., MYCIN) and a.multitude of game playlng_ programs.
/r"'--'

More recently, expert systems have been applied to industrial. problems, including

24
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o .
process control. They have proved to b(: successful in thdt performance. no.."",::'~.~
they all share Ule same disadvantages of beiug difficult to ~xtend and practica.11y·<"".

'~,

impossible to use for tasks outside their limited scope.

Tile greatest strength of all, expert problem solver, namely using shallow knowledge
to .iramatically prune the search space (thus increasing the efficiency), is also its
major shortcoming: this pruning only occurs in the target problem space. The
significant increase in effid~ncy) due to interleaving of problem related knowledge"
and che control of inference process. means that it is typically impossible to modify
the system to adapt it to another domain.

(I

I

3.1.2 Genera.l Problem Solvers

/)

On the other hand, there is a. group of generally applicable problem solvers which
trade efficiency for extensibility. Systems such as GI)S. QA3: STRIPS dnd many

others, are characterised by making use of general heuristics, also called 'wl:;k'
methods, which by their nature are not particularly efficient in any specific domain.
This i..mainly because they are subje'~t to combinatorial explosion in their search
spaces as their databases grow, but also due to difficulties in encoding problem.
specific knowl';'!ge using a general :'~pre5t!nta.tion scheme. Each can, however, he
applied (in theory at J ~Mt)to a wide range of tasks from totally different domains
(e.g., logic prg~Jems. blocks-world, robot navigation and game playing).

" The Jack of problem-specific heuristics leads to a major shortcoming: enormous
search spaces which are typical of general problem solvers. Well chosen se~ch strate-
gies can llrnit those, and there have bep..nmany other ad vanceein tnis direction by

CPS successors

\.'.

If we think of Artlficia: Intelligence as a., attempt to create machines that art in an
'~tl!lligent' way and if we take, the human heing as the best available example of
intelligent behaviour (in th' .ibsence of a single, satisfying definition of 'Intelligence'] ,
t~('n the two approaches can be looked at from a more ~(\Iiliarangle,

\ ,) J, .,L'

\r I'

Domain-dependenj methods resemble tile human expert who l!,\"'i yean of accurnu-
lilted experience in his field and can quickly benefit from IItbis precompiled body
v["hl.OWledge in its ready-to-use form (shallow kUCiI,·!fdge). Understandably, when

, \,<.J~d whl> another- type of problem from a different specialization, lle \Via still be
ablf (I resort to general problem solving techniques, although his domain-specific
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i i ( CONTROL lllmAv.iG'j~

---- .......,..;1 PLANNER 4---------I ...._ooi' SY;- ~~, r--- ~~.~

l ..... , L .~~t ~:_";d
/':EM

Figure 3.5: An open-loop pb-!tning systc

Closlng the loop in a supervisory system 1" illustrated in F1b'H(1 3.6. By monitoring
the behaviour of the system and feeding it back, care is t aken of unpredictable sit,
ua.tiorn The architecture U t~\is system allows it to be directly interfaced with the
real-world (':\S opposed to g::.lP'~playing Of blocks- world, both highly predictable do-
mains and typical targets for automatic planners). 'Whether the system has enough
knowledge to he able to solve ali potential problems and whether it is effident enough
..to 0lterate in real-time are another two issues which have i't,(/ be considered at the
design stage,

it Sh01Jld be noted that the term "';,,:ive planner docs not stllc.tly refer to trw pJ:1:la(N

itself', In fact , some existing: nbh r~{t(tive planners could bo used in a reactive SV:<!t'r~~- .... \\ ,~

"if suit aoly modified and equipped with.the necessary ,,\}h~Y;items. Instead. it refers

to the entire system which has tu include the feedback (monitoring) path and a

nus ',er oj extra modules (not explicitly shown in Figure 3.6 for clarity pUI'pcses)
1/
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p ::::.::,::::: . q,~_J
There ~ two di~hl(:t possil>ilitk-t; n~, ~d eaeh has [:a. slightly IJ Iffereht ~ffe{t on
the Ie~t of the, S@1'ch. In the best cue, the operator being dl~cke,r 21'" II . \4, df~!
C'orrespondh.tg to ~y (if \ite vmp~tions in {fa goal sta.te ".:I. l. :. ".~tone of iu
add ~treets i•• btnd ill thA ~I state. If tha:t is 00, the opet3.to: i~ immt.d~~ely

"~I .. ' . \.J / '.' :1-.....'

applied. to 'he ctl.rteft.t ,rt",te, If none of its add (lIft«la1 f'1'!atunts In tb.~ goal ~ta.te, th~
(i

opCt~r it put on h<id, while the remaining operators are" ~£OO .. If nou'- of ~~()fIe
is My more ,.pliable, the stored opetatot is a.pp.iwdto t}!:e cumai state.

'.I

Appl,,~ aa opmio:' to ._"ft&te SMa'l' lh~ its add eH'ecu"a.re added to tal!! tletCI

of propositione ill t•• tAte. v1tile it. t!. ~ effect~ &rfJ deleted !roD' .. it';\ Tbus7" a ne~IA
latenned.i&t.e R&~ 19 trei6ted. itoth the upera.tor used tc cn"'~te thn 8\:de .lL,udill~'"
$iaW. iUdi RC:~thu atored (1ft t(Jp of the Ita.ck, Tht'! ~Udl proced'!lte th¥a ~

, 0 "
jtn$lt.

~ D . . . .'
If _ .. tIM fttst a<It ~ sec.o~dpouibUity'c)CC~1 i~.t tltI~~:~a'i~~b~v1d a.pplr

Clr~1 m tile enmut Nt., bdtral'iiug has to fa{, ~~~J'Fi"t,'~t:)~\ea~~~t state
is ~,~ d~e t.oF of .he stack. Then, thE llame of th. op.!ratOl' whlen iu.d led to

,~ 0,

th3.~ sW~ it *tiUen hit\) Ua~1l1!1If ~~ment,tate a.nd labe1kd as 'inhfbited' ,thl$ t,..i~

t1t~pl;),i'Ul::.~t}>a':' thht operator has &lready ~. aptilied to lhi$ Siate, but l~ te II.

dead..end}.Fia~'t the see.rtth prute<illte .is ~. ~"
~) ~"",)

(J o n
The:~.1::5:" p~utt .is ouw'l'\ed \~Jw:

~UcA(\
8.,i:rl'~

,I 0

it \""... t 'tm.~ not equal to g<.'&l 6tat.}
if (.tack .apt1) push initi.~ .~ate on ~t.ck;
while (operato: 8.t not apty)

'\'.,

Tabi na<tt 4'>p.ra.tllr; G ()

l:l:c:J0p9ntor Dot inhibited)
Gnedt operator; \
it (Jfrficonditiou sY,1:18h.11 and dfecta apply)

Make uea intu •• diaU 81.at(l;
Push atlit. ar,d open.tor on si;a,ck.
Call. Search; ~

end(U)

it (pr(u:onditionG n~iltied)
I,) Put operator on hold;
end{if)
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knowledge ;>111be useless. However, an ilutomati~pert system. >~~d solely on

~n ("
t.u~,d·ep{'(.,jent heuristics, will not function a.t all in such a case.

In contrast, the General Problem Solver (CPS) of, Newell ~lld Simon, evolved as a

psychologlcal theory a.i:niug at explaining human proslem solving, The clear sepa- .
ration bstween the\'domain-independent part of th~ system \Jruch is the ~~aRf.ning
part) aad t.fe task-specific part (which (;is the prrlo1em description part) makes it
applicable in many different areas.

In this aspect it is simi1a.r to the human novice, la.c.k•.Lg in expertise in :my field, but ()

ca.pa~!~,,?f i~telligeflt dealing with a grea.t va.>iet,y of different problems, after hei~g \L-"
pres~m~ \ with the necessary Information ..bout thedask environment. 'fft! will dl~s '>; -,<.

"'/ ~ . /(", ..1 /"
collect the r:flCl1Ssa:ty knowledge about the prcb1em and use it with ,~ht' help (If Oli€"of (r\,~J~\
the avail ..ble genet:¥ ~tra.tegies. But again, he will adapt and a.fter spending enough
tim€- in a single domain, he will start <;pmpHing:! his newly gained flxperience into

<)rea.dy:.t.o-u6€ chunks of knowledge (such as rules-of- taumb) to increase his «;Jfidenf:.y.

'.D
I

Io

J-t,tornatic g4"..nelaJ proble-m solvers art IlO"t yet capable of such behaviour, although

there have been sum;: inreresting developments w'ith a limited learning (;l$pacit,y (e:g"

STRIPS and HACKER).

Sin(;~ a ~ybridsy8tefi:;;'1wjth combined advantages of b~th and nc drawbacks of either .

Itnethod is not yet achievable, a. choice has to be made and It s-:?:~me most logical to
base this chclice 0::1 the eventual application, In .our case, the intended application
require= .facing witJ'i t!t-e outside world, ~\ther than staying within the' bounds

~.ftheoi'_::<l,a! c()nsider't:~io!}s Although the.,.retent rise in popula.r1tYlI of specialized

, expert 8yit~mli and their (~'tc~sfu! adaptation in many industries seem ,to indicate
i, ' .......) /,' ::;,

t(~eir proficiency in dealing with real-'!\orld situations, this is not necessarily 80.

))
Indeed, the actual real-world performance of most specialized expert systems i;; ,

/~.~ ,

extremely difficult to >':l0,illu~te, as a typical expert-system shell is geared t(l)wards an
i iirect interface witt tiH.· oittside. The hdfet in tU;~":~~~eis provided b II:! !:ilm;.

\ ,'~
operator who may or may not act according to t hr' ,. n;n ,·(ndation given by t\\,!

system.

o

" \
In a. true automatic SUP.:>fVISory system, there is no prevision i'or th~ human op~.tator,

acting as the buffer. In~t" the main reason for co(iistructing such a system, i"

co eliminate the humar, link. Besides, basic supervision depel1d~ more on ge. . :~j ..
)

problem solving, .such as pattern recognition, situation asseesment and pJanniug, (

than on very specific expertise. Renmt developments in planning systems show

26
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3.5.2 Hierarchical Planni;w':';' \
(. j'

"", I
Hierarclucal pI~~l\ning ~r]f';nH:bs"(he yroni.~\:; ,A plan refinement also called pJ'iliUlng

" Planning abstraction, ; .e .. dbt.; 1'~lIishing between different pla n "ing spacl:;S
according to tueir function. in thelow~\,'" snace plan construction is controlled,
in a higher space plan design is controlled and ;:-0 the highest planning: space

design strategies ar(~decided upon (e.g .. MOLGEl\ l). \\

in a tuePl.rd.y of abstraction s;_l...ces. All it means is that not just one, but multi

versions c.-i the solution pla;a Me gen.er,...ted. At first. thf' planuer works in the 1l!0it

abstr;act space d-.e., most devoid qi details I ;wd constructs a complete but vrtv
\1' , . (i • . 0 • •

simple (v;l.gu.·) pian. SlJhsequentlyf1his skeletc.. i', refined by filling in ~nl~ft€
missing details (detailed subplans jchnti1 th~ final stage is reached and the solution
plxn is given in terms of the available low-level operators.
\\

A hierarchy of abstractiou spaces thus refers to moving' 'f(\, the simplest to the

most complex piall representation supported by the systeiuo The actual method
of abstracting or hiding irrelevant detail depends on the implementation and the
following techniques have been used:

o Problem representation abstraction, i.e., distil g'.llslling between different prob-

lem representations according to their generality; !irst plan works with the
most general problem ,,(i:resentat.ii)n [e.g., CPS).

o J~co<.Jabstractio», i.e .. dist:~tgllislijng between subgoals according to their rcl-
aiive importance: first plan will t~y to satisfy the most important g(k<.1!;(e.g.,
ABSTRIPS).

/1

o Operator abstraction, i.e., \HsttnJr,'~is'hing )J",tween operators according to tt1!ir

g;·'licraJi.ty; €a.. rly plans will be"~f~""' of V'''Y abst ract ..operators (c.g., N (L!\ H;
as goals are tf!~!eseated in te\\ms of operacors in NO A'i, it could al.>() he
'1 ified d i( I' . \)C assine un ell!g!la abstraction . .::)

The gre.at ad vantage of hierarchical plan ning lies ip ....j:e f<rct that; t reduce" the search

space and therefore significantly improves planning efficiency. Jts disadvantage if, the
i::ueas<'d c<Jmp,rjty of the system, tIl the ('0[,:.1',\( ,,J[ real-world problems, hierar
chical planningisnot necessary, but could be ver,Y helpful. 11wou he particularly
suitable in those cases WhN!?; a b.rg number of operators npr!lies, creating a huge

search snace ..,.,.' "1 the ""11'e tim , ,c. ~"'I""~':l)jthe s~·st("I<'I'l"i(···jt·l·cal,~, • -t '.",. no.u,'" ~"'., I. C' .. '. ,.p ~" .L , < ." ...... ' .. , ...
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entl(if)
'ind("hil ..~,

0"'(.,,;

i~ (op.ratoi~~n ho}d)
I 'IMat.,. new int'~1'Uciat..t~t..;

'~, .;. .1

~ ~,~ st~te and'~?purator on stack;
Ca1.1 S.U\:lI, " ii'" "'\,

i t)

'\~~.,.leta

Ihhlbit operater;
'yop p:rev.iOl1lJ~,t.tG
Call S.l'!r~h; <;<

ent"~it)
end(it)

End.

o "<:'.~

off ,,,t~ck;
<;_

\;,.

o

o <,
I>

-.1.4 ~~~ning E,xample
~f',

II c '" ,";!). rP
u To ilubl!te.n~jate the claim .. of a gtmer!l·purpoae cha.ractfh. oftne prop~ ~.la.nn€;~
a. ~mple proble'iA lrOl!1 a 'IlO!H~~I~trOld~&ih 1$ v:r.ev,nted. 'lJ.tt; Nir.ke! aCIdDine
Problem (NDP) oo~~dot! classified in 1;jl.to ;;~lnepl&!,h~ (';.t~go;!<~d is taken 7if,m
11(~,,\~d KI""g, 85), Th p~rM"i of lhia _ie,. ;l:-")h<!l;'~iil.gt;"o'" th..~,b,,;J.i~
for~rd ~annHI~ ttra.teu descnbed earlier. --~J C<c~

t ~

/)

Two nickela ~d two dimes (or any other di$tinguisila:ble' ol:tje.cttl) a..."e positil;:,(led

in a row with all empty &P;"ct"betw~n them, as sho1Wn i11'f'igln'~" ;.~.ry Li The go&! 'o

is to exdl'iige their ,p~iti6n8. s~ thM the .,tVuJ di~es repla.ce' the two' nit.:keJsill'd
vice versa, There are' two legc.1kinds (If moves;' namely sliding one place forward or
hopping over one place, There is also an a<i-df:'d complication that mo-,ing l,l.\(;b~~'\rd
(whether l.ilidill~ or hopping) ill not allowed,~) ~'_f 1)

r1, ,~"~ '.I ,

Thin is a. f.i1J1f'li~'but not ;\ t:rivi;Uproblem, aa can he quickly a.lIse;t'\'d aft6r tl~itlg 1\
few ha.phazard mOVeH.

", ,
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The planner pl'odu("$ the follOwt,ng solution plaa (attu;:illy it only produces deuriPlt',
tive outputs, ltiote suita.ble in ::Upervi80ty a.pplic&tions, but they cue showed here i~
Ul equi~t araphica.l way for better cl&rlty): l) II

J
'I
/
11.; Sli.de..niael..2 o , II
IIurr l~l*]_EJ II
II "

t> o /i'. i
,I

CI C Ii
!I d

-.'.

I'

llo__ ,_r~"Ii.'ltM.J~I~,..·,4.'CII!lqiM Ibllt ;;aformatioato eine~tly ~ide
.'Qtoi::n~_ to lbtd tlt.6 lOtution. 'I'1U1S

1M"..,"", .. lUll/que~ MlIl tIl"
.1. • '.~_' f! iI"we J:m~ ailW a 2& ~w.QW$;
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Design of"the Supervisor
" \ ~

'\
(\ \

c .' •• \ ., .,

This cha.pter expi~u how the p'lannlng ~Y8tem (au h\.l..~\'f-l for contl"91supervi-
sion. An art.hitocture i. p.rop~ and NA:h GOnstitul!nt. !Pl'ut li:J;lst;'fib~; The ~UE: of c

coueurreat e1lf~'"UtlOll cf the different parts .~n.~ :~" P~~t~llS~\ji also addressed,
Ij ~. ' t, ''::\ u

Ii

5.1 Ovkal! System Architecture

"On the bu. of the ~J1tlal a.bHities :required.of a supervisor, we propose the basic
£tl"V,ctvl'C by ('o.mb'fuit:g the different !unttionl!J modules jt.b.to lJ. coherent, closed-loop

1/
"Jst~, ill shownJn Fi@:Ule5.1. \'3I

I

~

I
1

,l I

5.1.1 ~8[~(and wrii~>ModUl"" c ''c c c c

The fWd and \ttt! modules form the ~~t;:m's interface with the plant which is to be
supervised. T I are necesaary in a.n:y digital control application for traulating the
r.ontinuou8·tim~'tlata. into discrete-time umpled data. and vice 'II{'rs~, Therefore, they
have to conform to the Nyquist ~&m.pling theorem, which staw; that \h~ sam-pling
frequency must be at least twice as high as the hlShest component frequency present
ia the continuous-time inplJ.t.

P hyaieally, these modules consist of a !i3f,dware compeaeat, .Which is no' do part

of tho digital computer, i.e., a.n aJl""'og\l~ to digital (A/D) converter for the read \1

module and 1\ digitlll to analog.ue (D IA) converter for the write module ithcs(; two

\\

1\

II

',I



symboiic
blfOl'UUlUCJI'l

I
If

,F'.gllre 5.1: ~i'>i'icstructure of the supervisory system,
. \j

are often combined into a. single ADAC). They alRO need a. software program within
~he computer, to ir.terfacf.! with the external hardware. Thus, jf 1. boundary line
wel'll!to. be drawn to seyarate the computer from the exterl(~ world, it would cut
through the read and write modules. Figure 5.2 illustrates ~~t'isdifference hetween
the physlcal and the functional straicturcs.

5.L2 Monitoring Module
o

1-

The nwni:.r)ring module receives discrete real- time data and it uses this data to create
o '

a symbolic representation of the state of the plant. This process tan he regarded
~ data 'concentration', because large amounts of signals, each individually carrying

i',
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little information , a.t'f' transformed into ff,(vJabstract symbols, rich in information.
MOllitorirfii is responsible for detecting any kinds of critical 01 abno, mal c(J1fd~tions,
equipment status changes and. failures and any other imphrtant changes. It ill used
fo~.lvo1\la.ting the etrecti~~'--t;Sof th\:'~a.ctionsperformed, diagno~~g problems as well

......I ,".. c,:
as {',reating a condensed, 11)~h··level rE!_,1re8<mta.tionof the state of t~&,~j;ystem, which
can be used in the declsion-making.

In order to perform such varier,!.and complex tasks"tht! tllOdlllc has to make use of
the iund of tnowlf.lt2ge aad inference that human opercrJ.\o1'sand process engineers

,i

use. The functions involved in monitoring a.re analytical in na.turc~ The signNs
coming in from. th('!plMtt, the cont1011en and other subsys~f1l8 ate at'iJl1l8~ir!or r.!\y

Unl?BU& paUt1"ns which could ~e symptoms of a.n Impending problem. ~!hey are
al50 a.naly(l for My other ch~a.cteristlc patterns which need to be translated ii:ito
ryinbcls to a.sSesli the situation.

1/

\\

(,~" »:
A representation which is vfJry weD suited to a.nalytjcfa:( tasks ar.d, therefore, by far
the rooSt common for diagnostic systems, ilj based on production rules. Production
rules sre in the form ,,f IF-THEN c!2\U Be8 , where the b part determines what con-
ditions ha.ve to be I'l~th:fied before the THEN part can be applied. g'lch rules can
embody the knowledge necessary for the monitoring functions in a very convenient,

".\ready-to-use .m&"'1ner. ,.

I
I
I
j

I
It shouId he; Mted.thni I!l(m.ltoring j! dom'3.in -dependent. The rules applicable to one

u

lIysteril may be totally uusuitable fO'l' another. The number, contents and ordering of
rules within the monitoring module will all be specific for each different application.
For illustration purposes, consider the following simple example:

It". tempemtfwiC > 80
THEN High.temperature

This rule will create a. symoolic output High.temperature whenever the numeric
variable temperature sxceeds '80 (e.g,. degrees Celsius). Hi~}Ltempera"'+Ht will then
be added to a."l}~\othersymbols representing the current state of che plant and sub-
sequently processed by the decision-makiug module. The second example shows a
rule , . .ch contains some diagnostic knowledge:

Ir tempemtu1Y: > 120 a.y.d pressure > 100
THEN Cooling ..sys,tcmIaiJure
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This time there is ~n{)us,h in/ormation to diagnose tht i "~./subsystem.

These typos Uf ruler are often software copies of tile htmriJI.~? Hiles used every day by

human operators and based oe their experience. There may he more sophisticated
I•.~\

rules, based on deeper knowledge of the system, and encoded with the help of the
prOCE'IIfJengineer.

i
j
i
1

I
i
"

I

There may also be more sophisticated representations, for instance, rules based on
fuzzy logic which allow an even bf'tter approxlmation of the rea' situation. However,
tha.t in itself is a broad area of research which is not central to this work. For
the purposes of this research, the monitoring module is looked at mainly from the
functional point of view and our implementation iB; baaed on the' simple hut r-ffective
Ir- THEN rules.

Perhaps the illest important function of the .r..onitoring module lies ill its ability to
invoke the decision-making process in reaction to do critical change in the system.
The monitoring nodule must also create a symhol'ir.: representation of the current
state of the system (including that latest change which is the reason for replanuing]
a'r.d make l~.available t the decision-making module.,1/

II
It is important to realize that there can be, in principle, three different operating
frequencies for the three different modules. The highest frequency is determined by

\

the Nyqui~t\;t:~pling theorem and applies to the read module. In theory, there is
no requirement on the monitoring module to operate at such high frequency or any
ether specific frequency, for that matter.

~!:
S.i.~" Decision-Making Module

\

~\£vcn more sigf,1ifkantly! in practice it ma.y be impossibl. -r the decision-making
: module to operate at anything near the sampling frequency (tine to its computational

\ "
intensity), nor is there any need for that. In the proposed architecture the monitoring.
function determines when the decision-making module ir to run, i.e., it has fu!1

control over the operating frequency of the, decision making module. Thi" issue will
be revisited in the context of multitasking.

The decisiofl.-making module, based On AI principles and techniques, forms the f:CD-

tral part of the proposed system. Two separate chapters have been set abide to
discuss tile details of, firstly, different ways of approaching this i5SU~ and. seC0ndIY~\

the approach taken by us, and us consequences. The generai-putpose 1;/ .ctive plan-
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ning system developed m Ch~pter'4, forms the mechanism by. which our supervisory
, 0

aystem decides what actfons to take and when.
«>

I;

D~ci5ion-ma.ICing is a creative task since ;, decision or solution has to be synthl'.sized
from the a.vaila.bl~, information. Planning is ideally s,~jted to this i¢.3k, as it is a
naturally creatiove activity. Every plan constitutes a new creation built up from
many smaller pieces (actions) combined' in a. unique wa;y.

Every action which the supervi :1a.8 a.t its disposal has a oorresposding entry
' ..'Il the planner's knowledge base. I'hese entries are called operators and they are
abstract representations of the actual actions, \'S:,ach operator has the same name as
the action it represjnts, It also contains a se:, of preconditions and effect_; associated
with that action. ; Th~,Y are used in the planning process {(, determ~iie if a given
operator is ~pplicl.ble in the current st<i.te and what ,::,:'Jcts it will have ou that state,

1:1

if applied: The s;a.te of the system, es disoussed here, refers not to the nlllI~~,i~a18tatt!

description that is used by low-level cor:trollers, but to its abstract representation.

Another input to the planner is the triggering signal received from the moilitoring
module. This is the basis of the reactive behaviour of the planner. Finally, the

plannes mU,~tknow what the initial and goal states are. When the system is first

started, t.J!.cinitial state in the planner is equal to the' initial state of the plant.
~ \ ~

When thel\syst€>ffi is already running and replaunin~ i:o ordered, the current state

of 'the pla.n\"beromes th~ new initial state in the planner, The mcnitoring function

takes Care oi\:i~~r:rmi~.jng th\),\ \ltate.

I
1

i

\1~I\
tH

The goal state, h~weVl~r, has to he entered by thef&ec, bef?,re any solution plan can

be generated and any action taken. It forms the Or1~y run-zime user input. The goal

state determines the major objectives of the supervision and control. Once it has
been entered, the system can proceed to control, monitor and supervise the plant,
without any judher assistance from the user.

1\ {\

" II .'
The planning medule uses the abstract model of the world (initinl state}, the abstract
models of the actions (operators) and the abstract model. of the objective (goal state)
to tryout different sequences of the available actions, and find the ri~ht QI,~efor the
given conditions; It ,:t,hus rB<t.M!)S ill abstract terms to arrive l~ta solution ~n the real
probl-sn: This solution it produced as a sequential list of acjloas and is g~~il.ranteed

to take ,~\he system to the required objective (or as clOli€ as possible}, provid ed the
current conditions remain unchanged.



5.1.4 Action-E,xeC'uting Module

The adion-executing module coordinates the physical actions of the system, in ac-
cordance with the solution plan it receives from the planndi./. This module has an
associated knowledge-base where all the actions available 1.0 i~e systent,g'e stored
in the fOIID of ready-to-run procedures. The ta:likof ma.nagiIlg tllese attions at run-
time is a complex .l)pf)ra.tion.'.'Different ~:Oi}\pt!tersand operating systems will impose

~fferent re$((ictions on ~heso{~wa,rejmPJemen~:tio~ of tills task. \\

In addition, just like the monitoring module, it is application dependent. The action
procedures will depelJ'll,or the characteristics of the various elements in the IiY$nllrl

\' , .. (l

(e.g., what actuators and controllers are used). This is to be expected as t,h~mod-
uie, together with the actions it commands, can be thought of as the reverse of data
concentration involved in monitoring. The process of implementing physical actions
au !:d}ng to an abstract plan, involves ,a. translation d the high-level symbolic in-

<:.

formation into low-level discrete-time signals. These can then be transformed into
continuous time signals by the write module.

;',;","<:\ <'l.

TIle iigl).a.UI corning cut of the actions may be used to switch on and C'l~rcontrollers,
provide $Hj;J>Oillt~ and tuning parameters to the controllers, tnred1y drive plant 3.<:-

tuators or".:ommunkate with.()\~er sUbsy~tpns.

I
I

Consider the following example of a simple con' i action procedure:

.,
"

Switch.to.back. . .control

backup .controller .setpoint == main.controller.setpoint
bae..kup.controller .gain == main.controller .gaiu

main.controller .status ;::;:0 H _LIN E
1"

backup.controller.status = ON ..I.lNE

When this procedure is executed by the action-executing module, it lint sets the
parameters of the backup controller to those of the main c1{utroller. It then switches
the (Ihain controller (AI' (presumabiv because a fault has ~)en detected in its fum>
tioning) and switches the backup controller on-line. Real actions will typically be
more complex, particularly those responsible for control tasks.
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5,L5 Structure of the Supervisor
)i
'/

/
'1 " .

To summarize the/aboY€, points, }'\g.ure 5.:} shows the det~~€d structufj of the pro-
posed supervisory system.. As c.....n b~ seen, t.rns is a dof'Cd·loop system with th,~
monitoring module being the feedback path. Because of rhis, the system can evalu-
at!) tile effects of its pt'e,vious actions and react if these (effects turn out to be other
tilaiJ expected. The proposed system makes full use ~{(~.hisfPaturr:, 1.0 ensure fully

'~:l\.nmati.c supervision of a dynamic plant with a.tbitra!~ ~nd unpredictable chdnges.

r--··------- -·----1

- f---T-'~- ---1 / ! MONITOR!, -G f
'~. AiD! READ \--;;--------, ::.L ~. N T i

[-,--JT-:=~==---J . ._---I MODULE ,
I' _, ,
; ! L__ : - ..-._.-r :1
I i
jI curr-ent !ltate I
I __ • . -.

r----"----- 1 J ',' Kd0WU~IlGE IUSE!
! [J/A ! 1 I

!~RITE-l 1 /1'-- OPE~;~;,;_-~,i+-~,'---..,
I! Ii I .~...-l---·-.J ..I j r=-~~~~~-;;:-~-=ll

r4-~----....\ ' I I

ACTION l- __ . J . y','
EXECUTING I... --- il PL\._JNER
MODULE i '.0 solution ~llm f

"', I'" --------; j

L~----L------J ... [-OPE~iOR-l II
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! I
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, i
I, EXTERN,';.L :!'

CONTROllERS=r:

Figure -5.3: Detailed structure of the supervisory system.

As there ID9..Yl,e some actions performing low-level feedback control, Figure [;.~~
shows a standard feedback path for analogue signals, going from the read module

to the action-executing module.
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5.Z Run-Time Requirements of the System

Supervision 18 a complex process requiring concurrent execution of multiple activ-

ities. This gives rise to the need for a multiprocessing Environment. Because the
proposed SYbteIDdoes not have to he implemented on a distributed architecture (l.e.,

it may use a single microprocessor), the ISSue of elPpa1'Eut: multiprocessing must be
addressed explicitly,

o

5.2.1 Scheduling or t\\.e CPU Time
c') C,- '\':, /,

I '

AppM~nt multiprocessing occurs when two or more processes axe competing for the

I.~
i!

attention of the ce(~?tral processing (CPU). Tv enable concurrent execution of

these processes, a CPU scheduler ~i/ and it caauake one of two forms.

//('''"> '.
Pl'e~;':lptive scheduling refers to ~e case where a higher priori~y task (process) can

interrupt the currently active task, witl:.9ut returning control to it. AlteI natively,

the currer-tly :.ctive task will he interrupted when Its time Is up (i.e., its CPU time-

slice is 1J1l£d up). Preemptive scheduling is advantageous in situations where certain

tasks have definite priorities loud, particularly, where certain tasks a,'t,<: critical and

cannot wait for the current process to I..J'1:):~ioits completion.

Non-l)rt.'f.I7t:ptiv€ scheduling means th,..t t.h~ turrent~'y active 'task decides whon h

yield control to another task. Different tasks may stilt n~ve different priorities 'Whim
are used to order them iti tb.fi queue (to determine the order of execution}. Non-

pree!:Jlp,t)ye C'?U sr;he<i,Jlling i~ significantly less corrinlicated to implement and it

makes the restI1ti~,&:'L~ha..;,J:'llr totally deterministic, On the other hand, it has '10

mechanism for iIlt~ri·,iptjng the af:tive process.

A round-robin non-preemptive scheduling is the simplest type ofCPP scheduling

as it ano"-,,, 110 mterrupts and treats all tasks with uniform priority. The t·'iSl.; ... are

stored i::; a circular list and run seG~"'..~iaJly, always yielding to the next l..sk on tb

list.

5.2.2 Round-Rebin Non-Preemptive System Executive

A multitasking system executiv€ for concurrent programming is developed i'ld ex-

plained in [Lim et al., 90]. It is significant , because it runs under the DOS operat-
II
\\
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ing system ~ an IBM"PC c(.,n;,:)·ir1e computer and has been successfully tested

in control applications. It lS incpi<'.mented entirely in the C programming language.

It can concurrently run different !')I,tir"e;i.l within one program using round-robin
'.1

non-preemptive scheduling.

Intertask switching IS implemented with ,the ANSI C standard functions setjmp()
, "

::..n'f longjmp(). The longjmp(} function Can be thought of as a far or nonlocal goto.

The setjmp {) function is used> to sale t~e task state (task context) just bef()J:~\a
,~-....:_

longjmp is performed, so that it is possible to reru-n to the original task later. The

t •.sk context consjst~, of the contert+f~ of the CPt; registers, the CPU ~ags and the

stack and ha4}~pointers stored If. a ;1" cial data structure called imp_btl/.'
'·'1-'

, ( ..,\ ,;,

A call to the 8e;!j~np{) function ret'.1r~J zero. If the iOl1gjmp() function is later used

to jump to this task (restoring the prt!i.; "lily saved cor-text), ~t ~~.iJ)reenter the code

just after the setjmp() and it will appear' ':< if the setjmp(j l~mctio'l) has just 1,~:,qmed
" J/ 'with a nonzero va.ue. A'~~I1'!lbjnation of .W:.tjmp() and iongjmp() is typically \!sed by

C programmers for exception handling.

I
'\ ' (

'rb enable multitasking within a program, the ta.,j~l:'l ,~~ defined as C functions and

arranged in a. circular list. Each task has ILl' !lJcji'llli.•c- loop j",side, so that it runs

forever, However, just kf(~rcu th~ e~d\ ·(that loop the yield,') function makes sure

that control will be passed on to the uI:'XI(\osk on the list. Because all the taskO have

<'infinite loops inside, they are all active concurrently, although only one is recei ....ing
\ . " '

CPU's attention at any time. The yiddO (unction is defined below:

~i61dO ~\

if ( !8E1tjm~)(~:urrQnt_'task)

longjt!rp (neJi't_ task)

}

When put at the end o~ d. task, it. does the Iollowing.
))

if the task has just executed, then jump to the next task;

If a jump from tJ\C preted" ,~ task 'has just been made,

~h~'o execute the ~iurf ';-~'il.Sk.
, !':

, r

Figuxe ;) ; illustrates the fixed and deterministic nature of the system executive.

The circular list, which is created first, defines the order in which the tasks will be
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run and that order remains static. Therdor(', re number and the order of the tasks
must be known In advance.

r-·'_·_·-~~.-,. ~--'f

, I

~ TASK I ~'-
/// L_-o;_.~.--~..__.. ~.J ........"

/
r- ,--, - L~-'l
i TASK n 1

. 'i I.~"--i-----..--'
s

FignrHtlA. RO~:ifd-robin l!I..tJ-p'f?ernptiv,:! stheduling 'u;ing the system executive.

Once the system is started, all the tasks will apuear to rim in paralle] alt hcugh, in
reality, each w.ll run periodically with a period ~'ql!:.1 to the time it takes It.go round
lh" entire list. Therefore, all the tasks ",;"j run w' he same frequency, If any task

within til\> list uses a variable time-slice, rnen the iE. Ina of the entire liSt wll! change.
\'>,

The lad: of explicit time managemont inthe sv.item exelutive means that it may be

impossil.: to detenn' Ie the frequency with wllich the tasks will execute,

5.2.3 Multitasking .Requirernents of the Supervisor

Consider now the mui'(ita~kin~ requiremeut s of the supervisory system. if low Ie,"e!
controllers, the mon~,~~ril}gmodule (11)(1 thi} pla",ner run 0'1 ;:.,single cornputo-. :}
can "Pilmadl to scheduling must 1:( adopted.

A:, mentioned before, thete could be t}lfl~'~diff'2rent opHa.tiag Irequeucies for the

above tasks .• \ ihgitJl n ,roller contains a discrete-tirno equivalent of a contil1\outi- ..

time control (I' p(lion The rnathematkal derivation of shis dhr.rete function assumes

,~.hi'ltthe p'1~riod '".';th w hich the inwming signals are sampled is constant aid (on'

forms to the Nyquis; theorem, This period must b€' ;;aklilafed 101'a given plan' ar-d

thc·:. stlletly adhefl..'d to, to (,W3Ur~ correct JUHctiol", '1, of the controller.
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the monitoring module does not have \0 US(, the same sampling period . .In bet,

tihen~ is very little theory to guide OM"S cboir.e;::~n this aspect. It is s'till II real-
time operation which needs to scan its inputs often enough to detect any important

changes, V./e d~Q~e 1,0 make HIe monitoring module run at the Ny. .ist frequency, i.e ..

t,,:,J use the samJ·data. as the controllers. This ensures th~t it receives .1l1theoretically

wailable information and, therefore, !6 the safest solution.

The planning module works in a totally different dimension. It does not sample the
•. 1,

continuous-time variables of the system. It uses the symbolic state description made

available to it by the raoaitoring module. A digital controller USes a sample-end- hold

circuit to gather data. by frequency-based sampling. The planner could be described

as using the monitor to gather information by event- based sampling.

, /

\ I There is 110 nsed for the planner to run with it fixed frequency. Reriannin )tally

un~rcdici.able, because it occurs hi respons. to critical changes in the system, which

are themselves unpredictable, Additionally, the planner is a few mde\\s of magnitude

mote computationally intensive than the other modules. In general, it. may easily

take much longer to execute than the sampling period of t.he low-level controllers.

if the AI h;),s£:d part of the system takes too much time in relation to the basic

sampling period, then it cannot he allowed to run zo its completion, as it would

disturb the operation of the controlfers, In such a case, the tasks of sampling iH':W

data, calculating a. control signal and writing it to the plant should be awarded

higher priority and the right to interrupt th .iower planning module. Genera.lly, the

complexity in volved itt the process of supervising would require a preemptive CPU

scheduler (if parallel processing is unschie -ble]. However, design of a preemptive

scheduler is a. complicated issue, while DOS present!': many serious Iimitations further

increasing the .j~vel of,d;fficulty [I lin et al., 90J.

S.2A The Multitasking Kernel

Here we t ake a. difforcr.t ~rfproad;, one which s3.tisfi'1' )the needs of the proposc.i

supervisor, while being m~l:h simpler than a pr ..eernpuve scheduler. It is based on

til(' multitasl.ing system ex(l~utive de~tribed earlier and shares much of its simplicity,

but it has three important ndditions, They are: explicit management C)f time, task

pri(lll tie:. and dynamic reordering of tasks 'I'his method works <1nly for a. system

where tlH~planning modulo runs fast onough to fit (<within one sampime cvcle.

'11!!



The tasks of sampling the plaat , performing low-level, control, writing the control

signai to the plant and monitoring the Incoming information ..J1 run in this fixed

order, a.t ... frequency determined by the sampling pe.io-i. Therefore, they arc all
awarded a. higher priority status. Ail the othl.\,t taskVI including the planner aa wen

,as most supervisory actions, do not have to r~'tl at a fixed frequency and hence are

treated with lower priority, \

If. special function, residing at the beginning of::tll the lower priority tasks, decides

if a. task shouid run or be bypassed. It does 89 br comparing the current time with

the time of the next sample, to check if there is ~'.\1Ough time for the task to run. If

the next sample is almost due, the task and ail subsequent low priority tasks will be

bypassed, so that control is returned to the sa.mpliHg taskin good time.

Tile read (sampling) task has a different function a.t its beginning. This function

is used for frequency synchronization. t' It compares the cutre:» ;,iwe with that cf

the next. sample ~d if tit(' t'NG are do~\~enough, it causes .he system to wait for a.

period equal. to the calculated difference. Thus, it ensures that sampling ," always

done at precisely fh~ same frequency. The controlling, wtitlnK and monitcring tasks

can then follow (in this order) tv. utilize tbe newly sampled data.

The other "l:iortcoming of the basic system ulti'le is the static nature of its task

ordering. Every cycle, the same tasks are run in the same o,·de.r;! The aupervi: ..ory
system is, in contrast, a. highly dynamic one. tach time the pla~~n~ IF\rne~up with a

new f,ofution plan, a reconfiguration {if the active a tious (whirh . 'ike tasks from

the point of view of the scheduler) is called for .

To extend the system executive to 3: ow for dynamic n.."1rdering, the pre-entered;

Hst of tasks includes the full set of actions, in addition to the planning, monitoring,

reading and writing ta ...b. 'When control is passed to lin act jon from the preceding
task on the list, the action checks the latest solution Jllar~1t~; flee if it IS I>up posed to

execute. It then either excretes or immediately yields control to the next task.

Furthermore, there. l'lrll~ some actions which require centin.rous r"."niIlg and others
0. .,

which only execute o~Jce They are distinguished by the .!nflanli (if ~I.edicated !lag::..
A sequential action (~vhich executes ~) ta.ke:) itself off the solution plan 3" .soon

,1(' ' 'I

as i~ has run, so th~<~iit will dot ru it the next cycle, A parallel ,tti\)i\ (which

executes conti nuously 1'i also does that, but at the same time it sets its dedicated flag
to enable it to TIm on i~veTY subsequent cycle, for as long as the flag is set.

lese €xtensioJ's of

o

j

\
I
I
J
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handling the supervisory process. It is still rela.tively simple, can run under DOS
and is deterministic, though no longer predictable. To help explain how it works in
practice, a simple example (OliOWS.

Consider \ system with the read, write, monitor and pl&.ntasks, in MdiI; >n to three
actions. These are: uae.control.A, use.control.B ~nd alert. Then, the circular Hat
will contain all tfl.ese tasks, with the l?w·ltwe1 control actions 101.".a1,OObe~wet>.ilthe
fC¥. and write tasks. This is shq,wu in :Figure 0.5.

\)

I; Ho, .t; i:,
Figure 5.f: An example a.ppli(f'1tioll usiDg thtmu~~:;~kingker!iel.

:'
/;

When the system is started, it ~oes thtb;~ initialila.tion routines whldl include
obtaining the initial and goal states while it is still off-line. The planning task is the
first one OTi the Jist and i\ uses these statell to find a. solutj"n plan. A48ume that

" <.~
the first solution plan has j'i.tft one item: use.control.A. Therefore, tnt> next task on

u ,~,

the list, alert, would be by,p&S:H!'d lUI it does not feature in the plan. The read tuk

would execute without any need for synchronizing [as it is the first s&tp,ple)and set
an associated flag to be used by the control actions (~.g.,new...rea.d..f.O!.g).

,}

/;t,
The use.contrcl.A action would execute next, M it finds itself in the plan and also,
because newly sampled data i~,a.vtfabl~ (new..read-flag ':; BN). This task wt'lllrl
calculate a control signal on th~ ..~l& of the sampled data. Ic \vOl,l' ,t sn aseociated

\',~;,
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new _'.Vrlt: •.J..fiag to indicate th;:.t new dsta hi ~va.ila.biefor writing to the pla.tft, and a
1la.g to :,e used by the monitcr task {e.g., new ..da.ta.JI&g). As it is a parallel action,

\1. \'
it would also set another !lag (e.g., controLA_tla.g) to Pllsure Hs continuous renalng.

I(

The next task on the Hst"js use.rontrol.B which will not ..execute, bCf:llu\10 i~ is not. in
. , the solution. The write task will tunj'"J2.S th~ writeJ\,)g is oa, Slmllarly, the monitor,

task will run, sinee the new _rlilta.Jlag iii on. The new_da.ta.Jiag, -new _rea~.Jla.g and ""
n~w_wlite..iiag ate a.ll .reeet by the respective task, right atter i~;executes. The
monitor tuk', bued. on itli iit.llation a58eB8ment., can irigger replanning. II' true CiLS'!
it will not, as it i~~mFoosihle to perform a seriOI1S aituation a.iiSf.l~mentaft; July one
n.m,ple. Th9QS, the pia-ii' task wculd be byp~<!d and It': would be the alert action.""
"Ne:d time the read tas], is entered, it cheeks the time and if the next sample is
due, it . 'tron.i~ its timing al:ld ex~utP.8ltotherwi8e the entire part; of the system

,'~~;U'(~wl.~.k.eon samp,fed data. would be bYI;asfied). ,. .,
'\

'\

J)
ro

The tseq'Q~Jlceof evp.utlldoc"$ not change until, at some stage, the mOJ1itf)T tl'll:k notices
thlot contl'QUerA i~not performing Mill and It.orders replanning ,by settillg a special
flag (e'~~, pJaD...ftag). The .pIau task d,ecics if it has enough time to ~:ecute and if
'f.lt creMe, a nEW plan, Thia could be to fin!; &l6tt of the change a:ld then switch
\ ..
to cmltroller B. If ~here is atill time before the next sample, the aJE'.rt action will
execute (it 1s in the rolutiOll plan), but only once all it/is a. sequential action, After
the next read, the (i.W~~ContToLB~tion would run instead of use.coatrol.A.

This chapter has shown how the" planner can be connected to other modules, to
form a: real-time.intelligent Ihlpervisory control &is~E:m.The run-time requirements
of WE: proposed a.rcl>Jtecture have boon, d:SCU&F'--! with it. detailed look a.t the issuea
of apparent ntultitMking and scheduling.

\.\
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Chapter 6

II ~

Outline of Irnplementat ion
I
II

\-,

1\

J J~'<\' (I .. I) ~ __

Thill chapt1 }Ja.i~"a. systematic high-level d~~criptivnof how tne entire supervi-
sory 8yste~-')<1-tmplemented in software, antl how the program fUil~tjons. Sdfue of
the m3jot parts ofthe system have already been described. in the context of pl~HlIling
and superviaion. The domain-dependent parts will be discussed in the next chapter .

.' Here, the system will be looked at from the eoftwllre point of view, wJ,th emphasis
on the algorithtt.\ design and data How between dit.erent rostines. A listing of the
source code "ppea.rs'in the appendices,

6.1 Dat" Structures
o

First, the most important data. structures are11de-scribed. The relevant code appears
in Appendix A. Names of data etructures and their types are given ill italics.

6.1.1 Global Data Structures for Intertask Communication

Communlcarion between concurrent tasks can be achieved b} meaT>.' of ei ther mes-
sage passing or global da.ta. tables. Message pa.ssingliincteas!:'.s the complexity of the

I! '
system, but helps to protect the integrity of the d~~ta.. Global data is the simpler
solution as !t does notrequire a. special ~echanjsr!h for ;assing messages (with a
corresponding overhead). However, it is more difficult to ensure the correctness of
global data,

71
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We USE global data. ssructures to communicate betWE!4'..n concurrent tasks, for the
reasoa af simplicity. To e~re daaa integrity, &CCAl'iiS ,~oCM-h,> structure is tightly'
contrOlled, Writing rights I.:re severely limited, to jll8t ~~e task in mOlt cases, while
other tasks only have reading riglU,6. There are four giohal data. "tnctmes, e.acll
Cf)nglst!ng.~~U) y of many slot$ with predetermined access rights.

«1,,// • -s-: )y
\~,I ,,-> "

p )ant..;Vfi.l'iables

TllY dl-ta .fruet.,. is of tyPfi rl~tlot&, which means th~. it ('o.atain. aJj the
,)

rtRmerlal van.bles Deeded by the ftpP.fViaor. The internal details of this d~a,'\
will de,ead on the _tua.l pla.n.~ and,adioos ¥5P.4, but it CltJ1 be.divided i~to two
main parts. One of them .VES as a ltorage place for all the.incoming da.t~ Le., tbe
unprocessed dua [e.g., plant m"'.....urements}. Writing rights to this pag-;.lJ'c gra.nttd

,/

exdu!'liveIy to t}l~ read task.

The other part altoX'eSthe rema.il'l.ing numerical data whk.h has alra-Mly been processed ,
and waits to' be !eJl.t to the pli.'*lt (e'C't a{.tuatins signa!) oz !u~ther processed by
another tAlk (~.g., setpoint). The writing rights to each v-.ri.1hle are limited tfo one
0: a flil·w reb.ted. ta.4U, d'!.pending on tlte problem (e.g., th~ could be & fe,w control
tub writing to a. s.ingl~ varisble, hut only one a.t a. tilt'!';). The p/ant_variabkh
strndurei. usedlly the monitoring, read, write a..nd control tuks. (I·'

II

This data structure is 'Of type ,~60lic ...dato. It contains the entire symbolic descrip-
tion of the current state of the system, u needed by th~ planner, Again, the exact
content); of thlr structure a:.:edom&ia~depend" ,~~'h~monitoring task has exclusive
writing rightll to most of this structure (e.g, y#:n.b!en reprflMstillg equipment fail-
ures). A few slots in this structure are updated ,by other tasks (e.g., a. va.tiable for
representing the currently ..aive controller]. This cat.dii used to create an abstract
.model of the system, far use m the,p}a;nning process.

This is i., structure of type .fIaIJ_tolik And is the storing place for tl;le flags used in
dynamic rf!ccnfiguring of concurrent tasks. Only the read talk is time; aynchronized
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a-nd totally inii1'lpendent of the othel tasks. All ~he other tuks, iucludlug some
actions, ale enabled or disabled with these ftags.

Thi:; suuctu~ i13 of type 8M1'Ch...8fIGC1e ..node. This is \Vhe...: the solution plan is "tored
The plaaui#t \Uk. h.. , thfJfeWe, e~ ,..ritiDi rial' to this ~ta. Pl4tl-8tock
is u_ UUtn&ive1y at ,eacit st. of the aeueh procen. ..i\ll the lVilf"·iJl.s read this
da.ta to dleck if·they are the next action. to hI! exeeuted. Wherea&(~]1'l SUpervir.ul

\.. () If

(.()~a.tes With the ptaM.er by mAoIlI of the ItD.te_oJ..pl4n1at.lldure, pltJfutack
if used to 1.~ lniOrmll.tion m the HVe,. directioJl.

6.1.2 Othel' Global Data Structures

Operator ..dell'tit ion and operator _butTer

These ate both of type opeNtfJ1'. They form the knqwledge base for the AI part
of the 8Y8tem, ronta.ining the d.eiaition of un!nitlaliied And init;&li1.ed operators
respectively. OuIy tbe programmer C3.4k cha~e the (lperGUJr •.dcfinitior. structure
b~rproviding a. dift'et&t set of operators "for, a different problem. Op«rator .•6u1fer
<:01, 'lin:! an 11litializE\d copy of these operators, wW(.':.h is ~tttally used i..planning.
The !lcope of beth of th."e structures illimH:ed to the plaaniv.g tux {by use and not
by declaration).

il

6.1.3 Loeal Data St~uctures

Present ..JIte.te

.()

This structure ilS only d<efl.nedwit.hl!l the p:I~Djng task. It conteins an &bsira.ct
representation ohhe r;n.rrent sta.te of th" plant, just before planning hegins (i.e., the
initial tta.te) .. During vllanning, it is u~ to store tempora.rily all the intermediate
sta.te&created by the &ei!lrch algorithm.
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Goal..ata.te

Like pJ\'~m_.t"~, .9lJ4tnate iB ot\!y u~ by the p1a.tu1ing tw. ItAaa tirJ ~., entel'ed
by the ut.W. as toile ouly nm-ti:me iaput. It, ool'ltents ~c ''Im'!d in the pla, il)g procaas
a.ad do JlOt ch~ unt..iluother IoN ,late it fttered by the ~. ''',

TntJte~ ~0J!lI, .~.~ ~~,.ti .. ot.,~a. Ml._yw,i•.
~.••.•~ ~,~~~t-••.tiom.t •• "'i~.~,,...Cf'9dk ~- ••~
~ ~ .f()ltti. tlld'l'ro~) it ~ ill tertM. of iU iuJ~"toutputs.,..
a ~~ve ~'hJD' N'~ (lf~tha.n O.H PWA 1ll.S".ut CAPS.

Then.>nti_ ~~ in tw. ~titm sltow hoW •.nof ~ J}"J.WIt', ~;k, 1. iin-~
m.ettted u.d 4v'w ~&.ey .. all hntiali&ed..'ra ~ (;~ b. ~ M.tm'diag to the
ptwfuu~ly~~~,d vclUtedutfl tor Ute8\1pervisoty .yet...ml. '

ii
1\

\\
, 0

o u

()

fJaD is thfJon1;, ~ly geJl<!fAl·putp06e wk. Read, wril;e ud moaitojf aNWl pfI'iMeUl-

speciikJn t~.hn\ternltJ iIUpWilfmtatifl&" bat their m~fn .at~ l~~ be ~n\lited.

l~bey ,"~ aJ~& &cti"" t.hd their m"~ €llll~Aonsdo J.!lr (!ha~ . .ActioWJare .1~M1
p,·b1.,..·.P... fte. ", II "

Ii
II

AclioW ... ;ill ,hDee lash t~a! impi<Jnen! II1Ipttvl~l~acti .... fur ':'1Ii- r.oolrol
problem. Their number. teq.wrenumts, &brut ... nd !'lrnc:tionmg are t~rt:",")'dom ••in-
dependent. The only up~' tha.t does not r1&;)Jl,e,ia t!reir",overall wkl.~kf!structure,

" :1

Ii!

6.2.1 Action"
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On. the other t.a.ndt actiOM hrr.vf:a relatively simple logic .UlJdare ("bough they r:.

ma.y ha.'1N!very complex mathem-.tics). Theref01e, a. generic ution. ~ ~y be.'
rep~n.tecl if its fe.mctiou.is diareprdi'd • .F'W t1te actual code; refer to Appuclix 8.

\~ '_I

o~ :e6Iu,

'.,•(~~t,., ·t

o Sf#k..B/....piMU

(t ~(Jf.
!
I

o Pft.Gt O'II~put,
(. "

1.Check~

o if nt.'Xt sample due th~ gttto I)

e eke contiItue

15

3. ,Perform the n,ucUonli or ,hj, v::tion



r;'

4. Poiat to the nexl a.etion in piafUtack
/i
II

5. YIy{;LD

6.. G>w 1

All .~ will )~. Ute the ~~ st;ru.dure Md optioa&ily tk.e ~
nr.t~ to .'.~ if it. .ao.w ... _. It eu. also uG\t ,tanl-tnJriGIM, __

~AI~".~ ~ tAe 'T11CB-Vl'" lOlitine ttl cL«1' if theft is Moqh time tor it
k<,t .... lb.•• ~ ·1dJon 1i"!lOt ftPpOIIleCl·.~ 1'IiA, ~ it ht JWt die... 1.:i.....
tl*~~ ...(Ar.•• ~"ia~"f.~.i#,;~."'~tl~~it;).~...,:r~•.~t_~""" " ...,,' "'.

c. :. " " ,,' ,_c._: ,,;,;' 'c:' '6'" .,t -~ 3.t;_::,::
'-"", '"

,- !-:.,' -.~ ",

Ii.:.' .....1 .. ~t~. it ~ ito b1~~ t..y ~q oae W! ~.J~.",;. "H_"'~ ~ at_ oatp.t. (~.c~..~ UHft fttpat). Itt_ tilDaur. ~ iltlId __ i& pointed to. _ .. ,._,~ ud. ADlly. caIt·"•.
(Y~s.l)'~.,

"r~up
.~'::,

'llP,., •.•• ,.;;.~, n{' ,:t41U'M.••.••.•.".•..'~,•..',..'.•..• ,.~, •.•. d~. •. • _ h~~. '.....•,.~, •..J•.•,W\....••'~., ".'.•••.,*, •.'.
• . ..•. .' ' . ...• ,,'<, •. • .•

am. ..... .. tid. If ~ b ~ u.,..lm ~"~'~."~··~ •..""-'to lt$
~_ 'Witt( •••• tbi .. ·~ ~I~'" .. ~~c •••

; " - ii : - - t. ..' _ ., _ -,' _ : _ ,,:. - : "- '''-- " ,_,

lJ

, !)
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6.2.3 Read

o
1/

The code for thi8 tuk. appeal't ill A~7:~~dix Sf with lJODle of It6'lower.level fundi4ns
iii Appoadix D. r;: .

~

\
._
..'

I'

J
fk

!I

el '0

\1

1'hie *tbM dC$ ··uot ~wr~jl!.P\l" bv,t i\ wri.~es l~to bath t11f!plGr.t~Vt1.rialrk8
¥tlt.k t~ 8U1t~ttl""~It,~ olfby ,ealllng the SVNcaiorHZE.sAMnnca

~ whid\ "\JUl. t1aLe~, d ~dtroui1Al Uext iampling .f necessaey. 11: th~ is
.tUi t;i~ rw either ~ to nul, the body of the toutin~to bypaa$~J. Otherwisc~the
It.J.M;n...cAl.l), t'On.~inen.mplea the plNl.t and writ.EIiO tlV! Nfiuhs into pianLvari.o.biu.
'f)~(J~ time 01 the ~ is a!4o written there, to eliminate ecmpcund errors.(:) II..·· ... ..... .. . ..•.. . ,

J<'iaMy, ~h~D';~ 1c~ i. the fatsk-ftaga atl'llctU!1.l is ~t ~l. the routine exits
Qro~ YleJ.!i.

(J
".....f

D

0,.



()

i_ ,)

Ilc;th "ens'·)'s are based Oil a. st andard industrial (.liffcrp.!:ti;ll·fireSSllrt~ ~bmsducet.
Their output ill'~ current f>ign'l.l l!I the 1 'lUnA range. r,-,c the level sensor, its
current is dit ectly proportional to the "d. For the flo~'r;j.t.e semi' f. itt; current is

proportional tl) the square of the actual flowrate The inlet valve is a. standard indus-
trial diaphragm v;,Qve, supnlied with !4Dkra pressurized air, It is activated through

an electro-pneumatic converter which ;H~c;'p ,n input current wIthin 'i 20rnA and

pr'.'duces a proportional pressure. This is a i .-pwcision piece of instrurnent , char-
a,cierized by large nonlinearities aId ~'yste:~~k

manual outlet valve C~Jl be used to inject disturbances into the plant, by \"rYlug
tIll' load. When it is fully opened, t,h(t:pum.p In s too little throughput to maintain
au e(;uHibriulll. There is also an electrrc aigl' \j converter whicb converts ? 4·"2f'm.'\,
current iut;) a O-lOV voltage si~!nal and vice versa,

Figure 7.1: The plant and the supervisory ny:n~m.

The plant WaR initially controlled by an aaalegue ,.J){x:tlOllic PI controller. The
process of repl~cmg the analogue control system with a distributed direct digita.!

FI {fmt,foU~rJs described in lZagno<!v, 91). 'I'he first stage of that process '·,va, \1,1'

ar.alysis of the plant iiy a "ep test .

."0-

,The equation Of,3 first-order plant is:

()

'fI.
!I
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.,J'CHRONIZ1'.'i_Sh-MPLING

T1d5 routine gets the current time and oompa.res it with the time when the J,~V'

ila.mple is due. if the difft\rtmce is larel! 0n~1Ufhto accommodnte another tuk, XI..

is ret'W'ued. Oth"l'wise, Ute process is suspended \lDtH the momt'nt when sampling
~u to occur. Th: !usur. that sampl~1Iwe a,l'ny. taken at equal intervaJs.

;~>

t~ tDt\d"'~. to ..~" t\f).~~~ mod'ale ~.blh~ ~ogae to di~tal
toIlV__ .J'*i·.. ·~· ••P t]).eA/n.c&td.&o.,morm. ..... ncud Vi 'lampl$ ate
~ ~tntcroa t!le:m in the ~-U •.WArUtikJ IIItructu~.

II
II
/1

I ..\
npub'

II

AlgoriUml

I. Check new ..writeJlag

() if s~t then continue

\\
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Wah for ..stendy.stat.e

r:;::~::w;;,;;;~-rl'w_ - __.a.l'-t~fo:~t~y st:J~::l::~';;;-"
I mor.i.oring =, I
f~;~~ci~~~~:~.~:~. ~".E.F;,7-rs-l'
I alarm.conditjon I level.pres I

I Iat.al.Iailure I overload I
j level.goal valve.failure

1

· lal:g~'.disturbance \'

h~h~~n I
l.low.jntegral L I !
Ltit~riv&t~~~~~<:~i,:~_..__~_. ._.. _... ._1. . 1

This aL.lon is similar in principle to wait.for.proximity, but {$ alway" the last a.o;)ion

in a soluti()n plan. It can only be executed if tlte controller is set for the low-gain.
smooth {'mnref mode. 1t cannoc start if there is 3'1;~rgpdisturbance or a safety risk

l,,\~,--< j' .~ h . I ,••or, ll(e--<.,€ ore, Ii t ere IS a.n <t.L.;iJ\ condition.
I] .:~

H uses th·~ monitoring function to determine ~h.(~;; a steady st~,;e condition is

rea..ched, At t,ha.t r..oment, it informs the user that I.i:, . vel has stabilized at. the

'.1

"t'tpaint
1\

Sound.alarm

Thlf. action " ani ...ated to send a visual ,wd ;u.,Lbk r.1Psl'ttii;f> 1.0 thi' n.lHtiole, to g(·t
the at.t<·r:t.J, r of the US(:l. Theprecouditrons are f(,lrw"latef\ it! such a way, as t~1!,iw

~J

it ilw Inghest priority.
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o 'rl:~~Jeconstant (T) :::: 5'12 seconds

G " "'l,) I "7o ,am :,," = ..o

o ln~ngra,; time constant (T,J -z: 300

I 1~atE'.8wI tbt> major parts of the plant and how a feedback controller

and. the SOPZ)I';lt'Ci

wo: KS in a singie-ir
water iu the ta.cik ,

connected to it. It clearly sb;;ws that the basic controller
t , :nl'gle-Olltput configuration. It receives th.~ measured level. of

\h" level sensor, finds the error between it and the preentered
~::

reference value (Sf!tpniLI1). and calculates a control signal according to 'ta algorithm.

This control signal is used to rlriw the inlet valve.

In contrast, th s\~p"e!ViSC'l'is a multi.input, 10Ultl·outilut device. l,t reads the fiowr,,\p
ill the inlet pipe, \ addition t.o the kve~ in the tank, and also receives information
via. the lUW~pJ:lSOle. Its ou tpu <Lr,~used to) drive the inlet valve and ;0 send signals
and mlo'ssage& in tho sr.:n:en. 1 )thl.~r ,vords, the supervisor utilizes all the available
channels to gi1;her the maximum amount of information about the system. It also

uses all the available channels to influence ttl; system in the most diC'ctiv(: way.

7.'2 Control and Supervisory Objectives

The basic control ol.jcctive IS clear and simple+ hcpi~ig the level in, the tank at a

predetermine. ahL (*'t.is makes it a typical example of f('gHlalory control which is

tho mos', common type ()1' «ousrol ir. processing plants .. 'PH' supervisory objectives

aiP more arbitrary. Consider the following modes of operation for the plant equipped

with a feedback controller.
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o else goto 4
\\

2. WJtfTE.l'O._CARIJ from pwnt_t'ilriables

3. Reset new_wr.ite ..ftag in tn#../ic..fJS

11, 4, )'v': ')

II ~.~ 1 ,/
I
' o. uoto ij
I I q )-

I'

i~routine reads l)oth the pWnt..varitlWe6 loUd thtJ.' i4$k.fltif8 strttcturer, '"md wri j €':
I~ackJ~ to.#.,JItI.g.. The &.villlability of new da.t. for wrltiug (e.I., a u~ actuatingI~al)v.in delhMld ,on oome a.ctir;n w',,>Se function i$ to provide such output. l'h.a.t

!ttdion will ~"o be '!lpOD.Iiibl.., for Jetting t~e lIPW .~ri~~.Jiac.WR!TE_TO..rLANT ex-
It~,1Utf'"h~ caJ1in~ t1...~Wa.ITil:.i.'~_CAl!.D ronuae, which IS the 1'everse of Rl~AI>_GAaDI
rd, ,! reset1.1ug 1bGn.,w_wn~.J1ag. "

r " 0

Ir&.ro.cAJUJ
]WUTE..'.t\o-CI.an if; used to set up the D/A cud a.t\Ii then to drive it, in order to
~ru.blate some ~ dIe discrete v~lues from pI4nt_Odrloble.s into CQJltinu;:)uJ-time ana.-
luglte voltagf\ Jipala. Thi$~ toptht'.l' with'the READ",cAe.n rou1.ine..toia the intetfuf!
b~ th.' digitL COVlp~<~:!t and the phys!al plant. ==q~

\1

Phumiag ill by far the Dlutt cmnplex and eomptl,t~tklnally dtnlla.ndiug pa.rt of the
supervisezy process. The ~~utinEIIgiven bl!1ow!ud many other lower-level Iunctioaa,
are includell in Append1lx. C.

Ii

PLAN

(!

(I Statt: ..o!_planl

II

II
11

,

l
I
1
I

"~



Emergtency _8hu~,down

rPQSC~)l,,~;~~(;~~~T--------'--~--------'_----fAr;;i:HE<-;S-_--..-,
l!~aUailu~:__~ Ernergencyishutdown ,I _Plant-:.~ow~ ~
I NEG CONOITWNS: I DEL EFFECTS: "

I ala.rm._co!rdition activc_-4<!
plant.down setpoint .« I
active.standard , high.gainI I \)I low .integral I
I I I derivative.action_ I Ilarge_dist.urhanceL __L_________ Lsupe~,:~8~S~~!_~trol_J

\1.

The supervisor takes this action iJrJy in a real emergency, when fataLJail'U'I'e is re-
ported. THs means that continuing with the plant operation could be 1J nsafe. The
only alternative for the supervisor is to take over control, force the inlet valve to
dose and then disable all oth(~t a.c~~ons.Thus, the plant acd th~~control system are

I,' effectively shut down. This action \~ accompanied by a suitable message sent t(J the
USN, to inform him of the events.

7,:S.l Other Tasks

Besides the above actions and th' t"". t.asks of planning, reading :wd w~\ting then;
is another task cailed' abort.ali. tt allO\'!5 the user to switch off tha system :\t any time
and return to DOS, or to suspend the mtllt;n~king process remporarily (by pressing
any key). It has another important fuil(tioA., as it allows the USer to simulate a
failu re of the acti VI;; controller (~¥ {i re55jnf~ the'l( key). This task works by regularly

0\"
Srallll:11g the ke\'board of the user console for anS' buffered inputs. Y

0' . '\

7.'1 Test Results

:\
I.: 1.1 User Int erface

Our "~JJlel\is{)ry systcru produces ;,. comprehensive real tirno display vi" ~,he,;',r'nsoll'

:;cr"(·l!. It must b" (,Irph;;siled that such ,'omj)n'hensiv'~ information 1(0: r.prpS:ia~,~·.~H;
,r, .' /.'"
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small disturbances

~ .\;uge disturbances

o Abnormal operating Itonditions.
"

- overload

-- val V(' failu re

sensor failure

controller maJffi~nctlon

((

Normal operating, conditlons refer to the case It! which the basic controller IS eq' ...J
to the task of regulating the plant. Abnormal operating conditions are beyond the

capebilitles of the controller. Tberefora.. the control ohj~ti1fe win not be achieved
and instead a saiet,v risk ma.y result. Overload or valve failure (un powered valve

closes] will lead to the Ievel dropping loelow the setpoint or even to ~!w emptying

of the ta.nk. More serious is A sensor or controller failure, which could lead t.o an

ovediow of the tank l""bichis regarded as an unsife couditlon. In theory, there could
he m<bilYmore po~~mt\al problems) but the above ones represent the most likely
cases.

Recall thac the ai,I\\tI of supervision should be, firstly, to maximize hlJ.fetyand, sec-
ondly, to maximize production rate. Speciflc objectives should be set up in 8U()l a
way, us to test the performance of the intelligent supervisory control system under

both normal and a.bnormal conditions. We define ,them a= follows:

2. Keep the plant running despite failures (unless it endangers safety).

3. Provide better quality of control thaa a. conventional controller

(,'ill he'tter 'disturbance rej~ctitm

(b) better steady state performance

()

Th'e l~t objectivo ii~~B&a little ('xplan<l.tton. In terms of pn~control, a disturbance ..

can be dealt wii.'h more effectively by jn,~reuing the controller gain (proportional
term) and also by using derivative actin', to introduce some phase-lead (speed up
response). \\i!



e Optwatodn;ffcr
"

Outpub

Alicorithm

o

3. Chock pla.u..ft~

n ifse~, tltell. cO!,1:tinue

o else got;(~9

II
II

() if ne~,I:sample duo then, goto 9

5 MAKB..A9STR.AC:.~'T"l,;'fE h,to prfkntJiate

6, I!'H'1'L~L1Z~~'~O!>ERATORS

'i. S&AJten from prestnt.,st(Jtf; to gooLstatt: or ten'tlilu,tstatc

8. Reset pl8.11jlag in t4BA:_fJaga
o

10. Onto 3
o
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evaluated The idea of-Intelligent supervisory control ~uggests a minimum interface

with the user. Unlike most expert systems, the supervisor needs no consultation

with the user at run-time, Qliler than signalling alarms. Intelligent advisory systems
h~ve elaborate user interfaces taking up anything between a third and a half of all

code. as pointed out in [Bobrow et al., 88J.

An example of a. run-time screen [all results were obtained with a. screen-s v:c.t1 is

shown in Figure 7.a. The td? part of it is aevoted to the supervisory function while

the bottom part shows the low-level control. At. tiH' vety top, 3, rectangular area
is reaerved for special messages. These include alarm, sJeady state and shutdown
~e~a.gef. The first of the four windows shows the terms of the starting "tate. tt is

;,

a symbolic representation of the state of the system at the moment when !)lanning
was started. The next window coataius the terms of the !-T,oalstate, ii..'l entered by

the U8<;:r.

The third wi:ndow is called the expected state, because it describes the state (If the

system that "liould resul fl H11\he implementation of the solution plan. Normally,

the expected state differs from the goal state only in.some unimportant details (it
uses more terms to doe, ( rib!"!the same situation]: J:l1t having two separate windows
is deliberate. There may be cases where the actual. final state will he totally unlike

the goal state. That }tappens if the goa] turns out to be unreachable and the planner

reverts to a plain data-driven approach.
"

The last window contains a. numbered sequence (:"f actions which the systeN needs
v ' , ' '. II

to take in orrler t,o achieve the expected state. This is the solution plan. To show
which action the system is currently hHSY with, an arrow is provided, pointing to its

number.

The large window in th'e lower part of the screen shows the continuously cha.nglng

iUl3.!Gt;H€ data, Its top line give,> the time tli=at has passed since the first sample

was taken, the number of samples ta-k'''il so far and the sampling period used. Both

graphs are calibrate-l m percents versus time in min lites, The top graph shows the
!ili~tu;~lfpd level. in the tank (in bold) and Lh€: set poi Cit, as functions of time. The

('

graph below shows .the output of the controller, i.e., the actuating signal (in bvldi

and the OU'R5uwd flowrate in the inlet pipe, a.~ functions of time.

Th« gra.ph at the very bottom of the screen shows whether the cont roller is operating
in the hi'gh !!,a.inor the low gain mode, This g{,q!l is only Ilf>t'ilby the advanced and

backup controllers. Finally, every ti.ne iI. new plan is gt'Ih'\tatcd a. Holan letter P is

printed on the x-axis of the top graph.

o
o
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The PLAN routine first defines the terminal.stat» and gets the user if) fill the
goaL~tate by calling the GLT ,GOAL routine. This happens only the first 1Hoe that
PLAN executes. t~ext, the routine checks if the plan.flag has been set by !vtONITOR.

If so, it checks further if there is enough time for it to run, by calling TIM E_U P.

If it decides to run, it fil't1t uses MA.KE..A.BSTRACT ...sTATE to fiU the present-.tate
structure. Then, the INITIALIZE_OPERATORS routine is called. The call to SEARCH

is wnat effectively starts the planning process. It carries on until a solution plan
~s found or aU posstbilitl~ exhausted. At the end of the PLAN routine, plan..stack

contalns the solution, The })lanJla.g is then reset and Y~EI,D called.

G"ET_GOAL

GET _GOAL allows the user to enter a goal state a.t run-time. I~ is stored in the
gooLstcte structure and used by the SEIdleR routine to find a. ~ul~ltioI"plan,

-:.! f) , •....:1'D

1
1

- l
I
I
I

"'..fAKE.A.BST RACT _5'J'ATE

This routineis used by PLAN to fill ttfpresenLsto.te structure with the current state
11ofthe plant, to become the initial (.starting~ state for the searching algorithm. The
lista.te is created, based on the information in the stat.!_()f_pla.'lt structur ....

INITIAL1ZE _OPERATORS

Inputs

o Operato« _definition

o Goai.staie

Outputs
··.• 11
//

0·· Operator ..buife.l'
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On the other hand, hfgb gain is undesirable near the setpoint, as it Call cause unnec-
essary weal of the actuator for even very small variation!' in the controlled variable.
High gain ?Jso tends to introdu. oscillatory behaviour. Similarly, the derivative
term Is often turned off completely, &S it has a tendency to amplify high frequency
sensor noise. It is not a purpose of this work to i\!vestiga.tH the conventional PID
controller, but it, should be realized that tu:t;ing such a controller involves ... l~ge
degree of compromise

I
I
I

I
)

'1
!

7.3 TIle Supervisory System

7.3.1 Monitoring
1,1

The monitoring module is entirely problem-specific sad would have to he i~;;:S}gn(>fI.

for ('<.\I'll n~w problem .. This is to be expected as each differen: :plant/?{;~'~~iol1a211Q,
malfunctions i~ a. specific W&y, depending on tl.e l"l:i..}g(',Quality and '~~(m a.,;e or vhe
hardware used. F'='T the level control plant, th€Ofollowmg ~nipme:nt b CvIllit,"lltlby

'Ill

manito! ed and diag'h(!s~; 1/1['
y

Level sensor.

Feedback controller.

Inlet valve."

o Level in ta.n~f'

"Level sensor. This is probably the 'most. crucial clement of the system. The plant
doe" not have It second level sensor, so ail its informarion about the l~fel cornea
from one source only. lis failure renders the entire basic, ontrol loop ';!seleu. B~,t I,

even more importantly, fa.ulty readings may very eMily lead to an overflow ,l the
tank, if the h~ic controller is left on its own. Therefore, the monitoring function

" . Ii

consinuoasly checks the signal arrh'i,ng from 'the level sensor.

If the signa.l is :(')ulld to be beyond its steadard aliowa.h11frange, then a. flLiiure i~
reported. The ra.~ of change of the sign&! ill also monitJ('d a.n.i if it exceeds the
maximum tate at which the tankilcan be drained, then the cnTlllor is assumed faulty.

In either case, two n'tw terms axe ...dded to the abet-net description of the ~U.teof
the pl.wt: 8emor ..failure and jaial/ailb:re. The first one is informative, while tile
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7.4.2 r :
Staudal'd PI Control

In this test, the conventional PI controller, which was used to control the plant
previously, is evaluated. its parameters are left unchanged, gain at 2 and int('~rai
time constant at 300. Figure" 7.3 shows a record of the entire testing session,

r·"-"'----·----'---'-·· -..-.-----.------------.--.

UMTlNO nATE: 00IIt. STArE:

Figure 't.3: Standard Pl control.

The pracess begins with empty tank, closed inlet valve and the outlet valve a.t 90%,

When prompted, the following goal state is entered:

o levd_50

o iitan\\a.ld ..control

The solution plan is, in this case, quu e trivial, It takes the system about 4, minutes
to get within 10% of the sctpoint and about I r, minntes to reach .-I. steady state. i_'h,'
""·.'lItrol action (on the lOWN graph) I., smooth ,)lP', quick. 'rhe differenu' lJetwe;~n

the <){:tualing signal and t!,,' ...cilia! Iiowrat« is rc>n:,-;I'dby tll(' inconsistent and low
;)1cclsion behaviour of tl", pncumatir valve. This h app(~ns despite TIl!' fan : hat a.
Spt'daJ. procedure 'is used t.;) Iili'.,':a,rize tbf' valva. Ilnwever, it does f!~)teliminate the

inhereut hystore,

(/

... _ ....._._- ------..---- -_._._._-
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second one indicates that there i14 a !Safetyrisk. In addition, the pl{ln~ftag is set to
trigger immediate replanning.

F"eedback co.ntroUel'. The I!Upe(Vi80f haa two controllers a.t its dillpOfial. The
main one is I:alied the cdoort(''ed controller and the other one is the hct:kup coatroller.
The fa.ilure of either one is acknowledged by addil1g adt'C!rt.CfIL/aiiure or bad:up-..fai1urt
respectively, to th~ ata.t{1 description. However, the monltoring function knows that
there are only "\~ controllers, &0 if both of them fail (t;. very unlikely case) it will
also add fo.lal./ailure. Controller malfunction is the only case which. ~eeds to be
simulated. An. ar..1ua! fault could easiiy occur with an external controller, but eannot
phylJicilllly happeu with the 1iIOftwa.re!tt;,plemented controllers. In c~ of it controller
failure, I"pia.nruag is t_.";ggered. I.;, ,

Inlet valve. The nl<>8tfta&il~ pan of the pneumatic valve b the pret8ttr~ air
(,

supply, The valve tt,.31fis spriJlg low~ to a\ltoma.ii~y dOH, should th., air supply
be bl'Oken. l'h«efort'lt even if. ... !i'clurt'!occurs, there js 1\0 d,wger to safety. 'to det«t
valve fAilure, the monitoring function 'leeds to )'';lAke\llle of an extra. lM'JHOl- the
ftOWIt;;/i~ scnsor--whlch knot & part of the buie e()~ loop. ThiJ ilhllltra.tes a
more &":!neralprinciple, that II. 8nJHU'v;sot~eed" mON scusory input., beNmoo it ill
respoasible for $I) milch more.

Th;~ extra sensor allOW$ continuous monitoring ~f Ute dowrate in the in.let pipe
(which is a. function of the valve position). Simultaneously, the V&ln actuating
signal ill monitored. If the controller output is driving the \[.11v€ open, but there is

;, r,

no flow in the. pipe, then o;.hevalve is diagnosed faulty and the term tlfllw:_Jailuf't

'lddcd to the state. Replanning is then requested.

Level in tauk. To enable the syst&m.to improve both the Qis~urba.uce rejectio~
and: the st.eady sta.te performance, the monitor transla.tes'the level in tb~ la.ak into
symbolic descriptions. It te~ot~5 throe importi\).fit cases, based not only on the
actual level, but also on the rate. Of change in the level. These zones a.re illustrated
in Figure 7<2,for an arbitrary setpoint.'

\B-C Level ill in the proximity zone, i.e., it is approaching a steady state condition.
The monitoring function will add the term prox~mity to the state description
if either the measured levol is less tha.n 10% t{lgh~r than the setpoint and

Ii'
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Algo'tithm

1. RESET .OPERATOR.S

2, EXPAND..sTATE.in goai...statl!

3. For each operator in (}~~mt()r.b"J.ffer
il

" lNITIAUZJLPOf;_Ci~NDITION!.
:1

o lNITIAUZE..NEG_dONDITlONS

o INITIUIZE..ADD_lH'FECTS

1) INITlAL!n: _I)F,LEFFECTS

1) hIlTJALlZi:_OPERATOlt...NAME

This routine initializes the o~mtiJr_b'fJffer structure once' the initial and goal states
become available. Therefore ..it uses (·perator_definitiof1, preseai.stcte and gool_s;ate

.,. "

all inputs and operatl)r_hJft:r as its output. It first copies the contents of opera-
~definitwn to operotor.btDef by calling REs£1(~o~rRATOllS It then uses Ex-
~D..s'!':ATE to complete the goal slate, if necessary) Finally, each operator is ini-

tialized [lts name, preconditions and e:iT{:cts).

SEARCH

Inputs

o Pres •.'nt...state

;'? G(mLatafe

c Terminal sta!e \\

o Opt:Hltor_buffer

e Plan.stack
I; \\
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After 30 minutes a sensor failure occurs (sensor signal is cut off), The AID converter
passes on an erroneous (nl'gative),t;alue to the control system, The controller, un-
aware of the real level in the tank, tries to compensate and fully opens the valve. It
does not have enough intelligence to recognize that a negative level is ml.'<\liingle,',·
A few minutes later, as the tank is about to overflow, the level s('jl~br is reconnected
to show the true level,

'._ ---~-~---,----
'- ..-~-..,_.._ ..-..--

'\,,~..I
_---_j

re 7.4: High gain PID control.

'nr comparison, the same test is done on «'fixed parameter PID controller with the
g..L, !If S. Ilprivati'\'(' term of 5 and iutegraltime constant of 10.) (~~. Figure 'i.4), it
is. clear tit,!t as the response of the controller is speeded up. uuacceptahle overshoot
and oscillations OCC1it,

7.4.3 Supervisory Control

In this :,1 ron, our supervisory system is put tn the tent. The advanrcd controller it
uses, h.. a standard PID 41gorithrn, ' : t itf pararnoters are [lOW switched, To de;1.1

...:ith Luge disturbances I!W )!;a.ill is. s<'t.at 5, the de!'!vati~:t' term ,ll :5 and thl' integral

time r oustant "",t 100. Near the sf'tpOlnl the gain is L, tin, integral 'ifil" const ant :zOO

(j
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o if full then goto 8

o else continue

/1
If

<i-

Algorithm

1. Check plaru'Itad:

2. ENJLCt'..sEARCil for present.state, qoal.state, terminaLstate

',) if end reached tl>.@ngoto 8

o e•.Be continue

3. Check plarut~k

o if eropi;y then PUSH_ON..-STACK present.state

4. For each operator in opemto1'_b'4!er

e C1U;CILINHiB1TBD_OPERATOft.S

_. if operator is inhibited then goro 4

- else continue

o CRECK_OPER.ATOR

if preconditions violated then goto 4

if preconditions satisfied '.[;'.;11 put op~rator on hold

- if precenditions satisfied and effects apply then goto f

5. If operator found then

o UPDATILPRF.SEN'L;STATE in prt:3wLstat"
. /7

11 PUSH_ON ..sTACK presenLstatc, operator

o goto 7

G. Else check pian..steck

Il if empty then!

- UNIN HIBtT _O!''£RATORS

change mode

- gate I

o dse rontinue

- INHIBIT _OPER.ATOR

POP .orr _"TAGK

Ii 84
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u:VEL

1
+ 10'1; ~.," ~,•.,~",,,_,, ." " ....•....•.•....,,, _ , ' .

::.:~,.~f!f .~~ ~~ of'h~~m t_k

'"It''r.1i..aiI·l.~~tia.'~,adbi~ 'Itt
t_~·~'t& tid ~ at6)n lYiUt ~ ~q pl¥e0 .

-, :.:.:;",.,..:, <.-<0 ":;., t',

C~~.M~~Dd~,l. •.,itll.~vath~is..,.TlUauth.~dk·
,u.••• 'idl·t'i, eu~_"\e ~ ~alHtmct'. Tile t.ertn_~
.~,~~u....U~.

t·,n~~iebij~' ta..~+1'" Alld~WJ mrtGt:t &wa~tfout··••Ule ~tjoi».
If the ~uredJ~ 16morethan 16 ldghet lit. th{f ~".~ u4 not

u~AC OJ ifi!.w DWl'a ta. toto kNl$' tll. the _poitli .d Act inaeMill8
(the ~ 1l\QWQ,), th_ tin! .~ktritl t'ae~ wAht ~tlWvrt.tiOt! to thfJ
Nte.a.m~·11Us·~ & .. .lout wnditioa wlldt sh()\1Id·promp~ tu
BYI"" ttl respond with utg4mCY.

o

T1t.ese tare qUalitlloltlVtl. dektiptioae &how .:~ ~r of ilymhullt 11&pre«mt&tion.
Each .k.. ,•• ~~ c®~ainiDl.,u~ ini>lma~ ~t·~· the !~vel

o &no. the d'~~. iu U~vel,relative to the ('UtHflt ~ut. These Uu'. f:'.xpretsions
are m;tuA!ly tXdusiv., but not exl-lAusti'¥e, .1'.$ can he ~ i-ll. .Fig.!'~1.2.

An a.ctj(Jll is store-d in the form of its own "b.trad model 1J~.d'-a procedur~ a.tta.d.l.·
ment. The abstract JtlOdel is '=I.Uedthe OP~~fi,\oranu CGMistli ilf pq$ C'cAditiol1l,neg
colldition~t add gfi'ects and del etrectIJ. It is ",3d in th4!!plan!llfl./£ process owy a.Jld i.8

l\
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o
and the derivative term is off.

It must be explained here that, according to the control theory, the intr gral term
should not play a. major role in initial disturbance rejection. This ~a.*:should be
l~fl;to a. high gain and the derivative action which helps to stabilize l,he system. The
high value of gain should produce almost a bang-bang (on-off] action to quickly get
rid of major disturbances.

However, it was found during the tests, that the incremental algorithm used in the
d;gi,~al controllers does not tolerate high gains. When set in a. high gain proportional
v proportional plus derivative mode, it results in erroneous out« ;t. It was founda

t!,;,t the best improvement in the response can be achieved by speeding up the\l\

integral action.

Normal Operating Conditions

i~:igllrlC ;.5: Supervisory control: initial plan.

Figure 7.5 shows t.he first sotution ~",laIl, just after thl' system IS initialized in tile
same manner as hefore, 'i'he goa.} st ate is HOW e!ltfICrd as:

l10

I___ . ._.~\._, ._._. ._J



7. SE.\.IlCD

8. Return

This if; an extended version of the recursive algorithm given in Chapter 4. The
extensions make it far more suited to the real-time supervisory application. while
taking nothing away from its general-purpose character.

i)
Besides the present and goal states, the terminel.statc structure 1" passed on to
the SJo~AR.CH routine. The terminal-state structure must be defined in advance.
depending 6h)the problemallditisanalterna.tiveor1mdeSi~gOal.Asihe/fea.rd;
can revert to a,\sintple data-driven approach in unfavourable conditions, it ma;y come
across the terminal. state which is the nignal that it should "top. The terminal state
implies that the condition of the system will not allow it to reach any other goal,

! )

The other extension is a two-mode operation of the SEARCH routine. It starts off
working in the normal mode, where it tries to find a solution plan that wili satisfy

all the tenus of a given goal state. The ueer can assign higher prioritv to certain
tfHJ1IS of the goal state. Then, if search in the normal mode fails, the efl!.ll~ process

is repeated in the second mode. Now the planner will try to find ~ solution pian
that satisfies only the high prioruy terms of the goal. This extension makes the
algorithm even more general.

The Sf:" RCH routine only executes if the plan. stack is not fun and if EN D _OF _<;;EA acn
indicates that the end has not yet been reache- f'hen, if the plon.stacl: is empty, the
presenLsto!;; (With the initial state) is pushed ( the stack using PUS!LON.-STACI<'

The search begins and each operator in the initialized operator._bulJer is first checked
if it has not been tried before and failed. The CHECK 3NHlBITEiLOPERKrORS routine
is used for this. If it has not, CHECK_OPERATOR is called to choose the most
applicable operator for the given present and goal states.

Any operator whose preconditions are violated in the present state, is rejected

o
"

straight away. If an operator is chosen, ;t will be applied to the present st ate by cry-
DArrf._,'ltESENT _'5',fATE. This new intermediate "tate IS still stored in the presl:nr..,ldil'

structure and is put on top of the stack using PllSH_.OtL~TACK, Fimu,ly, SEARCH is
<:aHed.

II, natively, if no operator qualifies, backtracking is attempted. If ptan.stock: is
omptv, no fUTth'0t backtracking can lake place. '1 his is when a fresh start occurs, by
calllng lJNINHiBi'LOPER \ lOR~; G.iHI "witching to the second mode (for high priority
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p
formulated insuch a. wa.y thAt it reptQlf.lllt,,,the major ch:M'attuistics of t.he &:tual

act~onit is based. ea.

The ptoeedural aaachment is the action IbJtllf, 'coded. ... ~',ready-to-rtln pl(l('.ed~ue.
This pf~ure ia mcecuted to e&118$3some eh.mge in the IIY8tem. Wbet}Let it changet

$Omething within th~ 8ltJM>.rv!sor or the e,..ternal part 01 th.e $ytlw.ttl (plaut).

1"hete it one diferenCfl ill the way that uti<tms .md task. are int~.d here, U
comp'" with CJla.pw6 and C'Ju.ptet6. R.ea~ writb". moaitoriag _ pl_ning
"'ere tt~ ~ ... ~ oaly. Tub 40 ~·ll ..ve ~,oading ~. eo
t~ ~~~t\t)t ~,abo~ th_ ~,"1t alwa~ MUve). Attionau.t
~ ..t~-":tl.t.y ':~ •.,..... ia.•·'•. -.w\... C ..... ~.libOl~·til~k$) b:nt
in ~dlUotl the)' eta he _aWed. or disabled ~ the npt time by ~heBllPtJfYh.
(~a., to tM ~_'plan).

,-!/'

H()'fle\'et!~;we wW nOW treat monitorins u art (&(U01lt~th~ than a Ililllpte tNk. so
tU,t it doea AM a.lwa.1S ha.ve to nan. The IUpeniaor b.eed.~ moAitoring (4) perlotm
ita ra!tdioW'i; indecM1,wldl<Ult monh~iq there could be .0 ,upE!1'Vi&i\)u•. The reuon
behind dQhtg W. it that "" want to M ...,le to c:omp..., the per£lJ.1D.&UU of tbe
.sup~ 'syatt"m Will! that of!. simple feedba.clt cootml BY,te2l. Therefore, we Q1.l

tequnt the M~itlO! to die". ita mODitoriDg,~tdi :m a starub.vd PI rotttroUcr
and by doing s(), diit\bl~ itself II ~. .

I,)

Set .JlIetpoint

This action adjusts. the setpoint of the currently active controller from the prf'..sent
vahl~ (pre,,) to the goal value (goof). Tim proaeCCEI of 8. variable ill this Operaf;()l·~i

\! ,/I

name, preeonditions and effect" meall8 du.t it has lO be initia.lit..,d befON it can ba. ~
used. The varisble pres is initialized. with. the actaTIl' setpoint at the initial state.

C1

(i



The graphs are empty '~C3U&~ only one sample has been taken so far
obvious and important u e'rence in the plan is that monitoring is now [,,' f,;:a.it:d
As the controller is always itialized with low, gain d slow integral, the initial

response is very slow. Cons, -ently, the monitoring action almost immediately
sign-ale.a large disturbance. In ,\ spouse, after two samples, the planner comes up
with a. new solution plan which can i{",;een in FigUl'e 7,6.

c leveL5C

o supervisory _0 trol

The supervisor makes full use of H'I'_; advanced controller to get to the setpoint 1 t«

quickly. It turns up the ga.in,\. .,kes the integral time constant and switches on
o .

the derivative term initially, and then reverses the settings when it gets close to the
setpoiut, Thus, it gets within 10% oi the set point in 2 minutes now, and reaches
the s;tpoint in less th~b 3 minutes. This response should be compared with the
responses of the fixed-parameter controllers in Figure 7.3 and Figure 7.4.

Figure 7 6:. Supen isory control: second plan.

,., ,
i ,~
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The variable goal is initiatzed with the value of t.1e level which ia entwed by the
n

user as li~ part 01 the desired,goal sta.te.

Thili differenti~ion bei~n the deaimi level and the '*ltpoint may ME.a. wruUliq
and ae~1t fmplana.ti01l. Thinking in t.erms of a. simple ~baclc cootroller, the desired
'lelfel U the eetpoi'Ilt. However, lor a complex supervisory syatem the two m.ay be
totally,dUrerent. Such a. system ean uee tile aetpoint"to the JDw-Uzvel (QJlt:roller in
an 8,foitra.ty way, to bring about the requited e:ft'ertt Le., desire,i ltvel. AdjlUting
eOll~. aetpolMs it typic. one ,of the m.toJ.. m.etboda 0{ ~rdti.ng wp.vhctt)
OO1l\tot.

fhr tlt,e level 4:.Ofttml. p~ .ith only<me C01flrulloop .. 4. one "'point.,

tt~~ foitlt IA~I the aetpobti eluriD« W open.lioa.
i& l1Utt.l~.t.f> ~ 4~ {~} level straight &W.~.D.~n
it C»ttIa be tialtI .... to 'AQ othtw vahle (tak~ by " 11"I;I.1II _~'Jlm
4oli~~~Y~'1'p,lk.it ma~t Qf tlw eontroller ~I\' 1t.!!.Hl t6 ~tra.~4J~~t;

• ,... :. ,:·c', > _.".

T1Jjt ~ kat.to be ,~ut_ hbe an)' ~~. CU ~e ~.a. ll~~'S~
tGl.YiiiJI'SN .1&. Wl'fII'l, " '. " " rted. <)" .....- (. ,

Pos COMl>lTlO~.·
setpoint,..gOJl

The utOl ia the a.euve_* condition stands for :a.uy r.ba:r~ter .trln~ (Hke in DOS
operating Iy&tem).

Tlus udon is uot a part of th.e sllp'!rvi1Ior. It i,only included here for illllstratiou
purpOS81 so that non-,ulperviaory PI control ~ be impiemeltted. It will pMl1de
a. yardstick for m.c;;~l1ring tile supervi8UI'. performaaoe, T}d. rundion utiVl\ta a:
direct rligita.l PI controller with fixed para.mmva ..; it d<* not ne m()nitorl~. It

o

L·'
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goal terms). But i{!he plan.stack: is rL',)t empty, INHIBIT _OPERATOR. is called to mark
the operator which has produced the i\~resentstate. POP _OFF _.STACK is then used to
C:lpy the preceding state into the pre~,~nLstQtp. structure. Finally, SEAR.CH is called
as before.

END ..OF ..sEAR.CH

This tontine determines whether the search should be terminated. It checks if the
pf'e8enLstate contains the goaLstate or the terminal.state. If not, it returns zero.
If the SEAfC.Ca routine is running in its second mode, it checks if the present-state
contains the hlgh priority terms I rom the gooLst(Jte. It uses the COMPARE-STATES

routine,

PUSH_ON.STACK

This routine PUShC5 the given item on the current plan._stack. It puts both the
contents of~he presenLstate and the current operator, on top of the st ...ck.
the CoPy,J'i.A.1'ES routine.

0:~

CHECKJNlIIBITED __OPERATOR,S

Given an operator and the current plan.stack, this routine checks if the operator has

been marked as inhibited, if not, it returns zero. It uses COMPARE.-STATES.

}~~j

CHECK_OPERATOR

The ClnXK..oPERATOfl routine needs an operator and uses the present.state and the
gooLttate structures, It calls four routines in a sequence: CHECK.NEG.CONDIT10l'lS,

CHECKJ>OS_CONDiTiONS, CUEClLDEl.._ErFrCTS and Cuscx .ADD_E!'HCT>;;, These
are used to check if the preconditions of the given operator are satisfied in the
present ~e and whether the effects agree with the goal state. Depending on the
combination, if: returns an integer code (rating) of the operator.
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Overload

After 10 ihinutes all overload occurs (outlet vaive is C'PCIIt'd. to 120'/(,). Again, re-

,pJalining occurs in response, as the monitoring action diagnoses an overload. This

is illustrated in Figure 7.7, together with the alarm message. After another minute,

the outlet valve is reset to its previous position and the tank starts tilling again.

r-------------------~-"----'---- ---._--- __. -l
I ALARM CONDrrrON --- -"l:HAllUM) STATE: 0fJAL nAU::: El<I"'fl';TEQ SHUE: SOUJTIOH fILM:

lar ~_di5t"Wo:;" it!'~) ..!50 .:t i".t~tIdYMIC«'d I 1: SQU14;' ~1.11't
OWIflNd tI.4*\';'_#j-C()I'rtrOl ~'I\_"'_(:(JI'Itro! 1)...2: WlIIlt_J'or_prr.twi"it..,
41¥1I_ comU ion :Ytj)04nt_ IIllI'l11000ilc ' 3; ~r8_::t.ln
.-:tt.... ~ wtpoln\_ 4: !ncr.ase_ ntegr~iISJ.4*'yl_lI_cor.lfol 1.,. ..U!() 5: rurn_Qff_derlv.tiue
hiqh gain ,: lotan_for -"t""'~"l1:..t.
l"",J",.~ ':'..:lerhllHVI' Kti on
1ICt1i t or' ~ni
Ti_ <_:.10> = U:55 SaMPl. counter = 155 S liII'!Dlirn PAri ad (Ii) = S

:

iI hlV~1! SQtpt

I
I

I QUl:;l'!II01.1
!
I
L. " " ---~~ ":~_j

--------------. -- .

Figure 7.7: Su pervisory control: overload

Valve Failure

Figure 7 ,8 shows the response of the supervisory system to a failure in the valve Thisn
occurs after 2 minutes (when the pressurized air supply is cut off) and is immediately

diagnosed by the monitor. As it is th! iliy actuator in the plant, there is acually

uor.hing that the fiU!' '~visl)r can do, except to alert the operator and continue. The
I.'

;.ir supply js re1:oftHPdl'd befoft" the next test.

1, ,..,11.

a
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UPDATE _PRESENT ..sTATE

The UPD \TILPIH,SENT ..sTATE routine first calls DEL-FROI'.L'51'ATE which deletes all

the del effects of a. given operator from the present.state structure. It then uses
AD D .ro,sTAT E , to include ali the add effects of the operator in present.state. In
effect, it applies the operator to the present state, to create a new state.

UN!NHISIT _(I)PERATORS

This routine clears all the operators that have previously been marked as inhibited.
This hi done tv allow a. second search to start anew. TMs second search is only tried
if the ini~ial search is unsuccessful. !t has a. b~ i= chance of succeeding because it
Q,aiy considers high priority goal te-rms.

!NHIBIT"QPER.ATOR

This routine is used in backtracking to mark a given operator ....s inhibited. This
enf,ul'~'~Kthat the sam- operator will not be tried ag.;lin from this node of the search

-"·",.f

tree.

POI) _OFF _STACK

This routine is the reverse of pt}SH_ON ..sTACK It is the mechanism for backtrack-
ing. The top of the plan.stack is cleared and the preceding state is copied into the
present.state structure and becomes the new top of the stack, The COPY_STAT~;S

routine is used in the process.

6.2.6 Task Init.ializat.ion Routines

The four rO,17-(>6 d('~crihed below" <11

Refer to ;\p'ndiX D for 1he corl".
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u,c' ~'. ~ I!~.d. ante the ae$pO!llt bM b_ adJ1t$ted, out :I1ot ii" a.a.y 'other

c:o!ltraUer is ~ ~ti1rt!. Once *'W1 :clt\!'(!;,"?l," it. carde5 all .~Ultn the ,~ys~ il
~ .~;.~ ridiu'i.~J.a iu, .'rul ovL't the plutto it.

()

TAUact_ attl._ tk ~9 t_troll., h.tolllr if a ~ iI'~]a .. '
,'_ --', -, (\.1 -,,< .' __~_,'. -,-' ',-.' > __ , "",,' '., ,;', '-', - '·-::".:f>,":.~:'~_:__;- _, ::--,.-,: :,',._.:' ,,~<'

!bin eortUoller. fl' the c_t.~ft1!it ~~~ i~hd~~ ,)Jb the tiad.up
lJOnuQUerwouW $Oft prokllJy''be a ~!!OJie~ ill Ute int.ret{ of~- (Olits, 1ft
this CMe~ it ~s notlrtngoo.rac to ha.\'etwo1llCh ~!m.a. ..eet .a~tW,.=\rolf\1rl.
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Sensor Failure

t"oOfIL STATE: EXPECUD STATE:

r··---~--·--·----··------------ ------------1
. ALARM CONDITION

---~-----~_.."-".-
~ '0 ~ lille

_j

Figure 7.8: Supervisory control: valve failure.

Controller Failure

After 10 minutes a controller failure is simulated. The new solution plan C,Us the

syst lfl. to switch to ha ...kup control and to alert the operator. Therefor". despite

the failure, the system can-jeri on with very little negative effect. This allows it to

maximize the production rate. The solution plan is illustrated in Figure 7,9.

Switching to another controller has a. side-effect of introducing a large disturbance

into the system Therefore, another replanninj; follows, which puts the backup

(:-rntlOllt,l' ill the high gain mode.

Finally. after :35 minutes. when the system 113S recovered again, a sensor failure

O(CUTS (sensor signal is cut nlf). The supervisory system detects that fault and

Figure '{.lO shows its reaction.

113
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MAIN ',)

A!giJrithm

t IN IT!ALIZE all tasks ').;
2. SYSTEM_GO to first rask control block

This is the top-level (compilable) routine and therefore has t , be called MAIN in the

C language. It has no proper inputs or outputs, although it does use inform~'*..ion ill
the form of a preentered Jilt of tasks, to dynamically allocate an area in memory in

which they call run concurrently. FunLticnaJly it is very simple, providing only thp

first st ..P of the run-time activity.

It first calls the INITIALIZE routine for each task in the preentered list. It then

calls the SYSTEt.LGO routine with the control block (If the first task on the list, thus

beginning the multitasking pro(.es~. Control of the CPU is then passed directly from

one task to the next and does not return to MAIN, unless the process is forcefully

stopped.

IN, ._iALIZE

Inputs

Algorithm

1. Allocate a stack area for the task

2. Allocate a task control block for the task

o set the instruction pointer to point to the address of the task's routine

o set the stack pointer to point tn the stack area. ))

o save the task :ontext

a. iNSERT .JTE:M
'~\\\
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, 'l'lw:'~, k ~a..;sify: ,j,Ut."k at .. Utloll haa ah~ady ~ upbJaed. MOft~
, ,.'.;~'''Ii W:~ll t:M ~ Q'$m-#. Ii tan 0JJly b. -WitChe& 41J once

" ~ ~.~ o.t it t_ :ru~ pt"...do,ditaly b' ..
" ~.ht~. Tb~_'typeoff1r:!ledGu.,~b1t_,·

:~''''~hit.b~~.' .
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•...... '_- _ ...•...~-.
l'ho vtitWI <>f _ ad high pins are preenwed constants in our system, but tlley
could altO be ,aJc:ul.t~ on-Baa.
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r----- (~:~-- ---'-, ----.-~

ALARM CONDrrION _J

Figure 7.9: Supervisory control: controller failure.

The newly created solution plan takes into account the serloueness of this latest
change and tells the system to shut 9~~(lin order to avoid a n!cty risk. The sensor
.~.. reconnected after another 3 minlltes,\o verify tha.t the level has indeed dropped.

I, ()

7.5 Conclusion
\ i
\/ \;

The concepts and ideas developed in chapters 1-3: then use; to deslgn the super-
visory system in chapters 4--5 ami encoded as a software program (described in

(;

Chapter 6) have been tested in this chapter. c'\

\\\~
Although a very simple laboratory plant bag been used, the real significance of this
case study lies in the fact that it i8 real-world. Unlike simulation-based testing. it
explicitly involves issues such ali sampling, situation assessment, multit JA:ing and
real- time cons traints.

The tests have shown that the intelligent supervisory control system exhibits a
performance advantage over a. conventional teedback controller, under normal op-

\\
114
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This routine initiali.;;es a task, given its name. To enable concurrent running of

multiple tasks, a .eparate stack area for each task is required. Thus, INTJ'lAUn~

first allocates a. new memory area for the given task as its stack,

Similarly, each task needs t.o have lt~ essential information stored in a separate area

in memoev, This information, storea"in a structure called task control block, includes
y 1)"'1. .. ,

the instruction pointer (which points to the actual routine of tht ~;;-1i;k.), the stack
/<,,-;.' - / .'

pointer. pointing ~iiJ.>: newly allocated stack are"" as well as thefisf.. context. The
. /'

latter is saved in I(he ,imp_buf data structure and consists of the CPU registers and

flags and the stack and base pointers. Finally, the INSERT ...ITEM routine is called to

include the task ~ontrol block on the circular list.

IN SERT _lTEM
(.
,I

A t~~, control block created and initialized with the INn lALlZft routine, neede to be

linked with illi the other tasks to form a drrula! list. This circular list is the basis

of non-preemptive round-robinscheduling, TNSERT_IT":M takes a giV(,.l task control.
t>lock and puts it at the back of\'th€ circular list, npdating pointers to and from its

;(

neighbou IS.

SYSTEM_GO

.:

SYSTEM _GO is called for the first task control block on the circular list. It performs a

nonlocal jump to the routine .1.· »clated with the given task and effectively transfers

control of the CPU to the trst task. This activates the ml1hit1~king process.

6.3 Conclusion

In this chapter, the software implementation of th(, intelligent supervisory control

system !I;V; been preseut=d , without focusing on any specific computer language.

The main routines of the program have been described in terms of the flow of data

and the internal algorithms.

The complete source code for a.U 0: them, and many other routines which play

a supportive role (e.g., string han,j1ing, input-output, graphics), is given ill the'

appendices.

((
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This ia tlt9 teverse of the previous action. n cit.n oBly Jake place once tit e disturoa.Uc.E
.. ~ 'l:'he oontrolJer gaht is clJa.nged '0 a l:Jw$,'i'i'vi'Jrieto rccuce demands on '
the~tbyprodUQ""&m~~~..t,,:~~n. "

" J)

ThU &etiOlllSVied t:o h'¥th~ theintr,cr&.l time WAJiant from low to hlgh. A higher
:::' value of ftle tim,('! ~6tut means tnt the integra.1a.di<m ''I.?nwer. APJn. it is only

, I

applicable for t~ ad\u..:ed a.:odhaal1p toriuoUm. V

(:,

Ir,~~-coN-;"l'i.tON~--- --EoD EFFE~~~-

active,» I' Decrease.integral lowintegral
large.disturbsace
NEG cc- nIn~-:-1 IDE~:;;--'",
lowjntegr~.! I
fataLCa.ilme I \

~tiv(:.:GtaJ~{la.r~_..J , J
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()

• .tw, C»IlMtinas. E'Yft: mote slpiflQntly, t~ ~pervisory s)"1tmri1s ~pa.ble of
dealing .len "'1\«_ optt...;i~ waditloat'l ndt ... ovaL,,,,," and ~qllipm_tfail-
Ueil. ,~~w-krf(:1l»J1t~lel eanno& tWI!n t~ze IUd. C()ndi1.io~, let alone prevent
pu«mtiatty da.ngeroos sit1.ld,tious which ee.111d. thus lItise.

(}

c..

(\

I )

(/
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(\

115



\
!

The program used in the case study was written in the C language ueing Turbo C
compiler (ver. 2.0). i1t contains over 5300 lines of code [including header f.ie;) in
over 70 Iunctions and compiles to <>. 160Kbyte executable file.

( ,)
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TiUJ adie ........ utefl."btth8 ~ to ..r~~ the advanced Of ~p
~ft~l~~·~ ...·~.rl.~~k.a,.PW'c6utfCli. ~th;n. T!liI is done
~,~,~ ~pfJimt ... jelt ...~it.. efleeU or a Ai,lu!t',gai~ &ad .. fU~!,rl
• .; . . . ." . .. .' "Z,) u

'l\~'3I' ~~\

I)
To re'~ne the e&cts 0{ th!(ahove action! the integral tIme constant can be decreased,
This will result in the tt:'~~lont~ due to the integral t~ri1f bein&' faster.

; :.;':':<: /'. ~~-_-u • ,,, _ ; '.

~4'n,..
J ~ ~~;;;;.; ...{--:--_._,. \

. : ,.~~ .t 'l'u'n...off\.)Qerl\rati~~
~i()l1" j ..•., '. .,...1
~-- '''..-'''' --u .,--.;...----.....-,- ..,',
•.NH. ~"'tm'lQJh~l' J~. &'nC1'S:
~~~lGe···'·· . detivati~~iollt~.r:-~.t__ ... ~,

T~~)ac.tim;. ?lUi chance back w a. PI ~tluu~ If ..th~(! is no serious diaturbcmr.e
',\\ -"

itt tbe ~d~ It will d~~"'?~y 8et,hi.c '\he dt.'rivative t~ af tiif: ~va.nce4. of backup
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ChapterS
\

''\,

\\Conc.lusions
\',
\\'

\'\\;~
\\\ _..-\._

It has b~{ound, dUring this r();~J,~b,that thel~ is a. need for an effective supervi-
\:.. I,_," '> r(",:, . . U

wry control ~BtE1m for u~'"()1I~focesz'!''CC't,:~111 ~(Jp08~ihfY ~\lAIlYother applications.
It should fill t1.\ gap" ab~~!e tb''e-~xilitrng '~~'w-l~velautomatic ":(lntrollers, to provide
a «nere a.ut(>,.om\~s, better performing and sa.f~l' COl' cl systqn. There is ~ very
stron~ ;~rgutncnt t~~ (Sucha system should be .i:fttelligcu,L

Col

"L>\. -_
TMs dissertation 'has r~~wn how the~~~g~~~G<:ilr,;q1U~') deyelvpe,_; n Artificial
Int.el1ige~5~)ra.nhe used ~O',~ovide that i;fu~ligence. The design of a reactive planner
has beetf' descr: bed and a. clcsed-loop supervisory s)'SV'1D built sround the planner.
The supervisor has been imJil~\~ented in the C language and then evaluaten on an
actual laboratory plans, The tesit.!lav~ shown veri positive results and have/preyed

. ,\ I'

the developed theory in practice. '; ,
I}

'\\<

",'

\,
'C.\\
\.

~ I '\

\\, " 'J~' - ""~'I ';
Better quality of I\'ontroh:.an be achieved b~': ;s.ll~Y~sing th~ con: l·~tJ~·d:plant more
thoroughly and th~n devising more sophisticated c6n4'01 algorithms, on the basis of. ~
this analysis, HOWCVH, there is a limit as to how far tl;t~,can go. It it; theoretically
impossible tv as alyse a d; namic and unpre.dictailie syste'~<{~Il!~;h as mos: controlled

plants) to the\\lowest Jevel;~~I det,~h"'hOften.1 vety_UtUe is kt~~~'n about vhc plant
and th,ere are many real-weald caee" 'II ich do not.r~fd the:rnsel~~.to ma.t,w~atkaJ
analysis. \'. .. ~

c. \
~.
\;~

'\\
\
\:

8.1 AI in Control
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Case Study

It is a. common failing of most systems employing Af methods,
gfOt tested in real-world situations. Th(jllg~}h('y may be impressive under simuJ;;.t~~:,)
-sonditions, '::':;.eirreal performance is never prcperly evaluated. This ie probably the
main reason why many engineers approach Al-based systems with ~ high degree .)f
scepticism, The few systems th,.t 'have found their way to industry are typically
off-line end ad visory in nature.

Therefore, the development of an Afha.sed supervisory control system which coy)~d
1>12 interfaced With i\ real plant ~,ldoperate in real-time, on-line mod'? was, fr~i,(.{r.e
very outset , one of the main objectives of titus research. Tbis chapter wiH illui-l\'}I;J:> '
how the ideas developed earlier on, can be used to regulate and supervise an ex:istYT{g'"

~?'i"i .atcry pla.r,~i ({j
,I,

7.1 The Laborator(Y Pla~t
01
)1
!I

fh.-; plant n&ei! fO,f this eXJihtiment ran he found III any processing factory. It is

;-;.sirn ple, sir~6& t4.lik, level cout ,..,1 plant. v,f~.'hft,ta.;:.k of about !()'l\1.r'?s car-a city is
.,." '~\. \ '

supplied from and drained into J, singk (~\'~;:njl('rlv,,-ithi:wa.k, fhe sui.ply part

consists of a. constant-speed pump submerged HI the .'d.ter, j, ;:m~l\fda.tic ,il(l.phra.gt:u
I'

valve, a flowmeter and an iulpt pipe terminated a.\ zhe top of the tank. The drt'.ill
part of th~ c.ircv,a starts at .he bottom of the tank and includes ct. rnaL~aIlyoperated
valve and an ou~\ pipe going back to ~h(' sump, The tank is equipped with a level.

\. "

sensor. The plant is shown in Figure 7.1.

91
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This is .. p_i'Ve action which i~.used by t~.a supervisor to evaluate its own per/or-
n.anee ill th~!~ of al:w:ge disturbauc.e.

The ..controHer mwst alrNl.dy be &et. to bigh g:a.ir, l(p iU~(JgraFwith deri\'a.tiv~ on;
before ~b.is ,:Letiou ; <U1 be L .eeuted, It end, 3.3 $COn a"J .the pro;drcit,y zone II! entered,
f:~y,when the level comes to within. 10% of the setpcinx and keeps approaching It.

Whiln this action ~niils, the system ill close to it6 orer'i£ting point. A change in the
,~ control ~rj'hm can then ~ake lii~ to modify th~"\cha.rM:ter of the control &.~tion n

from rut ..tid decisive to smooth lUlc1 accurate,
;'t

Waiting fOI the system to read, it..proximity zone ma.f/take some time and therefore
this act.ion will not execute if there is 8.t\ lM~m condition. Raising lilt alarin hall
high&- priority and cannot afford to wait.

11\

()

I,'

lOt
()
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Chapter 8
Ii ::;

[i

'Conclusions
~\

RJ o

o

It has been found, dut~g this research, that there if;, a. need for an effc(~lve sllp'er".~r
.. \\

8011 control system for uSP in process cqntrol and possibly many other-applications,
It should fill 'th~ga.p abo- the. (,>..xi5ti~g ld~ ..l~vef automatic controllerscto J,tl)vidJ{
Co more a.uton(lm0·~:ilf bet' r perfor~ng aJ!_~ safer cbntroJ. 8Y5tenL

strong a;{gument tha.t such ;l' systW~ 8houL..;:.!u;~intelligent. '" .

There is ~'\'i'.ry

I~ .r-,

'.t.his dis,;t>r-ta'tion has shown how the pla..n~ilg .echaiques developed in Ar:':,ifid.:>J c
Intelligence can be used to provide tha,l; intt!.ll.igenl\:. The design of a .f~-¥tive planner
has boon described and ~ clcM~,1-il'~)pc~:~pervi8ory systl;!m b.liilt around the plauner.
The ~llp~Vi80r has been il'lt-··;;,(~n:ed in the C ia.nguag~ and then evaluated on a"~ I'

actual laboratory plant Thc4~t. l-ave shown Vf.3.!'y_.posihvt' results anti h~yepNved
:1' :, \'"

the developed theory in practice. C'.

8.1 AI in Control

,; .,_,
, \ , )
Better quality of control can b~ achieved B'y analysing the '·.1wntroUedplant more
thoroughly.snd then: devising more sophisticated control a!gnrittu~s, OD t'l.'-e basis M

<,) c. _. 1..3,)_' ._\

this analysis. However, there is a. limit as \'i; how fa.J;~:tt,i8can go. ;t is theor(:.tit,!iUly

II impossible to an;"yse a dynamic and a.npredk.tB-~f.ti,..'S;~lem (:;Y~~\.has lrio:::t'Cl)ntr~l1~d
\_- ',' \~ -,r~ .'-. I:

plants) to the lowest level of deta.i1.",0Ct,"!l,o very little i" kllt)wn a~;Gut Ih~ pfa.:tt"
and then> are manv real-world eases which do not.\tcnd ~'hem~.~.ive~ to m<\.t1,ernatiU\,r

"j '-;

analysis. Ii :»
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.Tne proposed aiternati v;is\o,give the ('Olltl(~ lIystem rt1m-c icte1iigence and freeU{)Ul
t·" act, without disca..-:ding the usefulness of lowerlevel control algorithms. 'T'!tia gi'Ve£

rise t9 the o:·{t.ept of intelligent supervisory control. The intelligent part supervises
I) ,,!\,: ,r ,

automatic controllers (unlike direc; ''),]-b<iSed control), although it can takp. over
direct control if necessary, Pl1.oning is chosen oW~!the other Al techniques [partie-
ula.rly rule-based expert 6ys-terns; beccuse of its dear separation between domain-
dependent knowle(l...ge base and general-purp(Jf'~ inference. It is also seen as the more

,ro Me Jo;)i f07 syndle.8lS (wh:..>reu most expe~ systems are analytical).

8.2
j' \)
v., hJ

'Approach to Planning
/:'

f
0' . I

An ~1sy to-follow version of know ....,Jge represent a.t I.oV. is proposed, in keeping with

.t!\· id(·a tf.at a supervisory system shonld not require ATspcd:Jists to understand
A ditThrenr..eidata. driven search .1; used (based on enhanced forward cha.;ning),

~ it il& more aprlic~ilJe to ctf!i'.tb'p taab Such a,t; planning, The most imi'srta.nt
f~tnre d the proposed planner is its reAc~ivity whicb albw3 its ir.teFfacing Wit!1 the

r,.J..wodd.
I'

TWQ charaCteristics which th~ proposed ph.lUi..:t J<)<!oi not have, but which are ton-

&i&~redvery nseful, are hkrarchicaJ. pla:llni~"; ~..n'tiIf!a.rninf, 3.hmt~\: Wh~ll pe"pl~'
p1~\. tlJlsocia.tilre memory ensures t.ha.t only th~;~plirabl~ acti6n.s (a "ery ilm3Jjs~t)"
iet of all possible ac'!;~on&)a.r~ considered .• )u,~, ,)f these, the acticihs h~;o)vi(i.' I

imuch detail are not considered until it ip;ter stag€, Learnmg ;mpli~ iI contrnucus
improvement in performa.nce, also ('t~a.nctetistic of ~i"tna.mi.

8.3 Software Irnpleraantafiou

The entire system, including tht.1 Al part, was implemented in the C lang'la.ge, This
approach has shown a. di..advantage: C is not an (\1 language (the best known AI,
languqe is Lisp) and ther~fo~e r. e extra effort was involved ll. creating a library
of str:ng handHng !otidnes fi'<",..J.ed for pattern marching). On the other hand, C is
a. powerful and fast langue: ':,.)1 allcws E!.¥y in~~acin,: with hardware modules,
and is often used for rpal time applications. It is for t~,se fi:<1SOUS that C was chosen,

~=~'''' ( ..
Consequently, the ·y/nol., system, including dig~lltr(lncrs! AID card drivers and-

/1 ;-..,
~h~ scheduler, {oUld be implemented in one language. Although non-preemptive

/'
f
Il
./
'/

,,/

if

1-/

()

\1

'.'
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~th&hding WM fill£~ftilly \lied, jI; hU'}~1f founrl. _t~. pl'Mm'Ptlve ached'll.V:!
W~ld,i ge~TIr.ny be m~~l :suitab~. VHJ~"Cly;_::;:;W\&J~l pn~\~ .J1®..ld '>e aimed

~'~ .1. .,'

~,~. ''-, ",'

The resulting Inultituking $y$~tJl M,e plO\'et ~f' ,~c1"3;':" tno~ for re&l~~. ~
e~UQmi,~,t'~uiremeat ;w)p.cll is ~n the rn?h atti~fuhjj~gblock for Al-hMtd .y.temlf
used in on-Hne control. Tb. ritcieney of thlfl syat'J!a is uitderlWtd by the fad t!t_:;.:;.~ongf&::::;:r~~~_
p~).d ••'_ •••~~~.· TheM!ai'e.~ ~~4d.,~~...
tea ttmes ., fMt and I'I'1ON ., .. ve' worh ............... ; . . . .. ". /::!.;\.

8.4, Experitn.t'ntal ~ult.
£_' ,

\'

8.5 Futare Scenarios
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Ap.pendix A
II

II

~:~rr~~Ji_~'fUea ~iq.t~ tnnst im.potWat g!ch1Lldata. in tbe'form of
1!M\~ ~r.knal*'~.na.hl""

/.1 "

4"CJ'''}t~A c.fUlitt_. d Cl.b&l 4.\to .. u4 .. ~. .'t~WAII Gull 'by n_
.. QtI'I ..... ~;'

~ ...~, ... ~~.__.__ .. _,~)_<._,Ao_ 0: ,,'191»&1 '~~.~"'" .. ...._--.. ..... ._-.-._ ....... __.,
to.tiA. 01 1
fia!u. Oft' 0
t4.'lbt. nUl 1
".tu. ,4l3I9""til. l.GW t
Ne1i'n.a u,a 2

1.1 ~/i

'*___•__ ..._~_., C02l..tl.lIt. u. ill ~a.t•• true'lnr •• deUkitiona ~,.. _
*/ ,; ., "

~\ {Metia. STACOI" 20 / .. ~ no 0'1. i.t ... atorttCt 011. .tack "I

,\
\1
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N.fille LCTTD.,) 22
tJdd ille T'EUS 12
N.fiae In.OP~ATOM 12

I. au no ot letten in dlu: .trine tI;
/. aax(~~ of proPQeitioas in .~at••• ,
(* Hi lie of ~ib2it1uperato1."ll *,

, /

/* I!U no"of .t;.,t$ tf1T.1U en '~~:t'9d. oJ tbtl ua,'~ -/
/* .ttua .. eel t~ ..0.' .t~t.. (dluact_ 'CU) ./

!
I
I
1

lU.fin. USEl'L_'iIUs 10
td.-ttu. 81) '0\( I

"I- I"

__ ..._~ • ._ GloJal de" 4t,tnctt!Z' ••.• £.- ...Q__t
*1

(/

\1
'\\\

Uti ani.. ; /- t .,
lat ph; ,1* 2 _; t::,i C

ila1i iat.,nl; r/* s .//''Su.t a__bau".:
cs

/. 4. ."
ilat 1V11b ...·i.~..t.: I· s -/
'tot; ••• ,~loul. I- e ./

" r

a~/....fll"._fail ... ; I. 1 ./
ia~ :ttyuee4...hUvo. IlltD 8 */
b.t" ,"-cbp_;f ..Uun; ;. 9 -, IIi:o.t. ala%Jl..,CH4iU,a.j /. 10 ../
iJt~ '.U9I' ..ta.Uur. : /- t.! */
:!.at tatal...failV. ; Iii 12 ./

"' ct._'" _lJ1;a.~.; /. 13 ./
iIlil ,,"oziaitJ': ,Jrtl "'... *'i;

n.\

I
1\

.tnc~ ai: iaa~..Q.t& a~.."... cf ••plat ..
{ O. Ltm, liCl, LOV, 0, 0, .0.. 0, 'l, O. 0, 0 O. I) };;.

1. 2. 3, 4. i, '. 1. 8, t, 10, 11. 12, 1~. 1",
/i

s.t:nctoxeC:.".h ...of_plut ot type 8"uolie_4ata 4.till.tI41 a.bQ\I'8itt
....sM to D.tu:n the qU4.l.itath. lmoJfl.qa about th plut ~ th.
¢OIltnUoOrli. fib bovl*". :I.. UloJ~ fa th plaaawl p""O~~\~;f.

u '.1

.tru~t numeric_data
f

tnt ut~ ')ut;
(1ol1b~,\h.,.:L.
Goubl\v tlC'lfl'ata:
doublotlnol_".rivaU".;
doubl41 c:olltrollel'_output;
4o~bl. la.t_eampl._tia.;

};
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~•I
f
~

I
i,
I r;

I
~

~
~
~..
"I
i,
fi,:
ff
~,

i
~
~,;,_
!i';'~
~-

It.\

I,

0,

o
( 0, 0.0, D.O~ 0.0. 0.0, 0.0 );

/.
S'tnctU.)PlaU_.~~"\lQ of t,po aa.ric_ut¥l >i.fM:.~ a.btllt• i.•....•u_ 'to ~tI (~ ""\_dcal. (~~lt"i"" 1U~:aA'ien,:,~ 'Q..
plO.t e:a4 ~ll~('o.~rOl .7.ua. '

I, \\ '

o

~ p3.U!.;.;.tl."f:
un: JlOtlit ..... ~~ o

~t: t,AIt_r_ ...f~;;
lilt a__"·it~_n...a;
Uti • .., ..dAt .....naa. ?

u, •• _~~u.t.-_fl~:
}:

/.
3tnc\vt\ 'tUJt..,tl. ~f _~
nC'.oaf1p:d.l'CMi.i,,,. tub ia

-/
c>

Stnc:tU1."4!Iplu.ataek of t)'p •• MXc:~CP9-ce_aQ4..... tined ~o·T. U c)

uf14 dubg til. pllUUlinJ prou .. tc .tore ttl. iDtened:.a.t •• tl\~.'
and at til. eM of plauias it contains the solUtioll plll.1L

o

o
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/* nIJ
" •• ••_ COlli.l1:lUltl used in r.ontrol . _

*/

'.'...~ - .. OtUr eout .... _.. .._~ _
e=, '--"',In ''.1 ',' \,\ ,

, ~ .~PltUao $
" ~ 1

"~OJO.(15
":';~;-,:,,,<'~~/,'~:/' z; ,>

,J;'tI',·, ".
;..:.;, ..............~ 1&.«' '1_ -t:.te taU iA.4IrlU5 ... ,"J:}l~". • _.,

i

i

H.'til'O SnIDllM ~COnIOL 1".tb. UVllCID.~L 1
".:firle, DCKUP_conaoL 3

N.U~I cST.dDAJ;''_'~Al'l 2
M4t1iae STalDl.IO_llTiGUL ·300
"'1.u 1't"'...)Dlnn"V1li -;0

;) _ria, ~1"'''tt.UI') 1
~tM ...... 11 I

)"~~'."~ ltlOtht~*'~ ~"lICItL 2CiO
~~ ..n'fI 0

',~. ,,~ITtf& f.

~_ fa't....." 0

.ubo,)y........* )'2
___ ,~g;t4f,\jJf,t

,""la.. T.mU1ta t
~1a,. ~Slle S
,~dta. !t<:<1tI.Sla ,,'
HtUb sntI.lL....SItI 3

"\\,
__ ~u 11X'l'_ ::lIA~Vl.11S a
H.tf1la. , 'lUt_:'Ul_ ~t_ til
U.Un. ,I U'1l._cUJ.~vwn 8
Ikldi;l.. .t.l.RL.ClU ...IEXGIT, 10
N.fu. SUULClU*.VI9tll·'.
Mwtu. IeilJLClU_DllliT I

#defille 'l'ElT _COLQU!l VlIfr
Ifdetu~ nIT_IIG aLACK
#defiat GUPE_COLtlW WBlTI
.d.11a. :;UPB_IIQ auCK
Jdotbe PLO'U_COLOtm VHITE
Iddi'l8 PL0T2_cowua LICB'l1tlGUrA

))
( ,

1* or 5 */
it: l)r 100 ./
1-* or Ii 4/
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(I 0

H.:fil'le Pio'rJ ...COLOt1J. :lJlIn
*4_U.J'4. SPICUL_COwua BUCK
Nodi... UlOll_cotGUl. VlI1'1

1hl.t~_"i~, 0
MQt:UUl "j 138
U~~ 1.1 2f0
Hetbul It: 414-
".tho Xli asl

o IN.-fiu n (I

HfYtiM n 1oJ>1
u.l;·ia. 1'1' 141
Hen .. '4*

./

N.11&. tii!i:.\J»Il_" It
M4af:lM 0" ..11_' ~3G
t4.tt't;(If "0_1 M
NG1iJ1. WPI2,_ 't ~i3
Idefu. QUP!3_1 M
~.:~" ttUPl8..1_I.,_J

if

II

\\
~:-'

/. ~
__........._ ...........~ .,U"i..a.bl.,d$1uitiollc,* hd.tialint iOll _•• , _-,
tat .ta~to, a 0;
:..at ... ¥t_a.e~1_ .' 1;
bt ~cou~u ,'" 1;
Ult .~" ..t;ou:h .. ,s 0;

,. ud to .ttl%'. ~'TINl~ .~eet ..is. .,
,. acHe.toa •• n act;h.&lto )M' .hCv.t_ -,

Ir \1
/- COU:U t..,tal 1\.0 ,,:l 'tuU\leJ:.antlll..l -/
/., CO'lIlt. to1:.1 111.0 of. aupl.. ta1m 0 rt-I

A..2 Plan-daf.c

\\

d•• ~lpt:Lol)): Ddinition 01 pro})l. iNiepesu1E1llt da~a and. d~tll
strUcture. u~~t enly by t.~plaaaer.

Ii- .....--..,----- ..,-----~--..~----.-------.....,--....----------- ..-------- ...~---.-....----_....- ....-
\'1

I'" tint char of hip priority '0al t-.nall
I~ ~AZ size of r.cor4 for traeia, •.are~

---_ ....."'..._--_._---- ......_-"':':;-----" Data structures ....- -- -....-----.,..-.'-_..-------""'I.~..,'-_._
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!.!

struc:t. operator
{

char ~.. o(LE'rTEPsJ ; .~.,
/ )

'dtar poa_condition[TtWtS][LETTS'S);,j
:; cJI.u' .. ,_conJiit:i.oll('l'ElU(S] {LE'tTEASJ ;
Ghar -'d~8ff.et(TElRS](LETTEaSJ;
c.hu ".l_..tf.~trTDISJ (UTTll$];

c,

;*
~fia .. atnet.v. tYPf<opar.tor u.. d ~at.r in thfl declaration
01 the 9pc&tor_d.t1tait~lOllll. ~. operator b'!rlt- .t:t'1U;tur •••

../

.tru,~t .utI')'
{

clUu: vpuate.: ...DUe ().BTTElSl ;
iIlt op«ato7: .r~1;ia,g;

};

'I

Stnctll.n rKori of .;:,.,. _try def:i.;.l.d abou eu t:;. ~Uoul.11 u-
n /"

. fer trIKuI t)1. ..arca, ,p~4tdur •.f b1 .tod... dilWUJ' Ii.a&].eatop 01
'eA. :~.ueh (iDc:ludilll bac:ktntl:u,).

-o

tat ••e~D4~_fla! ..OfF;
at currut_bot1:¢a .. 1:
int r"eord._top := 0:

/ .. ue,) 'I) cl2.u.&. taft., WIOCii.i!' .,ot .Mr~ */
/. Ulled ,.onlytor lIIUl'tir1. seal aiui ... /
/- .to:t'.~ curr_~ aia:t.I r~~cord */

A.S Pl..co-df,c " I.".l

o

/. ,/ <,

o ~ I \ '.---.------------ ..... ---~..------""'._---~..-------------,_--.-----,------~. ,---------- .

Pt.-CO-:l>F.C
'j

d••eriptiou: ~.finition of op.rator~ &ad oth.r "&t& ap.cifi~ to th~
~I cClt!.tl'Ql pZ'obl_ (cas," .'tudy). =

-------.J,-." -------.~- ...-.----,----------- ..- ---,-------------,- ---- --- -- - -----
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()

tf<idine OPJtU!OlS ~
#4eft~. MI~ 3

/* .ax no of operators tox ~h. pT?bl... /
'." ain no of chan n.eded for aatdling .;

JlUUC:t. o~;U.tt ..r cpcra.tor_d.fUitionfOPBUTl)!\S] '"
{

I
I
I
!

\ '-'1

{ "'etha"'._staada.rd_PI".
{ "sa.tp;.int "oU", "0" }.
{"actiY;~ • "fa.tu_fllilv .... "&lIll'1ll~c:cm4it\fon". "0" J,
{ "KtiT._ ..taacl\U'Cl" " "atudu-d_CODtrol" , "le.el_I0al"~. "0" }.
0( .... et;b._ ..... -cN··;. ··&~tty._bacillp". ,.supe:..... ia0rJ_(';o.<:xol ",

\\•..l ... 4Il._pr ..... ~ "O"}
I
I

..
LLf.
{ ·~i.etiva.t~..a.Q.&llc:ed".

{ " ... tpo:iJlt.,&CJ&l':.. "O~I }. ,.~;~
{ "~"aAeli4_fllill1n·i. "a.et;:;t-l_lIrtf. "fat"J._iaUve".
{ ..a<;ti••.. a4.,uG..... "~up.n'i"oTJ_eoatrol". "0" },
{ "acuye_btl1:hp". "O"}

}. ~
{ ··Ac:tiY.t._backup.... .~III I'

{ ;..e"tpoi1\t ....~al... .... ?ftll~.~_fllilur.... "0" }.
{ "~~1.Jlu.". ...c:ti.,i._ .... , ·-"flttal_t"ilur.". "0" }.
{ ....ctb'lt ..bu..,... ·'.~':~.\)rl':'C:QAt:rol". '0" }. D

{ "actl'J._...t'fUC_". "oft}
), ,"
( "s.t ..a~1at _a~-I0ral" •

{ '·0" }.
'( ".etpoiJtt~al N. "tattl_failus". "0" }.
{ "{l~l.n'_f.Oll". "0" }.
{ .... tlpo".t..JIr..... "O"}

}. .' ""-( t' t•..•,~_y_.t.t')...
{ .t,.:tat ...cu... ·'utb ....*". \"I!iOJl'\1:.·dAl". "0"}.
{ Jt]. .. ~~ It. "hip..&m", .ti_,._4i.tvbuc.... "te.'tral ..failllt'''''.
"~~1ticm". "lc,,':":l.atep-al". "d.l'iv ..t:i"._act.io."" "0" }.

( "l...tIl,-&~", "0" }. n

{ "l.".l_F-" ..... uy·._failu .... "o"~l\)til... "O"}

>.\

}.
1.1 { I<lIoattor" •

{

<:
1:
{

.... t~:ill1i-li(la1 ... "llcti"6_ .... "O"',,}. I, \'
~ait.o't:cr". "'ft\tal_fw.'ilIlT6'·. "actiu_ltuclard".
"_on1to'd.!IC". "'0" }.
"0" }

"0" },

(\ ),

{ ..Incr •••• _g*ia"'.
{ "actil'._I',H. "la.;"e_ctiltu'l:bu.e.", "0" }.
{ ~ip_pin". "flf.tal_failue". "aetiv6_.til7l<l.a.:>d'·. "o"}.
{ "hi&I&_Iaa". "0" }.
c "0" }

}.

12,)
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\l.,
"ac"._:J._atandara.·'

((

},
{ "lner .... _Ultagral". \)

{ "aeti",,_.", "lo._i:nt_sra:t ... "0" }.
{ "lU,._dbtllYb1'. efl·'. "fll.t";'_fai:tvio;·;,,
{ "ou"} \ ", "

{ "lov_ut:.p'el". "0" }
)i

"ltctiv~_.tandard". "0" }.

"0" }.
"<leti.,._.taada.'!'4·1.~"o-n },

}.
{ "TunI~en_d.~i"e.ti".".
tc' ·'&cti.,._ .... "large_diattl:i:-'tanc "0" }.
{ ··deri.,..th'._<lGtio~~ '."..fatal_f ilu.". "acti"e_standud".
{ "dertlPativl!)_action".~ "0" },
{ "0" }

l:i),__\
'-':).;)

~~;.

{ "lteti"._.... "C1.eri"atiY4\i._lletio'll". "0" }.
<'. "lu,._disturbociI". "fll'tal_fiJI.ilu." , ".cti~4ii_.tandAt'Ci.".
{ "0" },

~ {r:~eri\I,..tin_llC;:->Ol1", "0" J
.",

},
{ <4T;u-Sl_oft_li.rit' ...ti"....

lion },

{ "W&it_for ..pro.xillity".
{ ·••• tpout-S0al .., "acti"e_ .... '''a::''gh_Iaill'',i "lu!S._di.tnrDlUlc.".
··Ilor.itoriq". "d4l;;:.i."tiva_act ion". "10"_intesral". "0" },

{ "fatal_failure'·. "&l,ara..eondit.ion", "0" }, '.
{ "0" },
{ "lirg._disturbar.co" r "oveTlo~". u,,&lV~_ta.ilure". "0" }

},
{ "!OtWd_alU1l".

{ "&lUll_condition".
{ ;'0" },
{ "0" }.
{ "&larll_condition", "0" }

},
{ "S•• r,.nc1_lthutdo1Q",

{ "tlltu_1a:l.lm;3,i. "0" }. ,
{ '''pi~..llt_d.own''. "a:ul.nl_~ondit~ ')n". "activ._.tandard", "()" },
{ "plant_d!)w". "c" }, vr

{ ....cth._"" ... 1i.tpOint_ ..·•• "high_aain". ·'lnlJ_intcagral·;,.
"dsrivati'le_llction". "lug._.dis"uC'"",)nce". "sU~.:-vis?i! _control";'
"0" }

I)

}.
{ "0"
}
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1.)1 "
, 1Struc:ture o~r~tor_d.fi.nition c~1 type 'lr:uator 1& U8~ to dafih.

ab.tl"act reprotuntatiOll. O't tt.e Aetion. thU t10 .up~nis":r can take.
Th•• ' op.ratoru are ihitibliz6d IXi.d1:.8Ied in' the pla~ing procelu.

~~nct open.tor opua.tol>_wthr(OP£l1TOas);

/.
p . .)"

Stnc:tur. or-eratol!:'_buff.r of typ~ .~per.tor ia It.. d to' store an
initialized copy O'f the, above ppuaton.

'I

'II
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Appendix: B

o

Supervisory tasks and actions

<~ ;;:'.~."
This appendix COIJ.,~'~/'~\' the source rode for the supervlsovy tub. and actions, as
well ail; the lower l;~:; '~~tdion8 used III their implementation .

._/;'"_"..,",, 'r',: t,

f'" "
q 0

a.i Sup-acta.e'

~.......---,------ ...-- ...--_ ...--~~.~:.~~~;-...--_ ......-.--_..-.~-----....-----~~-,.............. ---..-,_--- -_._--, .-- ._--
::)St;P-1CTS,C

(.';. .1

d"crlptio~; Sup,~ni.o~':l tub &ue. actions COFflJiponding to "'_ch
ope:t'ator Uti t10fiud in tt.ili 1:i.~;a\ (e:r.cep': th.• pla.ru:.ing

.: tult). c,

;tt;itt;.~by: ~. lIorpa.lA - 3/91~"J' . (1:, _ , I ,,_';I

....._._ ,_..2:;':'_~J~:L...~}.,...'-~'1--1\·:t.--:.------- .._.-,;...------------------- ..,.------""-'-------- ...-- "'.::......- -
:t/ "

#indude <bioll.h>
'include <uU.,h> '\
hllGlude <stdlib.h>
'include <proc8 ...h> (>

hnclua. ".up-ita..:. c"
#include ".llp-tell •. c"
hnclude ".u~-'i<!ac.c"

, "
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I~1

"oid ;.nC:rlill!a~ <g,";rm(v~{~i)
;*

rhill acti'lJ1 lncrU.u t.ho: gain ot the currently activO!
controlhr U'! \ll~dl'.ti.ilgt'ns sh~!:'edIItate_of_pla.ut, .tntctu.:n.

*/ Q
{

,[or (;;)
{

c)

~osp4T._~.raa(pl.n_3tack(n.xt_acticnJ.operator_n~ ••
hlncreue_gaiD") ::= nUE tj;

tJi'_up('Incnau._3ain") =" FUSE)
{

.t':iU_of ...rltnt.gain " HIGH;
Jlext_llc:tJiu\1++;
.holt_."n:t,.,;~::~iOAO;

} (:.)

yi.IdO;

o

}
(I

void decre~u_gain(lro~~,!\.
/. ,'/

This actioll dE'creaj\na the gain of the c-arrently act iYe
controller by Itpciatj,ng the $ha.re:d .tltl,te_oi_plant Iltx'ucture ..

",/
{

for (;;)
{

it ( r-,Olllpa:r8_tenu (plan ..ltAck [next ~actionJ . operator _M.aU •
"D4U::CU.•• _,gllin") :: TliU£ ll:

ti••..up( ..D.cr~a3e_gllin ..) =~ FALSE)

/)

{
state_of_plant.g&in = LOW;
nu:t"a.ctioni:+ ;

'C" ahOV_ilut_aetionO;
}
yi61dO;

}
} \~),

1'Old illcr" ... e_integral (Yoid)
;,..

This acti':-n inenuulluf' the integral ter .. of the curxently active
con~;rolle:l: b\f tlpdatlng the ahar.,j sta1:&..c!..plant stncture ..'r

{

, r

for (;r7
{
if ( COIllPUft_tex... (plan_staclt [nllxt_actiQJl.] .operatot_llUl6,
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"Ir.c:r0a!$~ .. intQgrlll") "'., TRUE &:1
tiJae_up("Incr@3.$e_in1;egra,l") ::I:: FALSI.": }

{
atate_, ..,._.plant intf'grl11 '" HlGlI;
n<)xt_llct ion+ f..;
aho\'.,ncu:t_aetionO.

}-
yiGld{);

}
}

~oid d.cr.a.~_integral{vOid)
'.

,1118actiou de,;:nlaa .. the integral tUlI\ ot the currently act iva
coutroller by ''upda.ti''l,~thIJ .hared .tate_oLplant structllire.

tor (;;)
{

it ( ::ollllt',U"e,'!:ana (plan_stacle (nj!lxt_llct ion] .ope:rat,or ..nu4!I ,
"D.croll.lle..intf!g:al") == TRUE a:a

tiK~Ullp("D!lcru,u_intagnl") ;:::::FALSE)
{

s't;.t~_ cf _plan t ,in t .gral '" LOll;
l1oxt""action++;
~hov_u.xt_actlon();

}
yicild() i

}
}

\~.h'_1..)

vej:! t!lI'Il_ on_di~i V:1t ive(void)
">/J" ':,

T.hh action turnll 011 tu d6riv&tiva tenl 01 th. cllxrently <},ctive
controller. by )'pdat.ing the ifh!U'~ \'!'ta1~!_of_plMt at ruct ure

)

{
for (;;)
{
it ( cOiApue_t4~~(pln:l_tI!;ack[nut_a.cti()nJ ,cptrcator_nalll"ll,

"Turn_:m_t! niv<t,ti'lle") "'= TRUE itt
tiJDe.upC'T:trn_on_dn:'vllth'.") =" FlLS~ )

3tata ..ot_plant.(.e:<il1!1tivtl '" l:IHlH;
u e r t ,act aons+:
SMn_nut ..tlctio11.0;

}
yif!\\dO;

}

'}
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o

YOii1 tunl_0f.t_deriYat::. '1('.( 1I0id,)
/... ! ,\ ii

This action tu.rn. ett th. dtlJ."l.l1Atjvete:ra 01 the currently a.ctive
f:ontroller ol' upda'/;ing thtl ~ha.red it ate_ot_plant At:nlct'lr",

*/
{

tor (;:)
{

if ( COilp&..t._t.ra'l(plan_.tack(ne:lt_a~\;io!!] .operator_uaa8.
"~_oft_dn·in.tivtJ") == 'l1lUE t:t

ti&._up( ..Twrn_cf1_duiv:...t:iv .... ) "'" FALSE )
{

, I
\ I

ata.t._of _plaM;. d81.'i vat;. 'Ie II UlW;
n4xt_action+";
sbo._r.n.t_a.c,tionO;

£
yillld{) ;

}
}

void wait_for _proxillity{vc'.i:d)
/* '

Tili. l\ct:, on vai t.a un,;11 the l,\onitoring action s:ignall that;
th! In.1,. i. now .uft iei.nUy cicIO! to tho IHitpoint.

r
'\.

for (;;)
{

it ( campu'._telu(plw_atllc nlltxt_actionl .opol:ator_~aJlUI.
"Wai:t;_fo:r_proxiaity") ~= TAUt; a:~

t:U..e~\1:)("We.i't_fox_prod.it1") ::;= FALSE Ita
t.l:.k~fla'l •. ne.,_dia.gllOllia_flll.g == OJ )

{ /\ -
it ( ,tate':<'>'f_plant. p:roxit, tl' "'= TRUE
{

.o~nd(100);
ahep{\);
no 'I,,,wd 0 ;
nel:tt_a<:tion++;
.h~v_nnt_&.otioti.( I;

}
}
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I

diaplay_tt6ady_statti(};
.oun~(!OO); ,
d..p(l) ;

no. Q'JJl,n -' :
next_action++;
sho"_n.xt_~ction{);

veio. vlli~_!;:)r _.teady ..atate( void)
;-

TIli. a<:tion lIait3 Ulltil t~e lIonitoting a~ticn signals that
the 1.".1 is Il,Q!f :at th .... tpolnt pd not:itioe 1;bfJu"ar.

{
tOl" (;;)

{
it { ;:;~pa:r._ ':er1'J (plan_stack [I'i*~t_al!t ion) . oper<.l.tor _:J.aIIll!l.

"Va.it_.for_!Jt.M1~.ta.t.") == TRUEtot
tia,,_up("Vait_for_steas;\y_atah';) == FALSE tt
tu); ..:tlaga. nu_dia.gnoah_fl&g .:; 01 )

{
if ( atactl._of_plant.ateady_!!ute ..'" TRUE
{

}
tu)t._:tlags .nn ..d ugv.otd.a._t1a.g OfF;

}
)ieldO;

I
1
I
I
I

}
}

v(lid lIound_dl1nl(voidl
/.

Thh 'action acunda l'llarm snd dbpl>1JiIi 3.0 alar •• co9Iul.ge in resp<>!l8e
to the signa::' froM tn.•• (i ...~t(lring ..chon.

:tor (;;)
{
it ( ccltpara .. tClI'lUI (plan_2tac:k{llE:lxt_act 1,).' j .operator _nallle,

';,sound_al&n!"} ::;; TIWE it
time_up( "So1U.d_aluJIl") ,..", FlLSE ) Ii

{

display _daY.1ll ...MeIlS"lg~() ;
aound(440);
nleep(l) ;
nosou.udO;
nftxt_.actiol1.{ +:
shov_.l'.ext_act ionf ) ;

}
yiCllu 0,

}

}

,
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voi.d tlllergenCY_8:,.'r-..:1own( ~oj_d)
/.

Thb &ctiun ca:118t11!a gn.ce!u.l shutdown ot the ayat611l.. it huts the
valye by taking uver the physical co~trol Qf th. plant ~d it
disables Goat other &-:tione (UGl!lpt writ.),

*/
{

for (;;)
c
it { <:OIIpUt'. teX1U (plan_.tack [nut_action] ..open.tor_Due.

"ElurgsncY_Ahutdown") :;:= TltUX )
{

plant_va.r~ablll•. contro:Uer_o"tput = 0.0;
di.8play _shutdnlfll_ •• uaS.O ;
n&xt_ ..cti/)n '" atll.CK_"tOP;
tltato_oCplant. act)..«a ;:: 0;
1; ... k_n~ a .nn_vrJ 1!_1'la~ ,. 0.;

}
yi.ldO;

}

void .. t_~.tl>"Oi1\t(void)
/.

I'../
{

Thie -!l( '!;lou .~t~ th~ IH.t;polnt in t'.!.'! plut_va.riablu ctrucl;u.r.
tor :Nrtb .•r un 1:1,' th. corrt ro I tuke ..

,

char butter!1 (20] ;
Char buffer2(~Ol;
chu atrint(S];
int ...tpoint;
void copy ..tull_endO;

tor (;;)
{

if ( cOlllpulII_terll.s(plan_5tadt(nut_,,-ct,i,.on} ,operator_.nallllll,
"Set •.•hltpoint ..") ::-;::TRUE It"

tillle_up("S",t_utpoint") ;0:-: FlI.SE )
{

)

copy_tul.'Il_end(butfer1 ,pllUl_lItack(nut_8ct:ion) ,operatox_name);
cOPJ_tcu:A\_ond(bu:tfn2. bu1:fer1); ,
copy_terll._end(atr.ing,bdfer2) ;
16tpcil,t :: atoi{.tring);
pllll!t_.va.:dJbl ••.• 6tpoint :::aetpoint;
nClJ:t_&t.:tlon.+;
8holl._next_l!cv~qr.();

.J
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'.\

yitli.d() ;
}

vo id activat._8tlll1lda.r.i_PI (void) ';
/. 1/

nilS actt.(,n ",itch .. on and then p.rtot'1ll1 pUi~1C.ny the j'ixed
PI contr?l u&ori thla. 11,1.thr •• control actions lJud laere are
baud on the aUl. iller.ental dillcntol! PIO algorit.)1Ia.

double ••~.ar4d = 0 0;
doub]••• tpoint = 0.0;
C ,.. ;arrcJ" ::; 0,0;
-;;, ~e :tnf",er~_.rror
d'~uble filtend_di:fterencG
doubl& previO\ll1_tilt_dlft
dC!'lbl$ outpw.;
doubl. prnit'ua_:lUtput

.~

= 0, o·,
." 0.0;
'" 0.0; r-;

'" 0.0;

'" 0.0;

'at.tic doubl'" lAX_output
antic d(ml18 ain_o'1"'.put
static dO'J.bletilter_constant

.;;9.;9;
'~!'.0;

0.3:

double' contruller_i!aill :::
'Itntic doubl .. integra1_t4ra "
sU.tic doubltl derin.tiv~_te:r;fil "<

STUD1RD_(.JAII ;
STAI'CU.D _,IIfTF.GRiL ;
Si'ID!RD~DF.RIVATIVF.;

it ( ( s;.aU_of_plant .active "'''' SUliDARD_.COlTliCL. II
Goapare_ t 9nl (pb.n_lIta".lt (next_act ion1 op~r3. \:;01'.,Dame•

"Act;ivat",_"tandard_PI") =: TRUE) .tl
( t.a.II.It._:tl!.gs, n'u_:nad, Hag =::: 011) )

{
H ( cOlllpa.:re_tenul (plll1I_8 tack (next_act ion 1 ,operator ..n!\lllII ,

"Activll!~ anda.rd_PI"):~ TRUE)
{

:!ltlth_ot_p1.cmt. active ,. STiIlOARt_CmrrROL;
lHllit_action+ ~;
ahov_llO\xt.a.cticn(j;

}

~.as~red = plant_v~TiabJe9.1ev&li
••tpolnt ~ plant_variabio •.aetpoint /
.rror· '" setpolnt .. lDeasured j

i':Utllrfid_,diffe:rflnce :: filtAt' _constcult

1.0;

-,

• (erro!: - fU:terad_errol);
i'iltl!:ct!ld,.el:l'or " hltHed .......xoT + filt.re~l_."i:ft.rence;

i \

\ '.
\. I

output:: prniOU8_olltpu,: ;; controll4l,r_ga.in ,. { hltered_,difl'tl::ence
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· I
+ ( SAMPLIlf(LPERlOO / iuteg:U.1_t6I'18 ) • fl.ltered_,el"!."o: ~
( d.:!"ivatin_t)~w I SAMPUlfG_PEUOD ) •
( filtered_dit:ferenc8 - ;;uvious,.tilt_ditt ) );

pr.viollS.,output '" c:u:tput;
it ( output > au_output output '" rAU_outpu~;.1,. it ( output < ain_~utput) output = a1n_output;
pnviou._filt_c.\i~t :: tiltered_difterence;

c

pllL11ii_variable.. cOJltr,!)J.ler_output = cut put.:

taak_flags,n«v_read_11ag '" OFF;
tult_fbga .l!l8w_"Hh_flaS nOli;

}
tie14(}.;

}
}

'.;_/"-~'-;\
, \
I .:
'-._, (;c

void .ctii~t._~dvane.d(YQid)
I'"

Thi~ ~ctio» ,witches on and then p.11orma p*r~odically th. advanced
cQntr~l algorithll.

\\

double .... U%~d:: 0.0;
d(',ut_;"e lI&tpoixt~ -::0.0;
doubie flX':cor .' o ,0';
d"ub; II tiltered_en'ol'
douc) J 1Utned_diffll"UDC.
~{'ublf')pr~viQll3_tilt,.d: tf
do\',ble <sutpu. ~ "
double pr."io::s ..output

'" 0.0;
:;O~O;
., 0.0;
:: 0.0;
::. 0.0;

Ii
StU-tie double WlX_"Iutput '" £1.99;
.tuic double ain_CH\tput "" /).0;
Ital;:!.c doublft fil'l':«1 ,.(,;CD.3".:a.nt .; C. 3;

double ccntroller_gRin ~
Itatic d0uble inte8r3.1_te~ ~
!it.tic double d0rl'ilati'le_t.tlI1Il'"

I.GW_.GUI;
aICB_aT~GUL;
SMALL_DeRIVATIVE;

tor (;;)
f,

:d ( ( Btlih_ot"plant actin == Ai)VlICED_COiTROI. II
ceepar fl_t en. (lllan_sta-::k [n.xt_l'.ct iou:; .opnat.:'T. _:nUl.,

"A<.:tiU.tt'I_aclV!l:"csd") :::= TRUE) ~t
task_!laga.nev_read_tlag =: 01 ) )

{
it { cOIlpar.e_tentlfl {pla.n_3t:'.ldtf .next_Ilction;:;..rpuuor _,I',8Jll.,
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".ctiYl.te_a.dynnced'" =:; TRUE )
{

Itlltt'':_QLplu.t .acti .... ., ADVUCED_COIfJ'RCt;
nex,\;_action.++;
.how .n.xt_tt.ctiol'l0 ;

}

{i

'\
'0
\\

cl.lntrollu-Iain '"LOICGAII;
if ( preYiCl"_.output :> aax._output )

pr"ion6_~~tput = aa%_output;
it ( ~."i~U1_0UtPftt< MiA_output )

p:ut'io .. _cutput .. aill_ontput;

it ( state ..of_plant .glli» ,.,,. LOWU: cOlltreller_8&in e- : BIGICGAIII )
{

}
.1•• if ( .tate_of_plant.gain 3= BIG! **

controller ..I.in :.,,"LOW_GUr )
controll~:.'4in ~ HIGH_Gill;

14 \ IIt&t8_of_plut.integral ..'"LOVat
int~&l_t.r. :u DIGI_II1EGRAL )

integral_terll ,. T...'W_ IlTlUIULi
.le. it ( ~t.t._~f_plant.int.sral :s BleB at

int~;u_tal'll#:: LOV_IITEGlU.L )
in~.&ral_t81~ : BIOS_IITIG&AL;

it ( .tate_ot_?lant.c{4jrivathe ..'" L'lVIt
de:r:ivathl!l_tu. u !.f.P.!;E_DE1UViTIV!

dGriv."ti.ve_t6n .. SMI.LL••D£!lIVliT!v:£i
.1 .. 11 ( .tat._ol_pla.nt.d.riyati·" .... IIGll at

t!uinti"e_t.:n; ....S!uu'_DDtflT1YE )
d.riy&t1.c.t~ra ~ LAlGE_DElIVATIV£i

[)
..... urad. • plut_lI'a1:iuloa.l.,.d;
ntpoint .. plbt_yuiabl ••.• etpoiat ,ie 10;
error '" .. tpout - ured;
tiltered._dit1er.n~ filt.r_oCo:t..~ct • (.nQr - :Ultal''td_errox·).
fHt.red_.nor .. !Ut.r~_.u·or ..Hltel'W_4i1fe;rml:.i

", outpllt.
;/

'" pr.",·iCI'I1IIJ_01ltJMt .. CO":~Oller_,aiJ'4 - ( fil1;ared_ditterel1ee
+ ( SARPLIlG_PEaIOD /. ~:nt.CX'"II.l_tlll'll) • filtu.a_..arror ..
( d.r1vati~._t4ra/ S~~IJO_P!1IOD ) *
( filtered_difhnace - prOVi':HUIi_tilt_dil:f ) );

praTioue_output r o~tpat;
previous_filt_diU :: fUtcr~_dif'ferf.n(;.:

if { output > au_output} tlutput::; Ult_outPllt i
',,1 .. it ( output < .~ n;Olltp'J.t ), outptlt :: .ill.~oll.tput;

plant_ varia.'bl ••. (:ontroll.r_ontpu1; >: outpu~;
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tUil_llqz ..n.,,_vrit.,-'U.-« at OJ;
t~k_flag •.n•• _data_11as ..01;

}
J1.1clO;

}
}

Y~id actiy~t._bactup(yoi4)
/. '"

Thill action .. 1tdl~ Oil u4 tllflll perfOUl4 p'tXiodicalltI} 1?&ckup of
til. u.y.u:ed coutrol al&0ritha, ,"~\,)

"

do~bl.~.a.ured • 0.0;
double .~tpoillt .. 0.0;
double ~~or • 0.0;
Qollble filtered ..error
cioublefilte:r.a_4UforRce
double pr9yil)U,_filt_1iitf
dGubla out9Ut
."l)ubb pr*Viou_Qvtp.lt

...0.0;
'"'0.0:
, 0.0;
..0.0;
..0.0;

\
I,

.taticdouble ~_outpat ~ t.P9;

.tatic Go.hie au_outp .." .. 0.0:
atatic doubl~ filt.r_c~a.tant ..0.3;

double cQ~troll.r_,~i~ ~
.t",tic: doulll. iAt.graJ._tena '"
Iltil1,ti.: dO'llbl~ dll:t1yati•• _tere ..

Lmua.II;
o IIGI_I.n;t .... t.;
SMALL_DERIVATIVE;

for (;:)
{
if ( ( .U.te_c.Lplut ...cd ..... BAClUP.,COITIlJL II

c:om,.r._t.rM.(pl~u_.~ek(n.xt_a.etioaJ .op.rator_n ....
"lctiYai;._backup")' "''''TI~\r!) u

( taak_flq •. !lH_rlllu_flag "."01 ) )
{
if ( CUIIJWI::r._hl1U(Pl&ll.... I!!t ..cktnlt)(~_l\.~tion].opuator_nUl~ •

..Act. i'rata_bac)!ip " ) ,..". T,llU£ )
, coc

.~.h.ot_plut.ltiCtiY8 ,.bAClruP_COIT!l.OL;
l\ut_""",on,H;
.~ow_n.~t_~etiQn();

}

it ( .tllte_oI_plant. ~llin == :..oWIt cOl\tT.ollu _gain .,.. HI~B..GUB )
{

C<lnt,r"lht:_Sa.in 'It LOW_GAIl;
U ( pavion •.~out;put > •• f,_output
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I.,

pr.ui~u~~cutput = &&X_output;
if ( ~.Yiou._outp~t < .in_output )

previ.oU._01ltput '" aiD_C)output;
(, ' }

.1•• it ( stat._of_plaDt.gaia •• IIGI tt
'(li1tr~llfl'_&.ia """ lOV_ttUJ )

coutroller-sain ~ II~_C1II;
j

1
j

,,1
!

I

lt ( .Itate_of_plJmt.Uhlral ::u: UM U
iatllp:u_ Una ()"'~ IIGlI_IJTIt4!W.. }

ia'.;rlll._ttml • LOW"l.INGlJ.L:
el •• if ( .t.at9_of_plNlt.atlagrc.l ... BlCl it

int"'p'u_tUlll .~ LOV_IITZGUL )
iau!Vu_tot1l c IIGI_IITIGUL.

u ( .~~)te_(I:cplSl\t<4.riYati.. "'= l.OW*,.,,,
4.rivAtin:...tcn& s.. LJtJGE_l)iaIYATIV~~)

d~ri'l_ti....)atl'_ :I< SM1U._DDlVAT!Ift~;
.lu if ( .taU_of_plMt.iluin,tin .... lUGii at

d.rivativ8_t~ s= SKALL_DiaIV!TlVi )
o d.r:,iYatiye_tera .. UltGE_OEl:rViTIV1t;

•• a~ed .. plaat_variabl.e.l ... l,
iIIIetpc.iJlt " pl_t_',u-i.&ble., utpoi ..t I 10:
error ..... tpoin'\,; - IH •• ""r94i;
1fttflrc.l!_d.iffu.a<:e "'f:1lter ..~oll.t~'1; • (en'cn' - filtered_error);
f11t.r~_.rr~r ~,filt.r~_errGr + tilt.r~_di1terenc.;

output .. prni®s_QUtP\1\: + eontroller-iaiJi • ( fnt.ered_.c1iff.n:rce
+ ( SAilJlLIIG_PfiICD! integral_teB ) • filt.ered_uro:;'...
( d.~rintiv •. hri. / SUtPLI'I1~PD1OO ) 0*
( f:l~.re4_di1'hreae. - prOYio"U_filt..diff ) );

pr."iou_outPltt .. ~u:tp1lt; <,"
'.'pr ....i!)1:' .._fllt_diff :s tilt.:rllCl.clitiertmc.;

it ( ~utt~t > .~_o~tput )
.lae 1.1 ( output < ain_ol'l.tput )

¢utput = aa%_output;
o~tput:s .i~~output; o

plont_"fuiabh •. controll.r_,.n,ltp;a'l: '" output;

taaJ._fl: gs .11.11_:r.ad_tl~ ., OFF;
tuk_n~lil_alS'if_.nit._nll8 - 01;
t ...k_:n&&".'lI~"v..da.ta....tlll' '::: el;

}
yhlr.lO;

}
(I
II
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;\';.

I;'

_define IT(yuiabl •• eotaltut ,deviation) \ ,':'
« nriabh~ (eorult,a.nt-cl.d.at:10ll» ... (variabl.< (eollllltut+deviatioa»)

IdQtiD6 GlElTll{vari.bl ••co..tant,d •• iatioa) \
(v;u·iable)(e,,~.•ta1t~+4."i ..til)l1)j ",

14.11&0 LlSS(yari.bls,~onatant,4 ..ia~iol1) \
(variabh«e",n",ut-ti,,:.ation})

'datia. IOTGWTKI.(I.l.riaole,c::oai:lt¥l'lt,~.'1:i.tioll)\
(.ari~bl.«c~tant+d.Yi ..ti.n»

H.~:I.A. ~S(Ql"i ..ltl••coutU.t.d .. iat:i_) \
('luiUIP(cout_t .... "i..UOlO» 0 //C"\

,(2...:.-..:.-/

j

I

1

" 1

j
I

"oid aoai r(yoicl)
I.

Thu II. !oa curt •• "vl perfcn .. periOlii(':a1 aol1itorias Md
~6, 'g ~f t'~bulfar-taak pla»t.

dOllbl. h?el
d(1ubh pr"'-01W_hvel
cloubl. Uon&te o

d,~ubl.coatroller _outpat
double pr~Yicu._o~tPQt
double le....l .•duivati·..
do\tbh IUttpo:i.At

,., fLO;
'" 0.0;
lit 0.0;
..0.0,
.. ,!J.f);
or 0.0;
..O.Oj

atat1cdl(>·4bl. bvcl_4niaticu ~ 2.i;
sl:...tic ;,loubl."l1owrU.,;.4 •• i..<:ion .. 7.0;
.tatiz double derivati ••_4.viatioD = 2••:
at.tie double ~utput_4.vi&tioa : 2.6;
atat.ic:double plQr;i., ..ty ....bIt.nd .. 11')..0;

at.tie doJb1e lIIU_olltp-ai; .. 10(1.0:
~t~~ie double aiu_oatput • 1.6;
static ,.4ouhh lOHr_b ..el_botmd.. 0.0:
static doubl. upper_lavel_bound ~ 100.Q,
static:double zero_11o~t. • 0.0;
statie lar,a_derivativo = 80.0:
8t&ti~ abno~_d.ri.ativ. • 4OO.Cj
»t..tie ~yer!l~w = 90.u;

for (;;)
{

(,\

if ( ( tux_U •• aoait.()r_nil - 01 I J
cGapar._tcrao(pl .._.ta~k[a.xt_.etioaJ.o~~ator_naa••

, '1Ion1wc··) - '1'lVlt ) ft
( t.$k_tl ....~••_data_tl-a '.. 01 ) )

, '~ ., 1
'} ',I

{
if ( COIlp&rft_t.ru(plu_.taeJE{ltut_acticaJ .O,.r.tO't'~I1"'.

)

13.

()



o

\\

I

"Ioaitor") '"'"'nus }
{

tUk_flac •. mo1li'k-r ...floll <I! ~~.{?
Hxt_I.'CtiM++;
QO,,_uxt_~~i_() ;

}

prI1Yiou_l •• el >it 1M01; "~~I

1n91" plu~_"arh.~l".l." ..l - 10,:;
flowrat... p1aat_.a.i~l••.ilowra~. - 10;
.. tpoiat .. plut_y»:i ...l ••.• fltpoiat;
pr.vi~ae_o~tpqt ~ c~roll~_08tpiti
eoauoUc_oatpi.it .. pl __ yariabl ... eontrolbZ'_olll;ptlt .. 10;

if ( .aepl*_c.eut_ > 1 )
r
if ( plL"WiouJ.c .. l ,. O.~ )

leYel_ttubatiY. 'II (1 .. .J.·- }IoHnou...l.nl) I SAHPLIlC_PDlDD
• lf10 I ~p_fillias-nt.;

plut_,"utMl ... l •.,.l __.. iYaUn • 1.vQ_4.r1.nh'le;

it ( lncl < IftsZ'_lnel_boud II by.I > ~r_levd_boUJld It I

le....l_.erin'tiu >.. ~ci.uhat.ho II v,
,J)

1.nl~'4nbativ.. <- ..a,bA~_.blri11&tiYe )
{

/'1--~e_of_plp.t: ..... r_td11l'Z'. II' nuB;
atat._of_plaRt.fatal_tailur. : TIDE •
•tate_ot_'lut.allf.J:1LcotadiUOl1' .,nuB;
.t.t .._of_pl&r1~. nttad.y_etat. ., fiLS!;
.tat._of_pl.e$.pro:tillit,. ..FALSI,
.tat._~t_pl .. t.oyerl0a4 ..FALSE •
•tat._~t_,la~t.l~o_d~s~urba2c. ~ PALSI;
....at...cd_pl.u.t.'.ta ,. LOW;
a~at._.f_plaat.1atGl%'al ~ lIaRi
.tat._of_plaat.d.ri.ativ¥ • LOW;
tut_fl~. plu_nag .. 01;

}

I~'

.ta•. it ( .tat._Qf_plaat. u..,uellld ..faibn ..... TIWE'at
eta.t._ot_p:1.ant, ba~_hilu .... flUS )

{
I' I~at._of_pl(ut. tatal_failU'1) ..flUl;

.t.ah_o1~plu;;.uam_c.OIIIditioa..TIJJI;

.t~t._o1_pl.At.&c~iTe • 0;
ta.)~11~•. plaa.fl&& cOl;

}
.ls. 1.t ( Gli'lttK(l..,.l.(,jyedlo •• l .... ;~.vu.tion) }
{ -::>~

.tah ..cf_pIGt. fatal_tillv. .. TiUl;
8~&t._of_plaDt.alara_eoaQiti.a - TRUI;
tuk_UItI •. plu_flas • 01.

o

}
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(1

",j

\1

41..-
{
aut•..flf_plut.alU'IL.cor,tll r ~on""'ll3I;
t'~of~".'MdJ'_J~8.'"'' "" ,AiA.
n.h...~...p:l •• ~'li.1·y •. FiI.S&.

. {.~

11.( .t'...._~_plar.I;.f'";,,,u.c.._ftU .. lt~\ '!'&UI M
'.tttate_rz ,.p~1jUJt .It.c;",~,-. ,._p_t:Oftta)L ,t
~~J}'CPl.u.1;,~ ..fllllv. c·nTlU&"
.t8t._.f ..,l!ld.MC~ ta. U<;_..ic~)

a"v.t._o:f..p1u*.M.dft • ~;
i! .t&,-..,gt~_ ~~!~ III 'II.fi;
~;t_4l ~_.; ,,'.' ·",01;

). " , ": '(A, :,"',.. ;,.~."...., " , ';' ,.:;:','

)
"~ ..

~"~~'M1M~ .. ;r~:

if ( .,.(x-ti....I:'i .. 'U.•• If•• O.Mrl. ... t$.... _."'~)· ~
( . c

........ t4"'"~~ •• j~ ... l"'.,.., ",,.:~,.
•~o1...plMt.c.ft!t)qN 'C!: "' :

"n.h.._...pl.i.'_"~Wfj" • i
) .

_" . .., ~

if «.. _,,..•.,. ~;I.;.Yd~U.tt_).tt
·... (1_~4m.· ,~·(J.._ui'i\t.~b'd.nd) ....
taIA1'SI(1~ ..~i .... '"'1.u._.4Yat4Y'O.

_i~.ti#.;J!••i_1.» it 0
( J,IU{l....:t~.. ~poi..1i.•le.. l_•.n.'t,,_) ,~
GQfI'D.(l.m ..~.dntiy.j~.Q.4_i."t1....~i_).
UlS8<1,.. ~..,4.J'! •• t11' •• ~ •• _,dN'l1'''ti., ••.en... tiv ..... yiati .. ) »..

\.

.".ttt_of_plNt.p;odcty .. TJ8;

.u.~._9f...p1aa .. ,1.... _41.tu-.4... r.u.R;
,~t._ot_pl..t.oT.rl~ ~ ,~.

}
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}
ell.

!/,- "
~ ~'j c, ,

if J(G!uTElt(ln.l •••'tFOiDt.P!"OXUlit:r~~.l1.j,) U
~. !0T'..CSSqevel_ci.q;int:lY s ,U.O.4~ri'fative_d.datiQl1j)
II (LISS~~'''';'lIl... tpotat, pro:r;iai",_bud) at

'OTG'il.:."a(leYel_dUi1J&t\~ ..0" O.
, 4eri?at:i..._dniation) »

CI {
o
)

(--_\
it ( .tat._o1_pl~~.larl._~i.turb~c. =v ~~~$& )

( 0

. ,.,.,_e.,ate_of_plut.l..rle_dbturbance .. ra~;
;: )Uk_flap. p1u_f"..... = 01i)
\~--./~..-.-

if ( ~~~._of_p3.Ata't .,ain .-= UG3 "tot ' ('0 !

AT{pr •• il)1l8_O'Ilitj)1l4, ,u::t_c."p\:.'t, I:I1'tput_d.Yi.atj~n) at
,{' .tat._ot_plut.·/aj •• _tail~ ... ~3F.u..s\d=~ .

it ( .~at._of~pl._t,o"'dQad *' FALSI )
{ (\

atah_f)f _pl~'\>"o... rl,.oa4
atn._ct_plant.uUlI_l:OAdition
t .. t_f1aca.plan_flag

:: TlmE:
= TB.tfE;
.. 01; ,

} c
}
.1••

•tat~_c:_plant.o~.rl0a4 = FALSE;
} , ) (j

D

_/j/

Qtu!c_1l6l c1&ta_tlag = OtT;
t.•• k_fl L•• _d1...Q~i._11&1= QI;

}

}

JhldO;
}

}

0.

void r.&d_plant!~oid)
/.

(1

o

Thia tux ... ph. the p'iut. by uttiq;:i;4p the 1/1> cud &4dc.B4ing
the c~"'l'Ixteclvalu ... i!!tQ the COJ'l'c"poaciiq \.~lObaJ. n.riabb8. It
abc .~. the aaaple4 n),llU to the .a••'l1"for real-till. plots
(but that 11 01 u'":~~dUJ iBpo!"tuc:e).

*/
{

static: ill,t hul_c:lumnel
eta~ic i~t tlovra~a_~hann.l
Btl-.tit: iI,t go.ill._God6
do~!::tl p()i.vel;
double ••tpoi~t;
cioubl. alltput;

'" Ii;
'" '3;
,. 0;

,;;

I,
~~J

I)

c.
fb ;:". r,



D

()

I,

J)
./

dov.t1e ~l:"nt!8;
at; lUa:

ov'tpt = tL 0;
gaUl • LOV;

cfor (;.)
(

t ( ,,.ebroRtle_.~liDC{}•• TaQI )
{

l."l • plut ..:nl'lfdll... lenl.;
.~$pOtl~• ~~.~l~ •.•~,oiat;
tl.~at •• pl.U~....... :J.a1)~. tl#Yt1lU=
l'~t,.,h ..c04.. l~l_d.wl:A.l. ll.Cl!Wnt."..c .... l).
~ ...\t_'hl'+ ..·i
l.1a-na·._tlMfth() :
plut ..... dDl ... luC_ .... l._U .. \S bio.U .OL).ctOCI_lm!S~.fUTIOJl:
pl.cr~~yvia"&c(n'l''''~1II~1Jr~. OI)tpt. fl .Xlf.t •• &d.lll; ,
oat.r-t ~ T~IAIlt;_ftri6hle_.coat~ll .. _CI'Ilt.p..t;
pta....''*t._'~_pi... t -,au;
t..k_t~.A" ..J''!a4~fl.. " 01;

\\

}
1b4.Jl();

}
).

. YO ill. ftit._1;;>_,lant(yo14)
/.

Thill! t.\IJIt, .'!'i.... ttl. o.tprt elipal ~).·(llllth. cOIl-cr;ll.:r (ttor*"
11\ .. globe.1. .-ari..bl.) to ,,!a. JIl-t a='U~:r. udng the 011.
cou.utu c..rd.;

*1
{

for(;.;}
{

if ( U.k •.fl~I•.Jl."_Uit ...tl~ "',.,OJ ) '!

{ '(I
c,*p.t_u .. tCPQ_oa'tptzt .. lu.a:rili:e_"al •• {pllnt_nT.b.bh~ \

ct';.~t:r:ollet'_o"tp''''''') •
Vt'it.t4'i~d.(Coap4llU.t«l_ou.t;l-mt) ,
t...:t...tl~. ,... _nito_flea .: OFF;

}
1it140; //

}
} (i
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/- /,'.
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('\
I. ~ ,

}
}
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1"

o

1.i1en.. o: SUP-FeIS ~c

"n,ttlJJ:I t-y: A. kQl"f")it, _ :3/;1
"

-- ....-~......_--- -_ .._ --....------ .....~-----.......... ,-_._- -------------.- ----- --_.- _ ....._-_._. ------

1'01.4liJlealiu_flofJIrta.t.(v9id)
/. "

Cli.c&1II tho actol flowr&tfi to the rllU'lle0 _ to ud linoa:r.iz e .
TIl. yoUae- nOlI 1;he tlOWTtlt • .'ltlllllor (p:....snro trM'<!UGu) reflects
... quu. or tJUt .~tu.a.l t~owrat., ,and the IIIwrodpt.• Jqtl 1ft (i - 3,
d.T; til. J:MO !"uAiing iii ..bOl!t (,. 1 ( ')11ut 01' \,). 1 )."

(\

of1t.t_flouau • pla.1lt.,vull1.bha. UOlfute - O. t ;,
~.1( <d~•• t_1io.rat.t <'" 0 )

oft5.t_tlo~t.~ 0.Q01,
pl,ut_YU'iUl<l •. now.ntU '" aq:n:{oifsct_1'1onat.) .. 10/3;

II
ct"llbl. lb.••rla._,.,.l.,. (c:ol>.tro..Uu_olltp!lt,)
.toubh cont.n1l,..- _output; ~~
I. ,jjtn".,., li.~ill. t~. naponu'" ot, tht'pIlelllU.tiC: " ..lve tor .lgnlil,.

nt••OIl 0 'ud 1\) V~ltll. "I,'h. Tal .. 11 extr.ely nonl~\M", etictioll.
nlI)J:1tJ lillbM !lOtio? etc.) .",,1, this i... roU4! A, baaed on
o\HJened "•• btiou •

(J

.,
{

4ov.~. iIlodif ieclILO\1tp.; .. ; ,
Ii '> _ "

it ~ cOAt:,oll.rll~Oil1:pUt .:: 0.26 )
l.odif1"_oUt~ut '" 0.0;

.tu if ( c\lat.!fl.lu_l'lutput < 1.0 ,
lIC4ifie4_cmt:p.t '" coa~:r()ller_o;!tl'ut .. 1 OJ

,.be if ( (bntrl~ll"~ _o'l1tY..lt < s.o )
ft04if.ied_o#'t!~t .. ;:;ontrolh:r _C'I1tpUL .. i. 6 j'

.1 .. if ( ~()ntr;~lle:r_c.'utP"t c 1.0 )
.041.f iod_out,p1at .. cont:rollGt' _output".. :.0;

.be d, ( CO\1.t~Pl1u_output c 9.0 )
Jlodified+out'?ut : ctiDtr))l .....r_output c4- \J.5;

.1aC!
1Itodi1i&d.r;utput '" c(ln!;rollar_.~n~tput.;



'_/
,
.i

tia._~p{actiOR_D"')
~har ~&ctlca_aaa.:
/.

u.. tilliDs tune'C1Q!ul providlid 1:7 BIOS (wit.h SSMer.: elock re •. } to
t.l.t81"lliu if fie next. .NOplia&till. i. &p\D"o&chiq IUld if yutl
return i. otkor.i •• r.tura O.

01
{

float cut_t ..'tiae;
tl~t tiJIIII_pau..tj
float tta~_l.tt;
float .x.~tion_ttB.i

C1lJT .. t_tiJI_ J. bif)IJtiM(I'I.OL) • C:r...ocK_lESOLt."TIOI; c,
U".PU .. ct ... cw::nat_t~._ .. p' q~~'1uiabl.liI.lut_.at'iplo_tia.~ii
tiM_left .. SIJlPuJG_PEt,} 01.)'.• tiJr,(,i_PU.*,;
if ( "trcap(ae"io1l_"-UIa. "~J>lJt"J ,.... TWI )

e:t.C11tiOll_tiIM .. tIliU!UGII -+ :1;.1.,. ii
.x.vlltioA_'~S m TIKI_RAlGl.;

if ( tia._l~tt ( .¥.~~tion_t1a~)
utul\(l);

}
ntuu(O);

ii

}

.,n:..'hrouue_suplus(voic!
1*·

u.. t.iJlil\g hliCtiOll.t proyid.ed. by IHOS {wi.t!, 6S.. ee elock reaD.) tG
dya ..icLlly adj~.t the .x.~uti~n ti•• ot aup.rwiaihl actiDn., thue
erll'JI"uingthat ... plin& oc(:~;u at COJUltant tiae interval!. all Tequind
oJ the digital. controU.X'S. If it i. M'e ei •• yet, return O.

*/
{

flnat eurr.nt_tiae;
float ti••_p... ~;
float t1••._181t;
un.ign~ duratiQUi

if ( pllWt _YU ia"bha .last_'&IlJ)le_ t iIle !'" O.0 )
{

eurr.nt_ti. •• '" biC'8'tia.(O.OL) • CLOCK.J~ESOLOTIO.;
t, "81*(1 ::: c:urr(lllt_"tilol., - pllUlt_nl'i:a.blu.:tut_valll!~l._tllO\l!I;
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"\\

D

'1,\

~,

tiae_let"t, III SlIlPL:tlG_PD.IaO - tiJl._,~ ... d;
U { tia._lCl-fi > ( 'rIU.JlA.lGii ~, 1 ) )

nturn«');
_1••
{

Q\'J'atiOfi. c tiM_b:ft • 1000;
i.1&y(4uratiou),

}

}

,"014di.pb.1_alUIIJl ••• a.g.( void)
/*

..,
{

colour_vi..po~~(I1.Y1,li.T2-2.srECrAL_COLOUl};
••tt.xt.t,1.(stICI~_FOIT.IO&IZ_DI1.SPBCI'L_SIZB);
..e,color('tJIT_cULoUJ.);
wUn:tq(220.4. >tAL!U COIlHTlO.");

}=

void 4ispla1_.~.a41_fit.t.(~oi4)
/.

Diap.l&, 0. •• a••• OIl til. sen_ ia:foni.!lS tJaa:t" st~,' £tate
.cOll4iU~Itu beD nac:bed bJ til. pl_t. \\

I.. \\

I,',

eelou _de'POrt (11.Y1.1i.J2'·a ;rllT..KG) •
•• t'.l:utJle(~:'PECll.L_FOIT .1mII_DII.SP"·UL~~ilun:
aetc:~lor (m'L (OLOOt) •
ou'C1-.n:q(1lO.4. "51'14»( !'rATS etllomo. u,a,Cfti)");

}
o

void,.4brla,_lIkutdoft_,,*saaa·(v'O)i4) ,
/.

c~lour_Yievport(11.Yl.16.T2-~.SPIC11~_COLOua);
.. ttut.t1:t..($PSCUL..FOJ'r, l{Ol\Iz_nn.!pll:llAl._3I!i):
•• tcolor(T::ilT _CCLat") ;
outte:rtJ:Y (UJO ."" "ElCDGEICY SIWrOOWII"); I, II

}

\\
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1iJt.(X_fO' • J~po.+tIIT_C01_IEIQIT/2··1, 2t_poa+16.
1_pt;·...TEl'T_CBll..llUGlTI2-1) ;

Ha.(.c..pofI+U, ,_p9.+1-1. %_poI+1i, J_po.+TDT_CKlII._KEI~DT/2-1);
HI1.(:&~.po.+l1. ,._:@O.+1UT_ClU_ftE1GBT-1-1, x_poaHS,,_po ....HlT_Clli_UIG8T/2-1) ;
UD.('_poli+l1. J_,o8+1-1. x_pos+l1. y_po8+TEl'i'_CHAR_HEIGifT-1-1);

'Ioici diaplay_at.tea(p:.:uellt_Mr. !oiLl_acir)
char .pr~••nt_adr;
char .,ou_aU;

\\

eolou_ dnpo;rt(11. n.Ii,Y2-~.TIlT_JIG);
a.tt.xt.t)rl.(TIlT_fDlT.IOlIZ_O!l.TII~_SIZ£);
.etcolor(TIlT_COLOUl);
O11tt.xt:r1(~30.1e. "Special. •••• !tI. &TUn);

cC'leur_,ioport(;U. Y2,12-2. Y3-7;,TEXT_.BXCt);
••tt.~.tyl.(TBlT_FOIT.IOlIZ_DIR.TElT_SIZK);
•• teolo::-(TElT_Ci:lLOl'l};
pcil11:_atat.(pruont_r.dr. "STUTIIG STATE: .. );

}

colollJ."_vhlilport(X2. 12. '3,-2, Y3-2, TIlT .BlG);
Stlt".sts·e1h{TEXT _FCIT, IQ~IZ_Dn. TEXT_SIZE) ;
••tco~~(TEI~_COLOUi);
pI':1Jlt _!1t&'t. (gr.iO..'I.,_adr•"~OALSTATE: ..) I

'\'\,

vol«l UI'OfI(X IW>S. J. »ftj), \~_,.- -r- '-'
ht r._p04i
bot ,...,..;
/.

}

'1oid .hfkw_nnt_ ..etion(voicl)
i*

·1
{

He",.,th"J location of th. Ul'OV tl) poiDt to the next act:i.on on the
"crean.

ut,inport.(U.Y2,XS,Y3-2,1);

\1
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i~ ( next_action > 1 )
{

••tcolQr(TF~T_&XG);
arrow (3 , (n.lxt_action) $ TElT_CH.lR._HEIGRT);

}
i! ( nut_action <: ."tack.top )
{

•• teolor(ilAOW_COLOUR);
arrow{3, (Hua:t_acticn) $ TEl1_CBAB..'lFIGU);

}
}

\'014 dilplaJ-p1u(void)
/-

Di.plal t~. solution plan s«n.rated bJ the planner and the expected
final atat., tiD tiLs II ... !Jcr.$1l;ail the pr .... nt and goal stllt4!lS"

{
char .tr~ [30] ~
ngi:Jter ii

clllous_"hyport(13.Y2.l4-2,Y3-2,'fElT_UG);
uttext.atyle(TElTjOn.IiOI.:tZ_DIR,TEIT_SIZE);
••tcQlor(~T_COLOUR)i
print_atat.(F.l.a_.tack(atac~_top7;t].int.raed1at._.tat ••

"EXPECTED 51 AtE: it) :/1
i~l

co coloUI_Yioport{14, T2.16. Y3-2, TUT_BXG);
•• tto:rtBtyle(n:I't •.FOIT ,HORlZ_rmt, rur_sIZE);
••tcolor(TBXT_COLOUR);
outt:ext:y(2:2,3, "SOLL'TIOIP. N":") j

for( i : 1; i < atack_top • i++ )
{

aprj.ntf(string. "%dr.. ~", i ,..:..,pl311_U adt (i] .op.:u.tor_nua) ;
l)uttutxy(22. (1+1) • TElT_CHll._HEIGHT, .trins);

}

s.tcQl.or(URDW __COLOUR);
unw{3, ~ • TIUT_CHA1UIEIGB'i');
&ettut5tyl. (SlfALL_FtiIT •RORIZ ..Da. 1);
set<':'J lor(TEXT_COLOUR) ;
utv:i.oJwpQrt(I1, Vi.IS. Y~.1) ;
outtcrtJ:1(GRAPE1_l + ...ple_counter, GlUPH1_Y- !i, "P").

}

void pl(lt~nlue(x_ori.r;lJ). },•.origin, y_span, f._ran!", I_valued. y_value2,
co l.cur )

int x_.orip)'\;
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if!.t ,_origin;
int y_span;
int f._ruge;
double y_yalu.l;
double 1_y&1u.2;
int t:olour;
j*

Plot the ne~t point of a graph locat.ad at x anJ y origin, with tnlt y
u18 Y.-,'panpi:lds Ion,. ::orreap.,nchng to the &r;tua.l range 1_ra.ngtll.
T~ en.ur. eontinuolul plot. uae the linfl() function, 1180 ulle th6 given
colour. AdYanceby 1 puel. along the ::t axia ..;

C)
{

int x_po.;
int l_PQa1;
int 1_poa2;
int Jl;
int y2;

x_po. = I_ori6in + aaaple_countel;
,1 " y_~all1fll * ,_zpan/ysanse + 0.5;
1_poal : y_Qri~in - 11;
12 ~ 1_valu.2 • J_.pa~/y_r&A\g. + O.S;
Y~po.2 ,.Y_o%'igiu ,. y2;
••teolor(colour);
lb.(x_JXls-l. y_poal. x_PO", 1_poa2);

}

void plt,.t_vll:riabl •• {lenl, a4ltp c1ut. output. flovrlltE. &ain)
double level:
dl'Jublo .:.tPQiI'lt;
dOUble (·utput;
double t ~,vr~t6;
int ga~Ji:;
/* ((

Plct the •• tpo:i.nt t lev.l, tlovrat(l, con;;rl)ller output Iil'lldcOltt'roJ.le:r
gain on th~ three .ete 01 Ue' pr.apaH,dby aetup_con;;rol_scre.InO

«:nllX st~ring (30] ;
lnt .,inut8ll;
i.nt ucond»;
int (c.bined_tt.e;
il'lt 'I ••pOIS;
int l._POlJ 1 ;
int , ..pos2;

c()lIbi'!l~d_ta8 :: ~amplQ _counh:l >II SMfF-LIIG_ pgarOD;
.inut<ts '" cOllcined. ti;u I 60;
IIOconda "" r.:oJll\\ined_ time ..• (ainut 04 .. 60);
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ut",iewpcrt(16. Y3+1,:200,13+10,1);
dearvievpo:rt ();
uttlllX't8tyh(TElT _Fon, HORIZ_DIR, TEl'r_SIZE};
e.tcolor(iEIT_COLOU1);
~p:dl!.tt(.tring,"%II~;ay..r.d","n •• (_: •• ) '"' ",.inI1U8, ..;... ,;oGond,);
~tttt~xtxy(O.2,.trin,);
••tYi••port(220.Y~+1.420,Y3+10,1);
cl.aryi.vport();
"printt(string, ·'r..Y.d","Sallpl. (;OU1lter= ", ,aJlpl,,_cOllnt:<lJr' j

Qutt.xt~y(O,2,atring);

plot_ulu.(GUPIU_I, GRJoPBLY, 60, 100, utpolnt.
(d.ouble) plaw.t_vuiablu .••tpoint. f'LOT2_CCLOUJ\) ;"

plot_valua(GftAPB1_I. GR1PB1_Y, 60, 10, lovftl, plant_v.xiable~ ~.vel,
PLOTl_COLOU1; ;

plot_Yalu..(GIU.Pii2_X. GlU.PB~)Y. 60, 10, :flottate,
phnt_vuiable" .:tlO1lr&U, PLOT2_.COLOUR.);

plot_value(GIl1PH2 ..X, GRAPP.2_Y. 60, to, eutpua ,
p1.Mt_vlU i&1>1$Il. c01'l.trollex .. otttput I PX.OT1_COLOUi\);

L'aetyievpon;(X1. 'i1 ,IS, H.l);

if ( lIt:at._of_plant ... ctive !'" S1UO.lRD_CQITItOL, )
{ x_~.= GRiPH3_1 + saMple_counter,

it ( gain ~~ LOW )
1_posl = GtlPH3_Y;

'!l.Re if: ( gain e e BIGil )
:i_pelli '" GllAPB3_Y - 1f';

it ( state_of_plant.gair. ::c,. LOj,i
1_,p<ls2 '" CUPB3_'{;

eli. it ( ~tat~_of_plant.g~in
y_.po.2 :. GUPH3_ Y - 18;

••teolor(PLOT3_COLOUR);

}IlGH)

lin.(x_pa8-1. y_~8t. x_paa, y_pos2);
}

}

B.3 Sup-ifac.c

dtl8~"ript. ion; Turbo C (2. C) ;.tpec:l1i.c. 8~roen input and output r out; ine~'1
for th& uaer intuface of 'ChI!:Ilu:r~!:rvi&or.
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'include <~raph~c •.h>
tinclude <conio.h>

void colQur_¥indo.~left. top. ri,ght. bottoa!, bkg_colo1,U'. txt_colour)
int left, top, rigbt, bottoa;
i..t bkg_colour, txt. colour:
/*

Ddin" a .indov on the .cruD. e.nd till it with th .. ~iven ccLour'../ \\.~

{
t.xtc&ekground(b~g_coloUI);
t.%tcolor(txt_colour);
vindow(left,top,ritht,bottoa);
clncr();

}

lIoid eolonr,_viewpoTe(lt1t, top. :right, botto., bAg_C<:!our)
int lett;
int top;
i1l.t right;
int bottOll;
in' ,,,kt_colour;
/*

Define It '1~_.vpoxt with the ~i .. n coo:Tcl.inatea, cleill' it, 1ill with
th~ gut)u colour. c.nd d.rall a border around it.

*/
{

••tYi.vport(l.tt,top.~ight.bottQ •• l);
elearvinport() ;
aetcolor{GA1P&_COL R);
r~de.ngle(\) .Ii ,r1ght-ldt. bot.t0a-top) ;
sed iU.tyle(SOLID_FILL, bkl!..ci)lo1:lx);
flo;;:.dfill( 1,1, GUPll_COl.OIJR.) ;

} \\

void pn nt_state(atate._adr. state_Aloe)
char •• tAtllS_adr;
char .stat.e_nall.;
1*

Printl t,llfO guen 8tllt~ relatiu to th'~ currefl,t viell'port in
1/graph: ':1I Bode.

IbZ



regiatu i;

.1 " 0; ':
stah_ten[O] ;: !ltltt~!_ad.r;
outtext;xy(TEIT _CBAR_lIIIliTH. 3 .ata.te_lHl•• ) ;
Uttext8t}·l.(L'~~_FCIJT. HOfl.IZ_DIR<, SCALLSIZE):

vhile ( •• tate_tara(i) !: &lD )
{ ~'.'

;6utteXtxy(TE1T_Cl:l~~,_W!DTB •f iHj
state_ters[i) ,. stl~t._adr .. {i ...LETTERS);

}
}

void l·'AI,d_.tatl!(i'lta~._a<lr)
chu "'stat._adr;
/*

Allow ellt-ry of a .'~Ilte, i.." group ct tsxlll'l. given the acldreu
(Jt the b.gi~ning o'i a 2;1 &:'n}.

ngiater i,;
du •.,t:.'C.O..JI;e:rm Y,)'ER.MS] ;

i ,.0,
tutbac~groul1d.(BLUE) ;0
textcolor(lELLOW);
windov{1,1.~~.16};
gotoJ:y(e,1) ,

(' I,cprintf,"Xs",s", "Enter. 'tho term!:; one by one,",
.. l..r'lllinatiq the Itato vith th~ '0' tara,");

textba::kgroLtc;d(WBITE) ;.
textco!or(8~llE);
viudov(10,6,40,20);
do
{
if (i<tiSER_TF.IUIS'

gotOlt)' (2 , i+3);
atate_tera(i) e- state_adr .. (i '" LETl'SIl$);
8eant( "~I1", lilt at. ,tuII(i) );

/1
i:

}
Illu

*"ta,to,_tera[il ::;EID;
i+'~;

} vhile ( hlta.te_ tilLiII[i-l] !:z UD);
.:;olour_vindov(1.1,BO.25.BUCK,WH1TE);

}
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void gfit_goal(goal_Jllta.te_I>dl:)
char .goal_state_ad!";
/*

.'I{
"

colo'lr _dndoQ' ( 1.1.80.25. BLUE, "{ELtOW);
c(.-~oux_,lJind()w{10 ,5 ,40. 20,wnrTE,BLUE);
eprinU(" GOALSTATE:");
roac'!__tat.{goal~st"te_..dt') ;

j

" "'~

, '}

void drav_grapb_uu(x_crigiD.. ~_origin, x_lipan, y_span}
int :t_odgiR;
int ,.origi.n;
int ;1:_lpan;
i:!lt ,,_span;
/*

lin .• x and y U(IS fox plottin! purpOS41S, atutin« at the o:rigin
point and bttendill.! ,:tor X_IIp&n a.I:d y_sp.an, =.. pactively,

aetcolor(GRAf'!_COLOUl);
line(:t_origin. y_origl&. 1_origill"+ It_lilpan, y,."rigin);
line(x_origin, y_~~igi~.l:_or15in, ,_origin - y_span);

}

X_or1Sl11, y_0%"1&111. x_span. /J1"';:;1;:"~' X_,lIIill_di vision,
Y_lIlin_dl ViUOll. .It_nUllbere~:ai vte in~"" "

1_l1umbered,.,ti:ivisiOll.It_nlllll.ber, y_nulllbu )
int x_origin;
int y_ol'igin;
int x_lipan;
int y_spa..;
int It_lIin_di.dEion;
'nt Y_.IIin_d.Jlfiuoni
l.nt x_nuhued_.di v iliion;
i:tt v_nu..b.red_diviaion;
in,t .l._nu,ber;
int y_nUII"e:r; i\/$ I;' .~,j

Px'Ovide 1Ic;#.lin\~ on a 'ut of ax- draw wit/.!. dl:aw_grapb_"xaaO.
b: IIUh.ng off each axia nary r.lin_d.lvip.ion. iuui llu,tIlpering each
",xis flY ~ry r.1UIIbDrod_di'l.-bion (the!le number.a ar e c e Lcuiat eO. t'rolf,
the given hlUlic n1lllbua). 1\

{

,1.M
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'o!lgistu i, J;
,tnt vunlt;
char v...ltle_string tS] ;
unsigned htl.~tA; 'j

uttut8tyl.e(LlBEL_FOJfT ,BORIZ I.HR, SCAl.E_SIZE) ;
aetcolor(GRAFB_COLOUK);

o
tor ( i '"x.,origin; i <= x"origin ... lC~e:pan;i '" 1 + ,,_J..:i.11.-_diviaicn)

putpixel(i, y_~,rigin+l. :-:!Upr~cq1~O(JR);

(f
for ( i _x_origi.ll. j " 0; i <= ;I_origin ... x_span;

i '" i .,.x_lI.uabe.r.d_db "n, jH )
{

value :, j .. 'l_nWllber;
itoa(vut:s. 1alue_.tring. :10) i II
length'" stri".n(value_ltring}; ,,-~. JI
l)utt-extxy(i-(SCALE_C8.\R;.VHlT'H/2*lI'Aigtt). y...:."rigin+9. ,~,\~ ~··'.~tti,I1S);

! !
(I':,," .".

tor ~ i ::y_ongln; i >= y_origin -. y_span; i :.;i ..Y_lIil.l_diviJlion)
putp~,ul(x ..\)rigin-l,,:Ji. GiU.PH_COi.OUR);

}

tel" ( i. " Y....Tigill.. j :;::0; i ): Y_Qrigin - y_.pall;
i '" i ..Y_:Il-UIIoul!ld_diviliion. j++ }

{

}

value'" .) • y_nuabo:r;
itca(lIalu .., vdu~_!!trin3. 10);
l.n&th ~, .trlen(nlue_.tring);
~uttut_l1(lt_o:dgin-{SCALE_CIUR_\JtDTR.l.lt!th)-3.

~~SC"LE_CH1IUIEIGHTn. u.l1J.e_at:riltg);
\.1.

}

'I~)d lllbe:'l._graph_ue6(x_"rigin, y_ongin. :i_span, Y_Gp3n, x_label,
y_la\ldl, y_1.a.be12)

int lt~,;)rigin;
int I_origin;
int x .. lIpan;
i;lt 1_SpL'\'
(i'.ar *x_label;
r~~r..r~y_labeU ;
char oJoy_labe12;
f*

Label ~ set of au\! drawn s i t.n (.jJ aw_g:rap~l ')l:~80, \l~tl\ a single
lao.,l tor thlil x'..!..xis end ;, or 2 la.bela tor the :t. uj".

~\\f\t Ilmgthl;
iit,'t: length2;
int length; i.\
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lengthl = atrl~n(J_1~b~11'
14wgth2 -c .tx-len (y._Jabe12) •
length,'" leng1;h1;
it { lengt.h2 )- length

l,engti1 ~ 1lmgth2;

o

I
1
i

D j

IPlt::;.clor(FLOt1., COLO!.ffi) ;
')'lttet:txy( T_or:igin ? (LABEL .CHAR_VJD1'ti .... (l,.mg,th) i 25),

y_,(.)ngin • I.llpan ... LiBEL_Cti'R_ii::tG!lTl~, y.1.abe1i};
if ( lehgth2 > 0 )
{

Q~tcol01(PLOT2_~DLaUaj;
outtt;xt.lY( .1:. c.elgin - 2 - 1.1 ~Kl:;L_CHAf{,.',nDTR' '" (; .·:1gt.h; + 2~;).

' ...0:r-';:~ln -.. v_.spuJ ~ LABEL.CBAR_BElt:::H'·j II '~I 2t y_l·.(jl~!);
}

t{'n«th ;~trhl1( :I:,.1&'O.1};
utcoloT(MtAPfI_COLOUR) ;
outt.;;"t,ryI congii.1 t "'_lIf.il1 • (I..ABEt.XHAR.JiIDlH '" lflngth.),

y._"rigln 2, :clab~1);

}

vo i-t dl(..d:&.l_axlS(~_Ot;gin, y ~.:gill. 1_~J)lUl. Y_'J..be11. y.L\b"'l'2)
in t x _')J:~.gill ;
:.n1: " .."r1!,in;
int y, "P1ll1 ;
dl'" ..s _lab".11.
::h"r .y ..la.oj,'12,
l*

Dra~ ~ ~lngl~ short v6rtital a~i. ~lth only tva ~~T~lng. ]~bel19d
"itt< ":110 d ea cr ipt,i. ..e "nl,lul!ot':-. f·:;r Il.lotct:ing "l 4,iglt:. (2 va1u<1d.l

\fi"lrjtibl~;

*;
{

,mt. length! ~
Ant .hng~.ilZ;

c
i!t)ttntli ty1e( LABr:L..}'OiT •HflIUZ_D.iP.., '3C4LE_£·\ZE) ;
IUItco.lQI(GRAPll_COLOUR);

!in*(x ..origiu. y ..or.ipn, "I_.nignl, y ,oL;gm - 1_span);
!>l.ltpu:~,:t(.'(_.';1!i.glll 1, .1- <nigin. ,:u,P:I.,f:OLOUR);
1'~'tr.ix. " l( t_,or ig~.n·-!, Y.J1~igill - y: IIPfi, CRAPH,GdU1UR).

ho.gth1 ::: l> t,: i en(,' _18.b1l11) ;

ltgU.2 ~..•1, "r;{i_.lab612) ;

c~ttextxy( I ..origin _ 2 (SCALf_CDAR ~[DTH '"length1),



II

,
ch.t:l!i:_acid_eft.ct. (o~l'atoX' ...adr ~
struc:t (1per&ltor .op.r~tor_lIdI;
chu .prec.:4t,.MX';
enu .,oai_am::
/*

'Cbau 1.1 lUll of the a4d~Clffeetl% of the opN"ator <;ou.icfalt"ed u
absat fro.! ~. pr••• nt •• at.-. but FG'Jlftt in ~h,,,lod stat.. it
Y." Xe>tura 1. it nl: rat.:urn 'J:'

(I

1\

Ghar .pr88.~t_~.~.~TBlMSj;
ehax *&O~._tez .. (l'EUsJ;
iht ,tchl_flag;
.tnt s..-.:ch2_fla&;'
r.,ietu- i. j;

i IS 0;
.atcAl_f1a&' ~ 0:
Mt;:b.2_flj~ ,. 0;
while ( .t<>pera'CoX'_adr->IIdILdh<;t)[iJ , .. kID )
{

j '"0; "'
,o&l_tl~n((.\) .. god_adr;

\\,.1fhih t ~oal ..tGJ:IltjJ 13 !ri U Biltchi._U., ,,",'"Off )
'~d{

}

it ( conp.uo_uru( opuar,¢r_ad!-->a(\d_efhet CtJ. l0al_tera(j] )
.m TIlUE) , '" \..,

utel.l_tlaa '" DI;
j++; "
goal:.:.h:r;,~(j) -"~oal_ a.dr .. I.j + l.ETT~r

it (
{
j '"0;
preGfDt_t.r.[O)~ pr6~Q~t~adr;~ ,)
"'hilG ( .-u.t'.hnnt;~U::-JIrjl ,:0. EIIl~~~atd12,_tlag ..-
{\\ ,))

if (C:(If"p~n.,hI'1Q!(oper.tor_"'d...·-)&(1d_dh(;t (iJ.
~ !I\UR } 10

Mat~h2_tl~ ~ ~I;
j++;' '
p:--d~.1!t~t4rl!l [jJ :r. p:-esont_ltdx

OFf' )

.s
:;i(j ..,ur.nS). ";;

'.1

}
i++;

}

:,,,tUtl~(J) ;

1/
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Y~Origin -\.i Y_8PU, Y_lab.Jl1);
out.tenxy( x origin - :2 - tSCALF._ClfA1UiID1·1I • lcngt;h2).

y orign .. SnU':_CHi!\_EEll~l:fT. 1_1o.b.12);
} 1) I !:

'/ i,

)1 '
;~ iJ. •• tllP_C~C)1f;rOl_llH:r.f!n (void)

~~!~!~l].i jit and ~ot up t.h& s.:nUlt<, ltIa}:;;; it r eady tor !"t!lal tirue

*1

{ chat' atr.·
1
t;(30);

chu Itri!lf!l (10) ;
char .tUl1g2 [1oj •

,,,,lour,,,v:l.lI"P,-'rt(U, '(3, 1:1), Y4, Ptt1QIlO:
1lCIt;"(:iolLl})Clrt(I1,Yl,X6,Y4.1); i
dr~'II_graph_a!;''''(~:il.''PilLI. GUPl! _Y,:i~'40, (10);
flcah_groph_!luc(G:'APlH_I, GRAPt:L'1'i~ ~~O, 50, 12, s , no, 30, W, SO};
lllbeJ ..grllph., •.:u.(GRA>'B1J. GlI.4PH1_~;, 6~O, 80, "timf"', "level", 'ilot!'t"j,
";n._gu,ph ..uu(t:RiPi'!~_I, \lRiPH2_Y. [,iO, (0);"
, 1;r, ~x&f'n_u"'t1(GIl.APl!2_X. GlI.iP.R2_~, 64C', 60, I?, 6, !'W. 30, 10, f.O);

.:-l~,b ?_u •• (CIlli'B2_X, GII.APH2_'V, "40, 150, "t;lllill", "output", "110'1(");
j)l'Yi~tt ~ri:::lgi. "'/,II %d", "JilGft", fitGf!.J;UI);
"pr:l.n~ .t.x: lnr,:Z, "%a Y.d". "J.O'4". LOli_GiIlO;
di8it~c ) (r;IUPR3 ..I, GllAPS3_Y. Hi, stnngt. string'2);

setviOJwp<>rt (439, Y:.'Hl t 1539, Y3+1\),1) ;
:\\prillU(atring. "%c'd" ;·Stl."::yling p.l:iud (.) :;" S.iMP:"IiG, ..P£ll.100);
.uttexUty11I(TEXT _FOn ,aOltIZ_DU·;rFJ'.'f _SIZE);}- OUtl:,XY(O,:::.3trir,,l,;);

lL
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.II

t:h.ek_c:.p.rator(opttator_ut', pn~.~t_adr. lo&l_adr)
ItZUCV1 op.ra.to:r .op.Z'&to:r _lldr; ,~ ,
char .pr.aent_!dr;
char .t~u_..dr;
/.

;(.' Chocotit tho p'ree"I1diti')u 1\1) the op.~ ..tor to t. .. applied a.n:i
if to;:). "ffKta 1HlI,_ :it 1I0U pIv,~uill6; r.t1lZ'n 0 if pr"'l:oDditioll'
wiolatlMi. 3 if pncQuditioDl .~t:istied but \\fhct. not helping,
,,2 if tither on. ot .dd er de:!. .theta holpiJI.~. 1 if both.,

/
{

int .&1118... 0;
\)

it ( ct.ek~~.,_coDditio~«(op.ra.tor_Ad:.pr•••• t_adr) C~ TlUE )
{
if ( c)I..clI:_poo_e~uc1i~ioll.(operator~a.:1r. p;n .. nt_M.!) : TJWE)
{

.1111 Uti c 3;
it (c:.beclt_del_.t:t.etlll (opeXl~tnr_adr. prelolut_adr. "~dl,_&dr) "'.. TIUE)

vuue-- ;
it (eheek~ud_.1t.ctl(cp.ratQr_a4r. pi.unt_aclr, g" ..l_:ad%') n 'flUE)

o nlo.o--;
}

}
r.tun(.,..l~.};

}

Yoiu c:.''PY_f,l~''tox(o,u.tOd_, •• OF·n.t(l1'2~a4r) If
1D't::ru.:t ()J'03.·Ual:' oop.r.t.od ..1iot1r i
!'ltnet ~'ft'lI.tn .opUkt0r2_,Wr;
/.

C'CtJl"the cODtentli ot t'lull IIIt:;:,uetun. &t lI4dru. Clpentor2_adr in~;o
tll. n:n~CltU'. tAt Mc1r.alt opu'a1:CJd~~;

~ 0

\ IIItrcpy(~ ..to'tl_Ur->.~;OPU"'C»:'2_.u1r->A&IH) ; "
\ eopy _.tat.( OpUa~O!'1_t.£;~._e_iti~. t>p.rator2_a4r->po._cvad 1.t iOIl);

\
COpy_.t.t.(GP«r&torl_ad%->a~,_e~~~iOIl.OP.r.tVr1_~~>n.'-COnd1tion);
~op)' ...~t.( opuatorl_I4t"·hdo1_.U.cb. opr:n.tor2_ad:r->a-W ..dhct J ;
~,prJ_.tu.(op.rA'tOl.·1_~>C"'l_.tt"::t, Op41uto:r::_ad.r->dt!,L efhet} i

}

(J 1\
yoid pu.h_onJn.adt(op41ril.~C: ",1lUlO. atate"Adr)
cbar • oPU'ltt(",z' .nne:
C'rt;Lt: ~~tl\t .....ad.r';

~
)i
II

I~
PUlih the giYQA 1he onto top ~f tho nuch lh.ck ;U:\
place ill,b(, ...

\ \
I'
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t 1/

o App errdjx c

P'larming task

The source code for the ·\I-h~~4 part of the system is listed in this appendix. it
includes the planning task and\the lower levEl functions used by it.

C.l Sup-plan.c

/'1<
.-_._...._._-._----_ ..-.....__._,----~-- ..-~-«~..,- ---- --_."-_----- ....--------.- ......--.-,---<*'-.~,.---..-

fl16u&IIIl(l; SUP'-PLAii.C

dncriptio4: '!'he pluning tallJ:.

uitt(ln by: A. Korpala - 3/91
... _ ..~_._~ __ h·. ..... ..-_. ..... __ ~~ •. _ ...... _._ ... _,,_ ......... _, ... "'-,-.-~ .. jl_ ...... -~- •• - .... -~~-

,., I
I

.include "plu..n-d",t.c"
'ill~rlud."Vl"~o-~:t.-.;"

!;J
'/

• incl u4. i·plal.n-t en. c'
#inc,~.ud~ "pl-c(.-te:. c"

J ,. in c:l ud til "pl.-lOll t c c'

vo~.d p),lUt(VOlci)
{

..:;ha:r tenrdnaLllltaU (2) [LETTEItS] '" /1
! .plant_down". "0" }; /
"'1u pI:eunt_lIItat.[TERMsJ lLET1'E~f¥/
ciiu gOIJ.l_IItatce[TERMSJ [Lm·Ep.5) ;:;/'
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{
()

it ( .t~ek_top ~ STACISlZi )
{ o

.trepy,(plu_at&c:k (stACk_ top] . op.uator _nue. op.ra.t.)!" _ll.,.") ;
¢opJ_.tat.(plan_.t.Gk(.taek~topJ.iataraedia~e_.tat~.atat~_adr);
.(plaa_~t.ekr..taek_topl.in~ibit$d_operatoT..[OJ) ~ tRDi
at4lc:'); ••tol'++: l

I
,I

}
.1..

p"'i.utf("\nSta~k full. w,U);

o

T)/.~id pop_otf_.t~k(op.~tor~r...... ta~._adr)
,char *operlltor_D$Il.;
ehu .~t..~._,..u;
1*

./
{

if ( ~&c:t_top > 1 )
{

C'ea.<:Jt_top,. .taek..tof .. 2;
.tr'f):'Y(op.rator_ua •• pbn_lItaek[.tac:k_'t.0pJ.oparator __n... );
c:opy_.1:a'U(.tate .•tadr•pllUl_lItaeJl: [.t&ek_,top) hte:m4K1i,l1t.1_.tat.);
tlt-.c:;k_t:ojt++;

}
.1••

pdutf("\aStt<,ek apt" \1\");
}

II

'1014 put_oa_rec:ox-6(eperato1:' ...uu.,
c.ha:r *opt'lra.tor _!\Uti;

,;1.nt: fJpuator_ratiUCi
/.

Put the $S,iul: it_ on the neo)'d.
-/
{ 0

if ( ncord ...to, < J.£CO~SIZE )
{

.trey? {nc,')rd(neol"ci_ to}~J. opin.totAUle, <iponto.t"_nUl");
rec.:>rd tr.ecftll_ top) , opulltCJr _rAting : oper •.t~:r _rati"",;

o

}

/1

.' ',
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int dr.iv.r;
i:'i'C .oatS;

get ...go6il(goa..1_etll.tt r ;

d.Th~J: '" EGA;
.od~ ,.!CiIlI;
ini tgraph(A-dri 'fer. bode, ....);,

s"tup_control_,8cr ... f>() ;

st~c.);_ tup ,. 0;
curr.nt_botto. = 0;
IIlI.k8" 6.bst:Z:lII.ct_lJtat.(pT..sent_state) ;,I
ciiepla.Y.,atD.t'8.(pr".l'It.atll.t'll, gou.lt&t.o);
initi,aliz,,_operao:;o!'. (p%'~•• llt_atat •• g:u..l_8t Io.te) ;
.. uch (pu •• X!t_i!ltAU, gl~d_.t ..te. teTlIi nal_st::<,t' ~~"
diapl"Y ..PluO; / >' i}
Uilltt .,act. ion :: 1; ,
til8i':_tla,stl .~l&ll_:'l. 'it; '" O}o'(·';

-,

Ii

to'1' (;;)
{
it ( tUk_Hags .pllUl_1'lag :I,,:, 01 U ti.,,_up("PIllLll") C;: fJa.SS
{

}
yi4l1dO;

}

C.2 Plan-fcn.c

1ne~Nl.: PUI-Fel .C

d08cript iOll: Probh. iAd.pellc1.nt func::ti~)u used. by the planniug task.

nithl! by: .Ii. , IOI'}lala. - 11/90
_ .... _ .... __ ,_"' .. ~~ .. ,.,...,... ._. .... !!'* ...... _~ ... r_ . .'.~_. , _.. ._ .. _ .... _._ ....... _

.lld_of~ •• arc:h(prQ •• nt_liitat ••
char .pr •••nt_.~.t.;
c:har *goal,_atate;
char .terainal_.tat.;:
/.

!\6turna 1 it the ... uc,. Bhould be terainated, 0 'i1 nct ,

159

_____ ,••_. ....J



ch.clt_b.llibit<ed_op.rat:ou(opuator_.l1lU11.i
char .oparatox_naa.;
/.

(,

(i \\

Ch.~ if til. ,inn ov.rator ft. bun' tried amdfa.i.l-6d bdore, \\
r.turA 1 if yell, 0 it not.

i ::0;
ilhil.{.(pl<Ul..•tack(.t..<:k_top-~),inhibit.d_open.tQu(i) != SID at

$ (pl8.!l .... tac.k(.t&ck,_tc¥'-l) , ~nhibi t6J._"p.'r.lltor. (i) !:: ' \0' at (\J
i<IIli_OPE.UfOlS )

{
i1 ( compar._tG~(operator_Daa •• plkn_.tA ~L8tact_top-1J.

" if, ;Lbitec\;..op.raton U) ) ....nUR )
ret~;(l) ;

i++; .
}

(>I retuzu(O) :
}

for{i"'<'; .'Fl.a.1l_Bt&clI:[lItack_~l'jp'21,inhibit.d_.opertJtcyt!' ) !'" EID U
.(;plu_lIItack[*ta-::k_top-2] .~.nhib1.ted_ o:peratc.c" , . ]) ':t · \0' U
i<lnft_OPEaATOftS; i++);

./
etrcp1(plan_iI tack Llltac!l;_t~r-2] . inhibi t~ ..opor ..ton (i) •

plan_l1:ack(ata<;k ..tQP-jJ .operatoI' noe);
iH;
.(plan_.t"c~(8tack_top-21.inhlbit.d_~p.r~tor.(iJ) ~ EID;

iJ}
(I

'iu;.l I.lHl.uh;.bit._operatcu(voia)

Clear aU inhibit.ed oper».tora troill the .t~t ing node.

$ (pLln_.1tl\cI: [Dta.ck ..top '1J .,inhi bited._optl~·at()n (0)) .. Ell);
}

11"2
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.1

int utch_type;

aateh_t1p, E e~par._.tate8(pT•••n~_&~at•• !oal_atat.);
if « II&teh_type == t II aa.tcll_typ .. ='" 2 II (IUtch_type "'''3 ..

.. eoad_lIllGe •.tlag :::::01) ) Ii (C;O&pal-._,tato.(pr ... nt_atate,
t.~in~l_.tat_):= 2 »)

retu'n(i) ;
.1•• r.turn(O);

}

eOlllpar..:.t!llt .. (II~p"r _cta,ttt_tu!r. .,,'1:_.tate_e4r)
char ••ub_.tate_adr;
elulr •• Up4Ir_.ta:t._aclt'; (,:,
/.

II
,)

Cotapu"llI. the two IIt.te~ ad !:~t1.UtI.. 1 it ic1t'Utieu. 2 if super_.tato
C~Jl~in •• ub~.•t&t.. 3 it it .."per_.tate cOlltaills the ."Ol'It ial ,,,o.. t
or the sub_ltat. and 0 otherwi ••.

'r\
v

,:ltar <)~ub_.t ..u_t.rllll~TIJUiS) ••• npu_.t ..tl_un[TEAlIS];
i&t part ial_lIhteh_tlq. Wl•• .,eat 1&1.U... alltch_ 11",;
reghter a, j; , '"

i '"0;
F~~ial_..teh_tlat ~ OFF;
stth_IJtat._t.n[C) :II i6Ub_ltate_&dr: \\

.:.tile ( 4Iaub_.etah._tarm [1) !'" RIILi )
{

j '"0;
Latch_flag = OFF;
nnea ••ntial_flas = OFF;

u ItUPU_IU.t._t.l'a[O) = IIIlptlr_"tate_adr ;
.hih ( +av.p4tr_stau_t.l1lI(j) != on tt MatcA_fla, .• ,," on' )
{
if ( eOllpar._tem.( IIvb_.tate_~.ra(1J. SUl,u_21tll.te_hm(jJ J == 1)

aat~h_fl" • OJ;
it ( c:oJlp.u._ura~( aub_l'It&te_tUIl(i); I1l1p~_.t ..te_tum(j] ) '0:: 2)

ana.aential_fl~ ::el;
j++;
aupu_.1;at._ten(j.l ,. .upu:"atate._ildl." + (j • LETTERS);

}
if ( utch_fl~ ::.. OFFU Wl.uurt.dI\L:f1aa ,,= OFF)

nt;\nl(O);
()

11' ( aatc:h_fla.g """ OfF la un.... ntial_fla,g n 01)
pu·tid_ltr..teh_fl&s ,. 01,

iff;
SIlb_.t&ttI_ t U1I(1) nb_8tat'l_adr ·l (i • LETTEa~);

}
(f D
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'\I'oid... at ch(preaont_atat •• ,oal_.tat e , te:m.in&,LIl!;ate \
char .pro~~nt_.tate;
~hax -goal__tate;
char ..t.l.lIlinu_"t,ll.to;
/ .. I~

Perto11l .. difhr,lJ1c"/data driven, 4opth-fint louch by q
II "

itadf recllrlliY.ly ud at.::lriug tho' CU%'T4I'",t • .uch-pAth on tho
plan IItack

"i
{

int index, r~ting;
int •• arch_typo;
char n ... [I.ETTERS] ;

,~int fi\ibcLfle.g;
re"ist~I i;

if ( "'Uck_. t.op < SnCKSlU )
{
it ( end \o'f_u!U'ch(pr ••• nt_8ea.t&, ,go.J J~at(J, torainal_flt&t.e)

.". FlLSi )
\\

if (.taGk_top #= 0)
}'mBh_OlI_lta.-;k("Initial._ltllte" ,proaent_Itate);

taUod_tlq '" OFF: '
r..t~ '" 0;
uuc:h_tJPo .. 0;
"in&.x a 0;
i • 0;

/:~
s, I

I
I
I

I

o
..hib! .(oFtratl)r_b~ ~r(iJ .ilM.) !u KIDU rating ,,, 1 )
{ ; \
if (ehecl •.hhi'uitod_?pllilrlltora{oruatt'l:'_bu:Uer[i) .n~III.) "':: .FALZE)
{

ratiu!"'checlc_opor.ator (.top~:nltol'_buff.r [1] ,pre!l.nt_ atat" ,
!ol!.l:"ilta'~.);

if ( rat~g =~ 1 )
{

•• u:;h~.type '" 1i
:<1:14.1: e ij

}
.1 .. if ( nUn, .~'"'2 U o.. xch_tiP<t !'" :2 )
{

U:llc('J,pe " 2;
iadu .. i;

}
.1J. if ( r&ting =~ 3 at. 8~~ch_typ$ =~ 0 )
{

s.arch_type - 3;
index = i;

}
}
i++j



J '" 0;
aUpU_l'Itll.h_tflll'lll(O)" aupu_at.t"_adr;
vhil. l ~.uF.r_.tat._t$rM(jJ != £ID )
{
j ......;
.uper_.tat._terw(jl '".up~r_.tat._adr + (j • LETtERS);

}
it ( partial_~tch_fl-c :: 01 >
.l.6 it ( i =:: j) r.turn{l);
.lso roturu(2}:

ret'l1I1k(3) ;

}

void. C:0PJ_a'Il... (.tatel_lWr •• tat.:2_t.,;r)
char •• tat.l_adz, .8t.t6~_adr;
/.

cltu •• t..,.1_t9ra['l'DHSl .... tat.2_t"nt'rBQS);
roCista' i;

-I)

I[
!I

atat$l_t-I:na(i] • .tat.,,_acir + (1 • LI'M'ElS);
.tate2_tua[i) ,., .tat.2_aclr .. (i, $ LI1"I.'J\R5);
nrcPl'( at ..te1_,ta::.Uj •• t:lAta2_te11&(i] );
1++;

} .,hi,h( •• hh2_ttlnlU-1J I'" BID);
}

,0B eOllF ... _.&t1L~IS( 'Statjt.>_adr.)
(har *.tate_adr;

iUiainato all .-pt.J tllra (1. (>.. .tzlbc. JltU1:iq 'Vth \0 ) froll
'the sheu "tat~."

*1
{

c chIU -t.:na(TUMS1;
regillter i. j;

1 .. j ..0;
ter.a(O) = etate_adrj

while( *hrll(i) !'" DD )
{

if ( .t.ra(iJ ,~ '\0' )
{

\l
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•

1\
1.\

o

}

if ( search ..tJ~e .:: 0 )
{

updlrlt..._p:c·.,.n~_l5t ..tl!l(top.rat\)r_buft.r tindu] •pruent __ata.ta) ;
pUah_<lll_:IIU.cl'.chpnator _bufhr[indu) .ZUllie ,preunt_8Ut.e) ;

}
elg. if ( stack_top > curr~nt_botto. )
{

inhibi .._.)pc\rlI.tor() ;
pop_off_ltacx(na •• , present_state)

}
01•• it ( atacit_top =" cu.tr.ent .•bott J. At •• cond_aode_11ag .::, OFF )
{

•• cond_a,...d~_tl&8 .. 01;
.minh.ibi t _opc:nton () ;

\\

\failed. •.fltii = OJ;
print:t('!~(n\n Search unGuct:.ut'll _ 110 l?lutiOl\ found.".);.
g.tch!':'O;

}
if ( taibd_.HAg ='" OFF )

IIl.a.rch(prell.nt.,lJtate. goal_Ittat", tenain ..l_llta.Lti);
}

}
carrflnt_butto. :: »ta-:::!:._top;

}

C.3 P'l-co-fc.c

-,.----.-----,----,----'~-.-- .-.-------.~--.------.-------~----.--.--.--------------
filenUlfl: f'L-CO-FC.C

dll8cription: lnitialization routines for op.ra.tM·r,: l.il,ocifl.c to:> th&
contro.\. p:::oJle:a (case study) and other p:cobhll 8pecjf:i~:

("' 111,uctivna.

written by: 11. il:orpala ._ rr/so

voi~ UP~l1d_"t.llt"(liitate._adr)
cnu .ctatf.l_rulr;
If<

174
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if ( i ,.. j) ~,
.trep1( t.ra[jj, tata[l);

j++;
}
1++j
t.ra[i] ~ .tato_adf + (1 • Lir~~);
t"m(j) ., .tat(j_a.cb: + (j * LI"i"l'IIS);

}

1

yoid 481...frOll...t&'~.(opu.tor_adr. pr."ant_Ur)
etnct t1pvator ~~o., .w;
~ .~ ...t_a4r:
Ii<

o

0.1,... 1'd.t_efhct. 0'1 '~. !ina op...... ;or fl"oatb a;''''*ll pr ••• !lt.......
dLu ...... '_' ... t'rIUt1;
r-sutc 1. j.
ut .&tch ..11&f,;

;1. "" 0;
pr ... ut_t~(Ol • pr.~.AtNa¢r;

D.ih( .... st,.t.n(i) f. lID )
{
j • OJ
M1Ic1l_:tlac .. OW;
au. ( *(o,.nt.or_..tt->4.1_dhet)[JJ ,,, £Il) at utch_fl .....·atF)
( :it" CO~p&u_t.n.(p:t.iJeht):tIl'1I[:i.] .~lator_.dr->d..l_.t:r.!';t(j))

.. TlV!t ) jl
{

\, )
*JIn•• t_tera(iJ II '\0';
_tch..,t1as • ttl: c

}
j......:

>
iH;
pns_t""tlQ'a(tJ " pt•• ~t_1I4r .. (1 • ~'EU);

} t

l'
"

u

()

o

I'

o

"



\)

Add certal.n tonus which the u.<!tr dO.f?<.not ha'llil to enter, hut unich
ar. J',ud!l"~by the pltUUlel:'.

*/
{

ehar .~'t,..t._ t.ulIl[1'ER.MS] :
char torm(LETT~);
char' vuuo(I.E!TERS);
i'ht .at.:h_fla~;
r4,i.te:r 3;

i = 0;
aatch_flag : OFF;
3tll.tG_t.rw[O) :: atllt'lJ_adr;
wh;_b( ••tah_tP..:c.(i] l= EID
{

IU.t;;:h_flag = (;.lli1)~·1I:tena ..~~,. (st4te~'t.,:x-.(i). "lHItj-.binl);·,);
i++;
.tlIte.~t.rt'l[iJ " tltat.$_adI + (i .. i.;::;'!"!'ERS);

}
if ( Ratch_f1a& == OFF )
{

i =- 0;
at&t._t.r~(O] • 8tat._adr;
9bil.( .¥tat._t.~[i) != EID )
{
if ( ch.oe);_tllrtl_start(.tate_tidn,t,i]. "level") _- TRUE)
{

(;op)'_t.r •._end( valu,," .*tatG_tere[l]);
lUt~h_:t,.a:g'"01:

}
i++; ;,
.tate_tuliI2[i) '" .tl!.t~i\~:1r...(i ...LEITERS);
}
if ( a.tch_fla& ,;:'"013 )
{

st:ccpy( tel ...... tpoiIlt:_");
stre ..t (ten, value) ; ')
strcpY(Rtate_ttn[i) ,term);
iH;
.tate_term(i] ~ It4t._~dr ....(i .. LETT~~S);
•• tate_ 1:'81"1'3(1) = BID;

}
}

v01d r.8~t_op~rator8(void);+
Copy oper acor s t r or the op~rat(lr _d.eilIlit'iol' s truc t ure t', tho
Qpel'at0.f_bc.ttet s tr uc r.ur e

{
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1'014-.Ad_to_.tat.(op¥.tor.edr. F.urt_~\
.tru~t operator ..,.~&to~~adri
c:llu .u.t~a4r;
,. Q " • 1',\Add 6d4_~tt.Gt. ot t~a ai... ~tor to tn. ,11''' pc••~t ~tAto.

c:br. ~ .... t_t ... [TIIUl.
r611.1:U' i. j.
int utu_flag;

i ..0;
pr .. ftt_tt.n~ol • p%1t,.t_ur;

.h~.{ .,r.... t_tera[i) ~. lID .. i<TIIIS )
( S

j • O•...,,11.. • Oft'i
wU1e ( H~.tOli_.4r->Ia44_Iri,'(~) {jl t' ........ t4_u .. -"Ow l,
it {~._t.ru(F.e ..nt_t.nUl.op«tator_.dr->add ..ef:hdtjl)

•• TlUI )

"'F••• t_t .. Ci] • •\0' ;
_tcJa...n.as • 01;}()

J+t.
}

1++.
~1JI'It_tU1l(i) It; pl .. ot_ru:!!' + (i • ~);

}

eoapr _,tat.(pr ••ent_24r);
pn t_tera(O) • pr .. en'LlUlr;
i ..u:
_il.( ·...pI'ilnnt.~t4tX'J\[i) ,. SID) )
{

1++;
pTUO.,,_t41l1(i) .. pr.nl1t_wlT + (1 • un"l'Sas:);

}
j • 0;
"Uh( *«l<por.tor_ad:r->Add..:"h~t) (jJ !a Un air i+j<TUJlS'~l ){ ,

at.! y(prn_t_t .. U+jl. operatolr_adr->adtLe:ff,ct[J]);
\} j++; (, {]
pu.ct_Unl(i+j) II pre••nt_W' + {i+j) • l.l1TDS;

}

}
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register i;

i :;.0;
ahih( *( qJfJrl)'!;or_<l,,:'tnitio:c[i) .no.) !"" I:ao U; i<OPEllATQ}i.S )
{

copy _opel'lltor(loperator_ot'fhr[i] .~')per:..t¢? _d~finAtl.')n (n);
idj

}

1«operatcr_buUu(i].naae) := EJD;
}

void lSub$citIJte _tElrllB(cp&l'atc:c _ten_ad!'. Htate_a.dr)
ch~r *atste_adr;
char *c,pel atcr ..t;cr:II..adr ;
!.

initia.li:te ..9pen.tors(pr6."" :_lI.dr.
.pr ... nt_ad;r;
1Igo$1.\\adr ;

"

goal_. adr)void
chU
char
/*

;)ubatitut:fI valuu for th.ou precondition. ud eflf1ctil which ta.lte
up.nta .

*/
{

ugiat.r i;

ruat .•opexatorsO;
-axpanu_ac:&t.(p,:-eaent_ad-r);
uptmd ..s tate (goaLadx) ;
i ::0;
wb.i1.( .(operlttor_bufhr[i] ,;lUII) !e:; SID It i<OFERATOltS )
{

initia1i:t._po •. ,.\or.1it.iQn~(top$Tator hu.Uer[i) .praunt_a.dr .goal_adr) i
initialize_neg. ('oT.<H~ions(*opnator ..bl1ihr(i) •p:ceullt_adr ,gOal._oIlldr) ;
iuitiali~e_t:\dd_ef:re<;!; s(kopu;"tor _bu1hdiJ •pusElnt_!ldJ: .goal.adr);
init.i.a.liz •. .'iel_aff.cts(.operator.bu:f1nfiJ ,praaallt_a,.ir .soal_adx) •
lnitia.1iz6_operutC'l"_namlj(lopn6ctor ..buf!6.t:(iJ •god. M,.·);
i++;

}
}

Ci..en thll aJdr ••u! 01 an lUlinlti.li:tod operator terti :flnd the
cor raspond.ing tU!II ;i.n the ~l".m IJtat~ and subat t tut e it for
tI,e fin;t tent. U no cor r eapond i.ug tlitrm iI, ~'Ie s tat;e is 1'oliiuci,
initillii:te tt) sYl'lbol '.'. L\!)., a. ",ild>::llrn, C1l1h checit ..terlll..lltrq-t •

.,;
{

char >tlltaU_ teJ.1I\ (TERMS)"
\' \char atring_buffu(Hih·)

);~~i~ter j;
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void uptat._pr ••ent_.t~t~{uperatur_Adr. p~•• ~ut_adr)
struct cp4Irl!'.tor .QP",rato:t'_adr;
chu ~_Qt ..)uir; (, i

/$ D
&pp1r t~ operator to the pra••n~ .tate.

ckl.rifl:''_aU.t.(opvatO%._adr .prfl.... t_.ur);
~_to_otat.(~per&tor_adr.~.584t_adr);

eo.pa:r._t ... (.tr~t •
c;hu' ... tdtlf·l;
claU • .,t~l,. I-'-i ,

'I. ~ ~~

~. 2 Al'1aPt ",tv. i i1 epl.. ~ if lliU .. nt but. .. itb..
......... U&1 u4 " if 4U1__ a4 •••_thl. n. ~.'
~1I%~hI' ill u- ".. 1~ b. 001 •

.....flJe -GW:
it {.GUiJq;1. II"...n)
.(

ll.b••.u... OI:
'»tr1J!ct++;

} .)

it (..tl·~! .* I'll
(

Ab..tlaa '. of:
IrtrillfJ2++ •

)
fo;%{ I ... triRIl .... ~tr:iq~;~I'iDilH. uriAs2H )
{

if ( IJsUiA81- '\0' )
*•••• (1).

}
if { ~ViJlIl •• ,~. II .etri~"'" ~)t') retun(");
it ( .b_fl.. .,'"an') nturn(2) i
.lat ~etura(O);

I) \\

\\

voi4 ~OPJ.•t5l'Jl_3tUt ("trillSl.*triJ<g:l)
char .strugt;
c1l.ar "'IIIrtDf21
/*"
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h.
'1,)

}

\\)

aateh_flag;

j :. 0;
match_flag = OFF;
Iltl'lt('j_t~rll\[C] z .tate_aliI';
whi:>,. ( •• tllte_tera(jJ != EID
{

j ...iEiUlS' at IUten_flAg == OFF )

it (:-;heck_tElIlIUStut(opua _to:nUi.dr,lItah_tera[jJ) =: TRUE )
{
it ( tataU_urIl(j) :1:::: 18 ) 8tat •._tenh)1~";
8trepy(uperat~r_t.rR_adr,8t~t._t~rP(j]);
sateh_tlag = O~;

}

j++;
8tate ..uf .. rj) = .tate_dr + (j " U:nERS);

}
it (.atch_flkg e= OFF)
{

eopy_te%1l_atart(stril1g_;.bufter,l?perator_una_a.d:r);
lItrcat(at:rill3 __l)u:U.r ...... );
.trep1(op.rator_t.ra_adr.atring_buft4~};

}

1nitialblt_op~rat(i:t· .•naJl'l.(opU1i;or_e.dr •• tlP.te_adz")
stt'Uct opuator *opetllt(!r_li,d,r ;
c.hu· •• tate_aar;
/.

SUl:lotitute a vallie for l1r~~.nt 111tho •• Cp81·,1!.tornUl .. whic take
u~.l\t s .

chu +,tate_h:ra[1ElUlSJ. ,~lu.[LETT£RS];
regiah:r i;
in'!; •• tell._flag;

it ( ,l.heck_tena_end{operatoI' ..ad.r->n<Ull.e, "!,.al") ::= TRUE)
{

it ( checlt_tt'll"ll_ltart(op4lrlltor_adr->ni\lll8,"S9t_Sfltpo',nt") -_ TRUl:: )
{ 0

'" 0;
eatch_flag ~ OFF;
JU.te_t4ll1ll[oj = Btate_,adr:
while( .I:tate_terlll(i] ,,, ERD at i<TERMS U mat';hjlag "" OFF
{

it ( chlJch_tl!r"'_.t.\!t(at2.t~ ..term(l], "lIOtpoint") -- TP.l1E )
{

COP/_t"rIl_ enJ( valuo. atll,ta_tulIl(l]) ;
.atch_fla~"'0.;

}
i++;
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CI

"1
{

for (; .ctiriA12 t= )_. U}••tdag2
{

,= '\0'

}
.Btr~l i.'> '_'i
•• tr1a&1++:
••triaCl '" '\0';

} /
,.j/

•. :tid eopy tor'!" "!l&l(!J1:l'iAC1, .tria.J2)
cUr •• trut
dUI.t' •• trill" ...;
/*

QepJ tM claa.ftr.:t... fr'Hl t;1l. utancore ., to tlie a4 of .tr1Jll2
iM+".'~'

til • ,
" '-

it( ••~ a. ~_.)
{

}

Irtdq;:a.+ ;
for (; ••trqa I" '\0·:

.ttr~l • $&tr~'2'

}
l:

ch.ck_t.m__ <atri:ql. .triq2)
chAr •• t):'1""11,
au ••U~2;
/*

Qedt if .U·¥ ad•• trla&l (1. ••• at 1.... 1; lUI lut eu.r ..¢tera
(>f .triaa1 .u. *I1la.l t....triq2 ), if y•• r.tua::. ;l.t 1Il0 ret~ll 0

eh~ •• tr1 ••• tr2;
reclater i •

•trl • stri.ng!;
~o
{

.td '"atriDg2;
fo1('( •• nt!: •• tx2; IItrlH )

.c:

I•

o

1:.1

__ .... __ ,J



OJ
\J

1\
" I'tat8_tena(i) ;: ilt..to.~adr 4- (i • I..E'l'TEI\S);

}
if ( ju.tch_tlag == O. )
{

"trc.PJ("per~.tol·_<Mir->aUII., "S.t_liCtpoint_&t_");
atrcat(oparator._adr->nue. value);

}
}

}
}

1ni tialize_n.,_coD~li t iQn", (operator _.&dr. pre...nt_adr. goal_adr)
.truct operator .epe~ator_I~;
char .p£8~.nt_adT;
chu "'I0al_adr;
1*

Find all uninitiallzed nO'~~Q4ditiona of the given ¢perator and
in:!ctialice th .. by calling lubiltituto_tu ••. Calla chec:k_tfiX'lll_end
and 8ub.tltut._ter&l.

i = 0;
while( t(op'Utlt(l<r_ad>:,->ne,_cond!tion! (i} != FlO It i<TE1UIS )
{
it { c"'.ck_hl1l_lDd(opuator_aclr->neg_co!"Uiitl,on[ll '''_.pr~a'') "'= TRUE

n.bIUtllt._t.ran (operatoT_3.dr->n'!g_c:olU!ition (i] ,pr'iL ,snt._adr);
81..

\\ {
it (cbec:k_~ ..:nt._end(opnator _adr->ne,_condl 'i;~on[i] , .._g<>.11") :::;; TRilE)

.\1b.titutl!l_t,e1."U(cpera.to'.c_a.d:r->nflg_conQiti~n(i) .goal ?flr);
}
iH;

}
}

if
;1

ini.tiAlizlt_pU8_con«1itiolll (op6rator ..a,L
&tz:uc:t cpe'rator .operatcT_adr;
char .pr.8~nt_ad.r;
cbu .goa.l_"d't';

o

Find all u.ninitia.liz~ci p(ll_cvn-Htiol\S of thIS gi";ten . .)pl3rator and
initialil:a them by (:alling l1ub.titut~~',;&l1I'U!. CallI! oihO!!cIt_tHIII_liInd
And sub&tituts_torms,

f••'i"'ir i;

\>\\
\\ 178

~\
- __ ·. ~···:,..,.,~·wr;~~i&<_~~,l:K,·J.



(I

uturn(o): C;;\
C)

~or( i • 01; -Atr1 .,.... tr2; .tr1++. etI'2++. 1++ )

it ( ••tr1 :Q '\0' ta i >2 MIl )
retlU"B(l) :

it ,,(.atJ:1 as '\0' I\t i < II' )
retu:nt{O) ;

}
} uUe( ••t.-1 ,. '\0' ):
retun(Oj;

}

check_tera_at.rt(.ttiac1,
c;w.. *ctri.llci:
elva .strl.aa2,
!',

QMt it .triq2 .t~.atriall (1..... at l....~m
c:J&anct...... u$ IIt:d:a,l a;r" ~u to atri .. ,./). j.t
(I no r.t'ln O.

~I
{

if ( i >'" )HI )
ntunl(l);

"illtrUlt2
r-,
<:

if tAIl ... I~}
il(.~tr~2.~ fb)

nri1i&'++;
.t:d·C2++;

tore i • 0 ; *fttrin,l .~
{

/ )

}
retun(O) ;

}
\.'

J". (,j
\.Ii_,

ch.cl_A"_COD4it:on.(O~Tator_adr •• t&t._~)
.truct operator .op~J1tor_adr;
char •• tats_&drj"
/.

Che-:a if uy of the 1I.g_.-.onditioM crl tIl. t",?l:'ator eonaidOl'N
Id.;;eh •• &Il1 tlf the teX1Ul Clf the pr •• en't ~tate •. ~:f y •• ntura 0 to \,
ab&Dd~. th. oper.t~r. if no retura 1 to carry on .it~ th. oporato~:

{
char •• t~t._t.ralT~);
nf:hter i.j ;

i '"0,
..hile ( * (op.t" ..t\)r_ad%-c-,>n·s......""v').tiol') [l] ,.

I,' I l.. .\

E.m )
u

C) 16C
o

'I
(I ",

-'-------- ---



c

i ::0;
lihih( +(Ul,6:o:at.:lr_adr->pOR.,Couclition)[i] !'" END U i.<TElUiS )
r
'I.

if ( checlt_ ten_.nd (oper1tor _adr->poill30l1,'; it'ion [iJ ,"_pUG") == 'rRUE
.lI.bat itute_ teras (opuator_1ldr->poa_c()ndi ti~n (i] ,n",.&S6nt._adr)

J' (

; \

"",I'
it (ehllc~_t.ra_cnd(op&rator_l4r- ...po._condition(jJ .....god ..) ::::-.

8ubBtitut._Ux~.(opuator_,adr->po8_condition [iJ •goll.l_adr) ;
TRUE)

}

i++:
~~'

(
,,"-,

...... ~- - •...-- _
initialiu_dlll_"tteeu(operato:l:_aer, pusent_:>1dr. goU_D.W:')
atruct opuator ~op.rator_adr;
char .pr ...nt_&dr;
char "'gou_adr;
/.

}

Find all uninitializt'l. dsl_.tt.eu ('~tne given cpu.,tor a.n~
initializa th"l!t by calling substitute_hras. Calla t:bflck_teoLend
and sUbstitute_teras.

! :::.giater i;

i ;::0; "
'ifhil.( * (opiIIl:'ator_ad-:-"->d-.,l,..effec+,) tiJ 1= Ell) ,ta .HaMs )
{

/1
;//;~:

it ( ch.ck,~te%1ll,_.t\d(o~rato:c_a.dr·->d(;l_."'t:fQct(lJ. "_pru") /f- TRUE)

lubatitllU_tcnls(opcu"tor_adr->del_ e1hct [i) •pl(eae!.'lt~(J#1'). ;
81.. ( {"
{ h ~

\>\.
it ( cbl'ck_1:Gl'll_<!!nd(operator _ar.ir,,;>d$}~:~Ihct:'i]." .goal") ",,~,TRUE

81lbetitute_ t6na8(t:ip.:n.tor_adr~>d.l_eftect (iJ .goal ..adr ) ;
}
i+1'-;

}
}

;iili tialize_l.dd_ef1'ects (op~1'<1tol'_a.dr, present _adr. goal ..adr )
atruct epe.rat.ez • ,:,poratc,'I7Jr_3.d:t;
chaz .prtlUllt_a01" j /)

char *goa.l_4dl:;
;.

fhe! all unJ.nitlllllzed ".dd_):fiectl! of thfo glV"IlU opeJ'atoI' and
In i.tialize thea. L~'1callilng 8'lb»t i'~ute,_t5!"!1l1!. CalLs (heck ..term_eud
and 8':lbatit\l.tP.._terftls.

*',
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{
j .0;
nat.....hh'O..!Ol '" .u.ta_.dr,
_~ ( •• ia'te_'t .. rj) 'c PI) )
{ v'

if ( c~._t.n18 ( opera'l:"t'/,:&Mt~->D.I-c:o~-'!-tiJ:l~iJ.
.u,t,,_ttnl(j] ) ... TIWE ) ":\"

<;:':,'"

c\

c

\}Mt op41l'at(tr COUll4<a.rd Ulj

%'4M1n 0 to ab6adoa th.
··tltlftt,'J'" "i.•• I)p$h;tor, l)

c

"~.tI.t~.."",+ (1).·~-);
.\ }

U' ( .••'_c.i ~t~ ... orr )
t'..-tu1l(O); ..

"+-toJ'4 .;1

} (I

Ii

()

II

(I

(':_I



----------- I .----------- --------

u

C)

i

()

If?
II

c;

C'
,;tll.hl.. • (cpsTatO!_adr->at<.'.d. .•• fhct) (1) != r-Jn ~. i<TE!UCS )
{.

i.t ( ch.ck_U:;:,a_.nd(open.tor_ad.r">~_.:fh~t[i] 'c"-pres',') ".'" TJW'E )
h!)etitllt._t~l1I/I(opcn.tor_adE->.dd_efi.ct[iJ,rn"l1t_ad4);

.1••
\j{ =

it ( <.iuck..tullI_.IIlld(opu&tor_&Ar->6dd,,4tff,tct ll.J. h.,!onl") ,.,. nUE )
sllb.titut._t.rti{op.rator _&dr-»add..dfl.ct (1) ,&Oal~l~dr);

}
i++j r )

C.41\ Pl-su-fc.c

-:~:"'-.--------------.-c-----J---------.---------------------_----~
tHeil.a:

__ducription: f'iD1cti<'lu~ llud
.>; ~'') .Uf'G::·'1:i.8Ior.
'~~-l

-wri tten by:

by the plunar to cooperate with th._,

A. lorpala - 3/91
f1" ---- -- _._._ - ---- .. ~- -,~:- ....~----- .... ----- ,...-~---- - --_._--, •. ,- _.1.._ ._-- _.__.-" •. ...,--,------ -_. __ ._... C')

'_I

voill .u._abatract_at at.(prltluJlt_~.dr)
ch.ar .pr ••• nt.f.dr;
/ ..

Crlllll.tean abatraet .~ii~.i.e., in th~ tora vhich ce:n btl proc ..".ed
by the pl6.nn~r r _.~ro. the )~I'ltll contained in the .t~tl. \,lJ. plant
atructuxe, --',)(-""\ y . \\

\ t: -: \1
I , r----,.

c,hu +preunt_ tiara (TEiIJISJ;
ch.u value(3];
int aetpoint;
rflgi&tu i;

i "'.0;

if ( )~tat.~~1'':PliUlt.1argt)_\i~~tllrbar-e(l -_ nUE :I
{

t :

/.1

\1



1/
? II

C)

()

:~..:.:-

(;h.a_dal._e'tt.ctll(C'Pot,~r_adr, pn~4~t~'~d.:1"; Sw.l_&dr)
litnu;t C>p"'Utol' "C:f.5"Di·~l, ~j
"hu "pz.IIWtt_ed.C (-
~I:r *,oal-:Ux; } /'
I ,,) . ' 0 \r" ""~!'

'1. __1 "t;:]
'culi if· &1\1 (I~ the ael ..etf..::ts (>1 the open.to% cons:irineU. is
~as.ltt 101-,'tli!t pre ••• ,. «t:,ftt •• but a.b.ent 01ro. tho gnal !;t:atfl)
1~.r.t~n 1, It llQr.t~ O.

;--,

\\

(_i

(J { ,.~ .,r.._t;_t~.LT rr.iU!J.
Char ..,oal_tU1l~J;
iat IIlLtchl ..U-s.,
.. 11atc1l2_t1.,i
"tutfa' i. j;

1\
II

i .,0:
':' _~1_fl81 • OJ
_t«:h2~.fbg>; O.
1fhih ( "'("perator _adr->del.~cf:f ..et)[i) !..EID )
{

j .. o.
pr"eDt_lI.~[Ol u pr....t_adr;

c/ ~i). ( *F••snt_tUll(j) !,. EaD.~ _td\l_flag •• OFF )
{

if ( t:aaparlt_uru( op.rator_ad '-;-'l:\el._a~:2.etti) ,
n.uE j

Q..t'~1_fl., n OZ,
j++;
P%·•••• ~_te.raLjJ .. pr.sut_".sr + (j • LB'M'DS);

}
it ( aatchl_tla& .'" OJ; )
(
j z 4); '\ ./\,oal..te:r.;a(I)) ... sou_adr;
"hU., ( .,ou_tu.[jJ L: ElI) U _tch~_fl .. ail: OFF}
{ :,'J "

it ! cdpar._teX1l!~'(0'B.rlltor_a4r-·>d.l_.tht;~(il. t'Oa.l_t.l1IIrJJ }
*11" TtUE) ,

.~tcb2_fl&&u 01;
j++;' \ "
IOU. t.r»(.1J ::;&oal_a4r + (j If. t-!TTUS);

}
it ( aateb2_f1a& R= orr ) (\

lli!t'l1Tll ( 1); \\
}
:l.+-+,; ;; ;,

}
retu.rn{O) ;

\\

Ifl8
.J

',',

((

\

\\

I)



OJ

atat ._ot_pla.nt . alaI1l ..i,;ondi t:i on' ~"'~,'l'l<.I!E} (I

(, 'precextt ten [i) =< pZ'I!.. 1.\'Il:_ ...d.t" + (j. * U..rtl1:P,S); il"
lI,trc;py(pre•• nt_te:r .. Ci], "alana_condition"); il ,)

;t (·:~ .. _.t_Pl .. t.'"'.::f'il''' ~.nUB ) <JI
pUIHtn~__t.m[i] :.;p:~ull't ..a<u; t ,~i .. LEnERS); \1
Itrepy(pr8Ih'lnt_urDll]. Itnn:lor_f.ilur~"); II

II
\
, o

n

)/

p'l.'uent".te:ril(i] ;: preuut".a.dr {. (i ...1,£1Tt'FS),~
f .tr(':p16pru~nt_tu*{.i]. "1&rgl!...iliat;;.xba,n~4").

i+t;
}

c
preunt_tC'J:na[iJ '" preullt Jl~,t' + (:'.. • LETrus);
.tr<:p1{pr6(l.nt_"t~rlI CiJ ,"t)v~r1.oll.d") ;

;) i+~ ~-':
1/---}

:Jf ( state. /,~,_plant. nl ve_fllilu.n == Tl\UE ~
{

pnU71t_ter'llCi] .. prdell1:_lIdr .. ('I.• LETTERS>;
.trepy(pr .. ont.::t-"lnl[i) ,·:"alve_tll:ql!.rO"j;
1++:

}

(1

it ( .tikt._o1_plll!lt. a4"anc~d_fdlr'''1' ::: TRUE)
{ -.

pn .. ut_t.l'11(i) .. ~reuIitJ1Cl1Zi+l!ti '" l.EArJ.ms);
•tr cPJ(flrtl:ro.r.t .. te:rj. [i) ,"'adY<U1c&d~.:'r al.lue") ;

:' i++;
}

o

8tat_:_ot,_plant. baclr.up_failU},'<iI ",.,. t;!<ttE )
'2>

1.1

t,
pn'4'."t_,tflll'»(ij '"' pUUD.t_aQ: ... (i ~ Ltro~ll...C;);, \'
Iltrep,.(pn.~~t_terll[i.l; ..t-.ackvp_tp.ill:!rcJ",~,j ,.

" i++; \\
}

11

H+;
}

~.f ('~t{lt.1l ..ot\"p'ta.."; .<CatlV._;.~~~n
I ,),

(':.\ .. " :
pnuTl't"c."Jc!.m(i) !,:" p:::e.nnt_.aC1r ,~ (i of' tE1"TEJlS).
;\Itt:~lpY(rr'le<8'!1t_t.UIl(!.l, ":ttl ~"J.~h.ilur."):
iH~1

}

":,,,

() I
Ii()

II



I

it ( 6~&t~_o!_plant.activo == 1DV!JC&~_CO'TlOL )
{

l1l'S'SG,\t_te:n(i) .. r:re .. nt_ltdr + (i * L£TTlUlS);
.trc~) ipreaent_ t8n(;.] ."aeti .... oonJ!.ced ..);
i++;
pr ... d_Urm tn '" pUlJ8l1.t _a.1.r '" ( i .. t.E'!"1'ElS);
atrepy(pnunt._t.na{i], "lIIn~r.Il'ho:tr_ec'!ltrol");
i++;

}

it ( lJ'tat._of .•pbllt. aeth., ""'" BaCKUP_COiTitOL )
(
F~"nt_tar.(:J ~'pr""".nt_adr + {i '" LETT!IlS),;
.trJ,,~J(pr•.,nt_t.:n\[i]. "acti .. ~.},.ek1lp");
iH;
:>re.. nt_hm(i) '" p.reaent_adr + (1 • L£TTtl:f\S);
I!tl'c:py(pr~.~nt_t.B(i],' '-'lperv;.llIory_con,trol");
iH;

}

{

LE'rn.;~s};

}
i'

{
'i."

pl·..... nt;_t6T,1t.(i] ., pr ... nLadr + (..i • LETTEilS);
atrcpY(l'rennt_ tar.(i] •"low_integral );
j.++;

}

if ;. atate_.oCplut .derint.in """ BIGB ),
{

pl'CUllt_ ter.(i} '" puunLilor + (i If< lhnE:ts) j

iIItrc;:py{pruent_ te:rll[i] •"denva.t:.ve_a.ctioJ:\") ;
,~.'+;

}

if ( t ...lt_11I.gll.IIIN." ...tor_:Uag :.::::01
{

Ilunnt_t&ra(i) :: preunt_adr +, (i '" rd.l1'ERS) i
IItrC:P1(rre .. nt_te:r.Ci'1 "lllonitoring"~;
iH;

}

I)

if ( :atate_of. pllult .act i,va := 0 t~
1ltatu_of_f1a.nt .1uge_dilJ\f·bllJl - <:fI """\ 0 Itl
8tetf'_o:t_pllll'lt proxiJIity ~ 0 at \
'i"'_'1_Pl .., .•t ... ,-.t.t.'\:~:::l
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i'

//
!

{ ~\._"t_P1Ut.&dVa.nC~r_tai1.IC'U "\1' 0 )

pn.~~_t.nl{.h ::;'preafot_~fir+: U;"~. ~B'f'I£RSj;
.trcPl(pre .. lit_ t4l%'ll (ik. "ley.l.:.,6") ;
i++; I'

I!
/i/}

}

II i r ,

pre.u.t_tmt(i) :;:~J.l'ti\t_adr of (i • U;"~ftJ;:);
•• tpoint .. I"lut:_ .Ii/iab,.. s ,utpoin ,
itl)a{utpoint, "al~~,lily;
.tX:~PJ(pr".Dt_ti"[il ..... ~poil!.t_If)';
atrc:at(pns.Jlt,:,rl!lllCi) ,nl'll.):
to_;'+; );/ '.' (i,

\' ;I
F ~..~~vi'] .. prat .. rit.a4%' + (i • t.E'!'TIUlS);
~ ut_t.~[iJ '" UD;

I'
i/
,f

/
I

.~/
,~I;?

//
/i

C"/

()

II
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Appendix D

I) r)

Additional code

;~{~~'":;; OJ \' :;;

This appendix includes the' llst of the t:;t1r.:ctfirent i~\~,dIe file contaiuing the main 0

fun. lOll and tbe functions used for multitasking, snd the !K17ia.te used fur driving
the AID card, " (,)?

D.l
1\

sus-i.rst .c
«~~::;".,.,-:::o'":,

Il.. cription; Tnil! h where th •• i_uta Qf the eit"cula:- Hat of t:u:it.
&rut th.b ordor are dtlfill~< mi. Hat fot1ls the buill 0'1
the roQCl-robin nOI1-pre~th. lic}wl\llin~.

-·...--·,..--·-----------------~ ..·.......-- ..>-----·...---i~--·----·''''.........--- ....-- ...--~...---- ...--'''''--/ .

'I',

InT( ..Pl~ ..,.plu} ;

, IIIT("S.t_utpoil\t"(. 1Je1:~.etpoiDt);
1\~I'!("l!lcnQo~ld.~. iaen_1t_~ai.);Ii
: hT("l).QH6 a1Jl". ..«...._i.ill):
lIIT( ..lr.a _iIlt08l'ail·f. inc:r(,uw_i:ShUa1}.
1I:TT("D.cr _:!.!1t-croU,fl. 4ocr ..... fI,_inus:ral) i

T MIi~"'Ivn_6n_~riY&.t iwe".. t1ln_0'~i_4.l'i ....tin) ;
lInt "1'1Jl'tl_o.!:t...4erintiv.". tUl'a_~lff~deriQ.ti .. );

II u

IJfIT(·'Wa..i.t_f,Cl_F0ltillity". ",it.-f~ll'.p:rodlllit1);
IJIT{"Vait_ f"_.teuf_Uat .... Jiai~_tOX"_lIIt.u,_.ta'l;.3);

II
II C
Ie

I

\\
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XlIT{"bad_pll.llt". :uad..,plant);
IIlTC"lctivut(l_IUiYaJ1<Ceil". a.ctin.to.lI4nuu;..s);
IIIT(NActi.&t._ba~P". ~ctiy.t._baGk~);
IIIT("AcU".h_.tu,dard._PI". Mtinte_"tq4a.TJ._i'l);
J~l:T("Vrit;,a_t()_pl&llt". writfl_1:o_plut):" .
!IIT("f1orritoj(". *»titor); \ \'

\~

I
I

I
1

1
J
j

\~
'-\

r '\,j ,~/
tnT( '~1m4_alar.". .C)'ll.'I1d_Uan.}.
IliIT("F.laerc_c1_ahutdolUl". _.l':&enC1_.Jll,ltdo~);

(;

c

D.2 Sup..kern.c
/('

-----_ ....._--_ .... -_._-----------.-; -- ........... ,...-------------------_._-------------- ---/,' ", "

6enriptioa : Thi. file eoJ~aill.ta. fuactio~8 eaablius nQn-pr.~tiy.
.clu~dulingof. tile .upu·U.orytub ~ad.:r- OO~. It &1.0
CQllt&iJU the .. ill tu~tioll Ifnidl actha.t .. t~, \\~/"
nltit;lIlldrip",hro.l, h,.u". thi~' i. 'tote COIIpiftllbh "fil~.

1"hia coda is ..'a04ifhd \'t;U1('D of the nlt:i.tultirif;
l.~~.l9ritt by J.Coben •

• iu.cb4. <allol';.1l>
'iuclud. <a".A>
tiJI."lwl' <I.tj.p.h>
ttinc:!ud.. "de •• lI>
#include <etdio.b>
i illcb.lh <.trul.1A>
#define WOlD IUllip9d in'!;
ldefiAe VOlt> int
ladin. BYTEcllu
#d.1ins LOIG ur.aign$4long int
#tidinG '8QOLE4. int

(?

, ','

#defina STD.,STtC
):~ldil~;~ HtXTlSXS

(2j1J024~
&0

/. Standard tux atac't aiZIS .. ;

/. Ra.:d•• lnl.bar of, ta..); .... UouN v/

etruc~, n4_d.ta.
{
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chaT. naaa..r:.a6];
BYTE •• tt",~r;
WiD atk_Ml;
void ( ...tp)0:
j.ap~btLf .Qte288~
.tru~t a4_data ... xt, .prey;

}; I) //

0';' v

t1JHl4et et:tIU;:t· lsd_dat.a·a04._d.,ta'~

:!lode_dat.. '~'_ '''Jilt;
m a{lM..it .. ; ()

1'014 i••ar$_it .. (aod._dat& -it .. )
(

if (n__ it... - <Jl.U!UU) ()
c pd.l'lt1C"Th.' List i. FulL \n");
it (cwrr.~t •• lULL)
{ , 5

"it~~.ext 6 i~..;
it,.->p:t ••• it_;
C'UTftt • itfIR;

1\

\~it_->ur.; .. <:iHT.llt-)1l.xt;
cun.at->n.X1; .. it.. ;
it_-)"pr.. .. cun'8",t:
U__ >.... -:..prev .., it_;

}.__it...... I}

eursr."·c1Inent->1lU1;. . ~s:
}

I,

voi:1 ~";)iali%e(cU:r ~ •• void (*ta.tab ... )(void). \lOeD atk_lIIin)
{ \ I o

svn ..stet;
'ITTI "'''Pi '~'"
nod•• ,4aU .tuMit_;

tUkit~~= (nOlie_data9) ulloehizeof,{h04._Gata.»;
it (!tII.~~ it.. ) p:rintf("Cunot initialize IIh.VI taak.. \n");
stet =- d tTB ..)u.lloe(.tk_sia.): '
if (!Itck\~ priatt ("ClW».t>tallocato ~a"lJu.ct.\n");
taakitt.->fp ~ ta4ka8•• j

taskit..-).t~_ptr ~ stck;
taakites->ctk_a% = .tt_.i~.:
.trepy(ta.kitCft-~na.•• naae);
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/ ~, • atk_.ti. + aict -1;
~.~j.,(~kit..->.t&t*2#&);
t.. kit .... ,...t4'c .. e.....>j_ip III FP_OFF(tuimule} i
t&&kit ..->.t&t~16->j_~. s FP_SBG(t..~.);
~it __ >.t.te:2M~,>j_., .. "_OW(Dp)1~tit..->.~.t.~.6-)j_.p• t'_PFF(sp);
t~Jtit_->ttt.n.;~·,>j_ .. 1& ''In!G(.p);

il;>JOUt_i.t-.(U.tit_> •

,)

}

1'oid }'1.14(_U)
{ <::.>
it ({"a't j~( ~~rr_'t-»:JUt.2H»
{ (', "" "

cuxct. .. ctlrltut-~n i
~~jllP( cUrrerU;->tJ'tah28t • 1) ;"

}
}

1/( 'j

.Old: .i~..~(nodtt_d ..ta .cwtrel\t)
{
"if (~t)

l....,*P(CUftIlt->st.:t .. , 1).
" }

I;'

"'ud \t\l. ".1&p'"4d •. c"
'iaellUl. ...,....ct •. c"
'iaGluci. "...... 'lu.c:"

vc.id .. J.:A{)
{

C1Jn"dt • 1fVLL:
clT.aOi
1l'QiOl~.i,... ::0;
lindwh 'ou.p ....Uat. e"
ClKreAt '" currat->"'f.ilt;.y.t.-:..aQ ~eVr_t};

}

I'

D.3 Sup-adac.c
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Ii!;

!87
;')



()

()

________ .....-...... .__ .-c.o. __ ~_.,.----.~-~:..,.__..,. .. , ..... .__ .• _;~.'"' __ • . .... '1'""._

li1&&a:lO :

d•• eriptioa: at. i. a .li,p.tlJ aoCiifhd ,-!CirI:1Ollof a pxo&:'" dtudp&d
,;ij to;.' iutuiac:iq with u hul.log-to-Oilital anc1 .
"'j ~i,1tal1O-iraalo. (iol\".rter'<:n.t.,h.~ill& oi tile oril;illal

" ee4.'i is r..t~~1ICl 1»lov. {Z!
__ . .. ~_-..;;·,---I"....------, ...ll----,,-,--- ..~-...............---.:: ..._. ~,-__-------

o '.~

r9,', ,- .'lllt- __..;. .....~-----~--~--\t-----...,__-~---- ... .1_ .. --- .,

,. m~d.f).c
I) '11U.t! ~oft.an i. 'I.... ti to 4rh. th. Db80h~ Dle/!DC

caTd. II
" tlrin_ by: ~ %&9'0." If

Date 30'Fil 1"0
UaiYer$ity of t... lfitlrat6l",.:ru.d:

",):,.cr~l-_-_...:;,-------------..'""----'---.::...-~..,..---------.,-----.,..,-"':"--------.i~
GJ .c::~7 '~

/- Defiai,tiB oi COIIJU,M.(!I UId cud. n,iatu.*/
~) -,

,.\

~!~Ut'!I~ Ox2BC
ctWU.DUGlST""d OX21ID
ST1TUSm!ST8I Ox2£!)

u.tu.-
M.tta.
N.:liJIi'l
testae.".n",e
Udill" I:

fd.tia. II

1da1ir::\:,I!H.:n··'1
:NefinGr'
id._Ull. II
*~.1.in.I
IJddins I esTOP
N.tia. I DiCSELICT

i
/* -----rl~..~-:,;..------------- -----.----------- ..-------.----- ..-- ..---- .,

/. p~~tII! CIIClt .. This prQCM'ltte i. uud to on8l·u. that r, "
pU'4f.ter cAeR.. hr the cud 111.118be-t;.~ .. tho limits tnat ax.
ac:c:.!ftUbl. by thlll ellTli. If Il<)c... ary. tb. valu. ia ...aj1U.~ed to
C0iIII'p1::r tiitll tbe liait. and ia r"turll~ to tb callill, procedu...... */

;

1 ~

Ch4c;(?~UG. low.t. upper, •••• )
iet ftLl",.. lO1r<rr. 1!FP-l!r;
chax I ~ ••• ;

I,

I. Da.tar.,iet.r adcb·." •• /
I~ ~~ r.,i&t.r I~ •••• /
I~ Stat'. r_,icter a4are ••• /
/. Clnr .nor ./ .'
/* Stat". ngiater cll.eli' »r
/. 59t cloek peri:)(l ./ ,;)
,. Jt&t~.~.,i.t.r check ./
Itt. Stilt!!!! rf:iiater ch"{;~.• /

" ,. Write 0/1 i:aaud~'lt.:.'·.l
/. Slot ,U/l Pl\.L'_'_filtU. ,,", '
/. S.t lID pa.r&ll~.%'lI -/
l. aed AID ./ ,\
I- !l;\Qr'a pruent e~ ./
/* S.hCtJ;8 DAe dla.tmal t) ./

t~
V!.I11NAIT
CCLOCr

Ott
Ox2

CORMAJDVil;1
UAfNliT
CD100T
CID.l
CSAD
CUD

OxS
Ox8

Ox}'

o

(.
))
,/

11 fvuv.a " lower)
{ I'i
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(/

c " "

I

I
I
i
~

!
1
1
I
I
I
1

pr1.uf("\a.iaVJl1i1i ~'" :. XcI - ~ •• et to lout" 'liJlb\Jl".
. ..aa.' .-.11:1,' ...... ~ ~ ,.:; •.:1... · It'>fi1'' .

o ,_\

()

~\

11 (~(i >.,._)
.t.. (';

(,I .... ...i'(~D.l.Mt ,,. 'lI! ..•111 • ~ .<Irt 1;'.. ~ ~mt~".
··•..a.\W\'~1;;'; ..

, .

)

'\)
void 4atntobtArd(nlue)
wll&ip.d r.hu ....'b.;
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..:/' o

G_\

{

,_ _ __ ..i:,.__,.._- ....j~~_" __ ,~.__ , ,. .._ . . ..... ..M,"" - - 4:'J

/* PBDC£D\,U D.t.Ul"&OlIJ]OlM - '1):1.. proceduG ia eallod to
nad.u.te. fro. 1\.}u. 'd1'\ta. r"Iiatu */

( \,
.1

/-----;
;/'~/

?_/ ,..u.(!T.lTUSahlm~.RE&DV.ur .JI,IJ)W!~\1');
bollL'r'ddata .. bpoX'i:nUTU£GlS'l'EI.); ,:)
,ret\\n1(looN:dd~.h.) ;

}

t:i/* -----------;;-.~"'"r!----.~--------- ..__e. ._." •• _:- ._.

liII p~ ST~lIDCl.£U - 'i'ltu procMU. i. 'J..~ tc. t5rainat.
die " .... At .op.::atio~ o:.!the ea.rd~~~¥,to d.-r all the relJiater" .;

void .~cpaa6cl.ar(1

{

01ltport(COJOllIDUGIST;::&. CS'!tlP);
tap .. ihpOrtb~D11ARiG!STU)' >
c~~)tobo.rd~CCLE~);

}

/* ------------'---.--.~------------ ..------------__c--.: ..--_.-------'(1:;;- ...- *l

i. f.!lOCEDUJ.E{lIGKLOW ~ n..:.a pr6tedllZ'. dividu a nub.r into ..
high and lov ~yt.. */ "

highlO1i(liUbU, ailh, 10.')
1041 iDt n.u$er:

'J UJl:,\ i.p8d chaT"hip. ¥ll)v; ()

{
.high= n~b.r/~58;
.lolil= IlUllber - (.ili&h*266); v

'\

~' (
/. --------~,----.--_---__ -__ -~--_-- --- -__ -__- - -,

/. P&OCEDUU SETCLOClPERlOD - 1hb~oc.oure it! used to -i.hrau.fJ
1;)1.. oaaplin& pedo4 of th41 cUd i!t,;~.~f"(i~1:tiPle. of

II \
j) \

(\ }
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\)

'\\,

\\

()

,)

"YOld~.telcekp.rtod{period) '.
1QnS int period;

I)
o

((

lliaaiP_K cUr lowbyt§. il::'p~.; "),\
hj,plow(pctri01l. I'hipb1te. "~wbJte);
c~t~boud(C'5\:CK~' ;
d.~t;a\oboU4(lowbJt\),;
4a~..'tobo&.Td.(ll~Pbita} ; -:
pua4(STfl'uSUGIS'I'PA. COIOIJJ"lNAt'f.0);
if «+b(STl1".1SDG1STu) " OdO) ~\ 0)
{ .,

I!' ;; prut1("\n!l;ror "utti."I clock"),;
~xit(!j;

(I

)) .~

}
}

/. --;:.---- ...--------~.-------,------.------- ..------------------------ ./
,""

/. PMCBDtJU:PIOGUKAD- Thb ?roe~u.r. is used to cOlltiP1'3 thaI;
AID aub.y.t_ to pttt<ll'Ja.ulUpl~ COl1,,~:uton.. S.'ttins the 1/0
par .... ttl::rlii do ... not ptldol'll any Ali.'! eonu~i(~11 but ial a "
nee ••lar1 pr.requi.it~ tu the Gonyarsi~~ope~)1on ..•;r

.,0id. prosru.t!(Cai». • .tartcluuUlflJ, >. .McllaJUlel. r.OUilt)
un.ig»~ char ,~in, .t~rtehaADol•• ndChaBA.l;
at "cl)'.\JI.t; c,

{

,\,;

ch.Gk(&a1a, O. 1, "g.i~ "ccl.");
c:lle"(a'Cutehlincl. O. 16. ·'.tart c:~~ ..l");.
cheek(.adehaJl!Lel. 0, 16, ".nd c:hwei");
eh.dt{c~UJlt, 3, 327"11., "s~. (',ount");
c~_:mdt()boU'd(C3AD); (l~_cJ~J
datato\x)u.i(gai.a) ;
<!.itawbovd (lltartchannel) f
d&t.toboa:d(~leha~~.l);
h1ghlj,)'" count. thighc'JUllt. t~?yc:012nt) j

dat!ltoooa:rd(lIYlJcount) ; ';.0", •• !\::Ithil1g if DIU llJIsM/
dA,tatoboard.(h.\Shcolmt) ;

} ,yC;

/. -..__..- ----------- .._------------j)_ .._----------_..__.-- --._._---_._.__- '"/
/. rROCE!lU1tE ?BCGiUMDA -Thh p:roclid.urC2111 used to ut lip 'the DJ.
sub.,st .. to pertor. 5ultipl. CODyor.iQU8. Setting the nil
p:ar_.ur:a: doe. not iI,n'!"ra u1 cou:unioa. but i. & (t
nec•••ary pr.r~qui~it.to pert~~in! a digital to analo!

191
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"01C~ p:rograa<la(da.~ul.ct, caltn';)
unai&n6d char daca.14ct;
lonl i:at COU1lt.~

{

(:h.ek(dac:..1eet. O. 2. ''1)AC
c~toboar4(CSDA);
4a~toboard(dac.elect);
hiShJ.oV(COUl1't I tr.i&hecunt)
dat&~boar4(lcvc0~~);
4atato~ard. (J&1&b cmmt)•

no"coat) ;

}

/» --------~------'~--------------,'7,--,.---,.-----.----------.()"-.--':.*/
~'

I
!

I
I
I

/ *'I)&lJCEDUIlEIlUTE"roCllU) .,-
iliAz_loJ.\vudolSen ~h. pa

;/

void vrit.tO~d(~i~Ou'tPUt)
double ua1osc;utPll(:

.----(

fhia prQcvdure p.rfcr.a I'~'ingl&
c.ham1eJ. selected .• / .

1U1dp.ed. chu
loa.J iat

atatlla, lo~n.ldil. i,.ip7UU.,
UJa.lu; Ii \~, ,

\;_/

{

I)

81iOPUd.c:l .. .r.O;
cI.._ulu. '" (lttng at)«ualo,~"t}Mrt+.10) • -tOM I 20).
hiplo.(dQ_ ... l~•• ~ipn.l6., fi1;)wYu~.};

(~ 'j

"~tobou:d.(CDiWT) • ' co=c:,J;J;.

cheek{OlClnBCr. O. 2. "D1C *{AoctU); J'\,)
d..L~.toboud.(I)ACSEf..£CT) ;
4.t..~obo~d(lowvalu.l;
4atato~~d(hish.,alu.);
a?;atu II: iaportb(STA'l·;''S~J.STEi);
if «.tt.tu ~ 07:80) :>' 0)
{

prilltt(~\Q~");
..dt(1);

}
} I ~,.) ,I

'J;.----------,----------"._------ --------------,~~.--------- ..- -_._--_ ..__ .._- ./
/. ~ROCEOOURB1DClRD~ This proce<tun init),.at~. a .eu. of
doeked AiDcQl11:'ersiona ot t1l• .:lum.~.ls 8p,dfiec:i in ..
SB)' A/D nUKhTE!tS cOIma.nd. The output ia vritteJl into Of.

data lItruc:.t\lr •• hich storn t.h1 in:tom.;ltljln~" *,/'
"_ '~.J

192

;(7'
(
)J,.



Ii

()

\)

\)

i:

II
{i

o

(/

~.adcU'd(, ..ia•• tutdUUllld,. eJldehunel),
C" UJleipri chu ga.in. tltal"l:clumJlel" eJldch:umd;

{
i:
:ac:tor;
r.t'.d1n3 (3] ;
count:. JlGMn. "ad!t8). Kh (9) :

.tOFu.c.t:~·O ; "
•• tc:~1U1~,(200); ((
JldUl1'l ., _~~ ..... ...ut('~el • 1i

ceq" .. 3;
it~<:_ > coaat) I- Iuur .. .ut,I,)" ~t t.lar". ree. oc:cu -, G

"\,1 '"'_~ •
Q Ctt.... 1>o.. ac:_; ~
il-o~(pb~~~~~ll&ml.l. an4dwm.l. CO\l1lt);
c:~obe&1."d(~f,,~
for (i '" 0; i <. C:U1llu.-l; ++1) { ~

p&.... (s71~unlfth. ltF.AD1IUT. 0); (
..uti) ~;J ,; ~~1~b(ClTWGIS'm); ,)
JHtU.es~f: ~~(iISTD. ~UT. O}i
_til :"",(;~,,,It(Z'UAUOISTu);
r••.cu(r-it11~'·.~1(~~1"'2~3
frk;tor .....,;(10 .O/~J}l(~~,

}

}

,1.. t_vU'~bl •• ~1"'.1 ., : • (r...cilll[o) .. factor) " (10 I (&a1.+1));
,plut_nriablltl$/tl~_.t ... a • (racU.-.£1] • f&c'Cor) - ("0 I (SI\U<tl»):
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