8} o o . oAl
i ¢ PP : S : .
! o /// ‘ . re 9
o e B - .
“ EA : a3 o .
- o ‘\'! e
The Devek\zpment and Fvaluation of
“ an Intplhgent Supervisory 5 ystem for
Process Control | :
. o A
L : e Ca , [ i
-«IQ L o ¢ A i
N
o 5o J *
| - Andrm 3 Korpala R N b
[ l l-] R *a .l T , \‘ i
i’y L , W ‘_]
= -3 = ! o G ’*’ I“"‘-J
l‘-_': ! -y [ (.‘.‘! ) W b
. e . P .
i . o ) n.
i a C;' . il v : .
A dissertatiop submitted to the I'a.culty of Engineering, University of the Witwater- _ ]
' srand, Jﬁhannesburg, in fulfilment of the requircments for the degree of Master of
E B il ;
$cionce in Engineering. - : 4
johaaneshurg, 1991 d
e Ly " . P
“ B
{
[N b Ly
\‘; t II]“




| i #g_. .
A T h\
® " .. \“h
! [ EL L 0 - .
Ao
2l | " ?
| ' ® - ! .’ I
o at i “’ ’ L .
; Declaration . - \,
it . W a

I declare thiy this dissertation is ;my oW, unaided work. It is being submitted for the -  E

Degroe of I ﬁg{éx of Science in Engineering in the University of the Witwatersran 4

}+tiaamesburg, 1t has not been submitied hefore for any degres,or examination in :
ary other University. e - _ 1

' i !.

i ‘___ﬁllli V!.f_' ) L&f W X 3 H

{ 'f : : {\\ I

; }\ |
nd )
L8 dayof . finle 1991 ]
¢ o
i h " o Sy

2 : i ?2 :

a T K , . . |

4 &
& i ’ ‘ w . ) i
P
k\\.\_ o ) - ) ", n
_\:,':;\k N
W o, . !‘
& et -
i
. v y
e
o u : S ﬁ R .
C— - " . . o -




&,

Ll

fF e _ L
’ . W ;'_'}
o ] & . .

As ind Aal ﬁia'nt.s become more complex, there is a growing need for new ap-

_ ) roaches to control and supervision. This research juvesiigates the issuzs involved in
o . plvmg Artificial Intelligence (AI) techiniques in the real-world engineering problera-

of process controi supervision. Current Af theory is examined and some tarhmques-

modified to design a genera.l-pu.pose, teartive plaancr. The plarne: forms t'xp hasig

of a supervisory control systemi. The system is implemented and interfaced with

an existing laboratery plant, so that its performance can he tested aud evaluated

by comparing with 3 corventionat feedback controller: This realilife testing neces-

gitatea explicit treatment of issues such -as data sampling, situation assessment and

CPU scheduling. The case study shows that by combining Al techniques with con-

ventional controf, a system can be built which displuys superior performance undey T

aormal oparating conditions and which can deal with abnormal conditions such as

W
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Introduction

i.1 .-.Backgmund' S ._ | \

Over the years, mn;rol ‘heory has become :ncrcnungly advanced and complex. Con-
ventional and modn.m ccnt.uﬁ methods are hased on solid engineering concepts and
use very scphisticated tools from weil-established sciences such as mathematics and
phymrs. Most of these methods have proved themselves unequivocally n real- world

. conditions, - s

L

Howaver, putomatic feedback controliers, no matter how sophistic 1led and reliakle,

have to be'isnoervif-f‘r‘ Supervision represents those activities that take place above
the low-level contro: ionps a.(" ~wibse ohjectives are to 1rnprove the performance of

the system and ensure its safe opesation. As control systems becmm\ maore comple.s

]

thic need for supervision increases, i

™

Control supervisioy, is stili mainly the responsibility of gt operators and engincers.
Shifting this responability onto a.ufmm iic systems could have a great economic im-
pacl {Dy ncie=ing 4 cons;stmn.v*.’a.qd .ehdb lity, while lowering costs). The difficulties
ancouniered n. avtomating sﬂterws ulL are i direct contrast with the natiral and
str. Jrhforwmu approach to :.upmvmcn uxhibited by humans. This suggeste that

intelligence could be the major's -edient of successful supervision.

-

Some compaercisl sonieol packages inehwde a limited amount of supervision, typically

= dn.-the Jorme of an automéitic start-up or shut-dowr sequence or an optimizing algo-

rithm used to manipulase the setpoints to low-level wuntrollers, However. existing

b

3




impiementaiions of control supervisors fall short of provifing truly aviomatic super- s
vision. Indeed, the task of automatic supervision is 50 comprgax, that the tools used - " '-
in mout implementations—mathematical algorithms and preprogrammed logic-—are

not sufficiently powerful. Therefore, new, mere sophisticated tocls are beins inyes. | ﬁ

tigated and some promisiny ones come from the domain of-Artificial Intelligence.

o - . [}
- .

1.2 Statementi of the ﬁ’"i'oblem |

Artificiai lntelligenée {Al} is & relatively new science, ambitious and promising, but
controversial and often misunderstood. In the short space of about forty yeass, it
.- har produced some valuable techniques which resemble certain sspects of human in- ‘ !
} f telligence. 'll;leee techniques are very computationally intepsiva and often perceived
as too ineficient to be used for real-world problem: .g., in control); Even if they
arc appliedl, they are typically used in off-line, advisory systems. limited to 2 s\?eciﬁc
problem. ' '

Application'of the Al techﬁique of planning tc create an 'inteiligent supervisary
system for process control, is the subject of this research. /A supervisory systém is
dssigned, implemenied and then tested on a real plant, 10 determine the validity of
this approach. The purpoca of this research is not to devise a new Al technigue, nor
-t develop new controFtheory, but to show how the two fielcs can be brought together
using a pragmatic approach. The objective iz tos’ . that hy ircorporating some
intelligence in the system, truiy antomatic supervision can be achieved. Theretore,

a reai-world cas? study is central 4b this research,
5 o

1.3 Literature Survey!

1.3.1 Reconfiguiable Control

i

. -
Adaptive control in the furm of on-line, auto-tnning devices has been around for
some time. This section summarizes recent developments in the area, which attempt

. _ 1o pré'ducé truly adaptive systems, particularly the idea of a controller cat:able of 7
Q /. changing its control coniiguration according to the circumstances.

£ i ’

sing ditect cori.or v 4

While thore are some proposals of expert-systems exerci
plant, they are noi putsved here. This stems from the belicf that the conventiona’

& *




o

,  FID algunthm with its firm theoretica! fonndations and widespread acceptance in
t\i\le processing indostry, is a ver} competent tool for low-level vontrol. ladeed, the
“yaost frequently mentioned: crmasm lies in che fact that PiD cortrolier-s are ol'ten
not adequately tuned. ' p
Astrom, in [Astrdm et al, 89], describes an intelligent fecdback.consrolier which
- ta’k:.-s over the task of the instrument engineer in addition to' that of the operator. It
c@pﬁblﬂ of choosing u control algorithm and then mo'ue%nng its performance, to
determine how effective that contzolhsckme is. An example of such control would
be a PID contioller using the sta.ndaqrd Ziegler-Nichols method for antc-tuning, but o -
one that could also automatically iw:,tth between P, Pl o~ PnD algorithm and 1f Bec

epsary, ‘ndicate if a different control i:onﬁgnranon should. be uud (e, Ieedforward p o “I
compensation, dead-ti:e comptsnsathlcm, Smith predictor, pole placement ete.}, ¥

f ST . ’ ' q

LI

In [Verbruggen and Astr&m. 39] the Jibiiity ofa syﬁtem to change its contr~i reofigu-

ratioe is viewed as a haglaer level of sptoration. I \reqmrea a large bﬂ"]v of henrisiir < A
Lnoa}ed;e ahout ihe process dYR&Iw.ﬂa, apecifications, objectives, 1mplémentmon : 1
constraints, disturbaaces ete., to mbh it to choose the best contro! strategy. Thus.
not only sre the dynamics of the prﬁ
the purpose of control. |

s - -
v " +
: - 3
] .

1.3.2 Knowledge and its Rei'pwfentation . : f%

cess taken into aceoum, but more impertanhy,\\o

Bl

There is little doubt that the {:oncepf; of'imms}edge representalion is 1n a sense at the

roct of Artificial Intelligence and ps}xha.ps inteMigence in general. There are many

I/ 1ﬂ'eren* approaches to this problem bnd they lesd to different AT techniques. Thers. W
%om, questions such as--what is the difference hetween data and kaowizdge; how 1o

exiract, classify and manipulate knowledge-—shouid be answered t_'bcfnre comitting

a ) - it

tn a particalar Al mothoq
If \\ ’ e . .

; Traditiona.i Al, which émploys m'r'ppnta.tim:]a! methods, adopts symbalic representa.
ifon, while there is no ln.:a.lizi;d. explicit symbolic representation in aeural networks
{Pa}a, 88]. For this reason, neural uetworks are scen as raose suitable for ﬁéxai&ptim-
cogaition 1asks as their sub-symbolic, parall ™ _stributed processing can dea.l with .,
laras: amounts of continuously varymg data-{such as in reai-world wstems) &80, '.
their auto-associative and genetah.-.atlon propertaes could make thein ideal for knowi
[ edge acquisition, while their speed of convergence does not depend on the physn.&:a.l
size (iiu rtant for complex,“mal-ti'me systems). On the other hand, symbolic ap-

[




et
w
T
+
X 2
o, P

o . N

" \ ' . ) El - | o .l N L ; . - ii;r ) I“
'- _ " -proach of raditional Al seems better anited for h'igh !eveiq-raasming. - o §

{
tl ! An e'r.a.mple of mtegratmg aneurel network a.wd B ..mdmonal Al zneth dis presankd _ \}\

I in [Handelman et ol, 88]. A CMAC (Cerebeilar Yodel Axtivulation Chatroller) nel- i

<7 work with its implicit knowledge encoding is used as the "u,;ﬂexxve t:o}‘uponem ie. Pl
| reacting sutomaticlly, without tke need for sﬂiference), whm )  declarative com- 5u .
ponens is implemented by an explicit knowledge excoding, i /p.,/ a rule-hased system. . S
This integrated system illustrates how declarative reammkg is used whem & new el
muatum is anwuntered but soon bewma uﬂmw, thmgﬁ\ repatition. v R

L E R Ly T R R b T i RE

e R R ek T R RSl
s ST e A o sk e e

PR

TS

a

_ : !J In ihe context of a mnttol system there are ﬁ'wci fnndmentqﬂly d:ﬂ'tmt types of
v f knowledge, Qne'df them is essentially static fhnowledge abont the :)lam‘ mntrol - b
> system, objectives atc. The other is dynamic i d it capturea the current state of :

5

. the system, mvimmﬁemt etc., by anilysing th{a data o

o

o

|
' 4] Xpowledge used in the entire control life-cycic fs analysed in {Shadbols et o, 89).
: ! ' Pasically, it coptains different abatractions of he provess reqilijements, a inodel of o
[ the process and elements of cuntr. . theory. These are neaded o al: three stages
. desiga (i.e., chooding » control algorithm to match process ‘characteristics and ob-
m:um‘ cammissioning (i.e., tuning the chgsen slgorithm to a.t.lueve- required per-
formanta) aad supervision {i.e., momt.onug the behavicur of the szmltmg control _ Y
syﬁtem and the process, and 7 nacma.ry calhng for recommasmomﬁg or redemgn) _ | “

I
i i
I
I
1

E

This km&mge ie fmha': diﬁaed into Shree types: gemric arpecta {eg., overall
(J ; objactive, choics of measuremeyis, contmLparuuetarw wpeed, accuricy, robustness
B and coat of control ete.), dJomain coatext (e.g ranges of pah.meim, overshoot
; value, lag value ete.) wad cmhrul theory contﬁxt (e.g.,.characteristing of ¥, PI and
PID controllers). Although the supervmon stag: does not nec%ssax{“ require deep
knoﬂedge of underlying principles {(as exemp!"ﬁed by most human operators}, its
1 s inclusion enhances daagﬁog.tic and fauit cotrectaon ca.pablhtlcs

| a

e The most populur medmm for 810“1"11_3? and mampula.hng static knpwledge is 2 rule.

| based’ expertiystem. I T¥ 2N Tuled: ate used for encoding expert kngwiedge dnd one

-~ of the available infarence methods uied for chaining rulcs to produre some action,
 This.type of exipert systein fs ternitéll first-goneration i [‘hmmonds, 88}, whers ite
o i limitations-are considered. S-ersan* problems can acise when such systems are in-
i terfaced with the real worla dla.ractenzetﬁ hy ircomplete knowledge, fion-monotomcp .
reasoning and real-time constraiuts.~ |

ﬂl. {} l! ! ’ £ \. ’
' |. " While rules are idea! ot represept.ing causd'<elationships, they arenot -~ i gaited .
I 4 - )
;[ - f:lf 4 ~

8]




i o t .
n & s, w et
. ™~

foi other kinds of rel;Ei‘lonships feg temporal or spatial). The type of logical int'er" :
ence used (rule chuining, Beuristic seazzii} can Le successflghy appbed 0 ana.lytnca!
tasks'snuch as &mgnons, ht.t is ta*al‘y mappmpm.te for synthagis {as in plauning m{
deslsn) : : . -

i
There is a.lso the fundamental shortpommg that if 4 rale chain is'Jot afforded enmagﬁx .
time it agecute, there will be no decision or action at all. Thus, real- -time reqmr*e-- i : .
ments are something cn{ an afterthought, addressed by limiting rule lengms fnd
dﬁcreuing exncution u:ne Finally, there is generally n¢; integration among indi ﬂd- .
ual roles, which le&ds’,.&z.@ ; unst;uctund komogeneons bedy of rules-— set}ouv
problem for large and mmplex systems, partitularly from the poirs of view of nﬁnin—

tmnce ) . )

A ud—gex\gr&u‘m e.x.pert srsiein is proposed, w)uch conld rezson with rea’! },nowi-
edges Such knowledge: ‘dould be chrracterized by the following attributes: hrea.dth
{related branches), depth {governiag principles), certainty and richneas (d,tfferent
furms). ¥t wonld be represented as a framework of hizrarchies, with Sﬂl' classon
inheriticg k;wwledge jmm their parent classes {more generic frames), giving r.aﬁ,»
to vertically oriented shells. Also, the importance of a model-based reasoning vor
creative tasks of plasning and design is emphasized.

g

] !

The difficaliy with dynamic kt;bv}ledgg of the stateof a system lies in its extrac-
tion from » muitituds of continnous data. As noticed in {Vosz, 88], one needs to
construct a mapping between such low-level data und the information ueeded by
theavpert systenl. Such mapping should cvercome the absirection gap which exists
hotween the level directly accessible by the traditional control Gtructure and that

. of the knowledge-based system by, for instance, trauaforumg numeticsl data into
qua.htatwe descriptions apd time s*amps into temporal relaticns. The very need for
_an ex; . sésten follows from the fact that not all low-level signal combinations cag

De :mmedmtely usocmted thh o control action,
o,

The absiraction of numelica_l.- data into qua!itativc' doz.nain Ihas heen studied ang
used by regearchers of qiiélitative reatonjvg techniq: 5, for example, [Kuipers, 88].
Typically, the magmtude of a variabie is qua.utixed Into positive, negative or zero
categorios; ihe change in a variable is described as increasing, docrea.s.mg or steady.
Sometiraes other landmark values may be used {a particular value may have fay mare
significance than zero, depending on the problem). “Simple arithmetic upera(ﬁ;\bns
are shown capabie of mampulam(’ﬁ! these qua]um.we reprﬁscntalmna and complete ! i
' simulations are possible. § '

S : "
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The pipﬁaering work in pfa;;ning was characterized by the cheice of highly pre- )
dictable worlda as the spplication domain. ,This allowed for construciion of the

entire plen prior to ite execution and no need for monitoring, as the plan was in-

: herently static. The obvious mnb;}ity of such plans to deal with very unpredma,bk
and qmckly cnn.ngmg real-wodd sitnations was sson realized, resulting in plauning
sysietns with mm ferdback, interleaving of planning and execution and most

’mntly rucuve planaing (i.e., piumag al execution time).

Ons of the main pmhlems o!‘ the ﬁm gmmnl problem solvers is addressed by Sacer-

approach, attention to detatl in preblem domain represeatation is viewpd as the ma-

jor reasou for this be r. To reduce it, abstraction spaces are introduced. They'

are simplified represe 9115 of the problen: space, without unimportant detula ’

! . 4 .
This strategy nfﬁ:kﬁdly reduces the problem search space (therefore improviag effi-
ciency) as compared with earhcr methods, due to the elimination of work on fruitless
branches of the search tres,

M E
¥

* 1t is also recognized t:.at compley, real-world problems are fhazacterized h', large

aumbers of outcomes ‘or each opcration.’ This means aii exphnential growth in the
hypothetically possible states of the world being considered by a traditional problem
sorver. An interaction of p!anmng and execution is suggested through alternatively
advancing' plan constmctmn. fuillowed by itd partial executign. To compensate for
sarious differences between the predicted mode! and ﬂae actizal state of the wu?ld,
replmmng would be necegsary. :

i

~ Using a tempural logic to represcm kﬁowledge in a planning eystam is desu;irbéﬂ in

{Allen and Koomen, 83]. Thie overcomes some of the limitations of earlier protlem
solvers, using less adequsie world models. Simple mpresén{!ations iz which actions
and goals rast be justantanecas and sequential, while r.ha.ﬂ.ges can only be caused
by the pia..mer,' are not applicable to the majoity of problems. By introducing
interval-based representatior. and some simple relations, traditional problem solvnng
methods can be used for a much wider range of problems.

Planning looks for facts which are required to hold, hut have no causal explarations,
i.e., goals. Once these causal gaps are found, the planner proceeds to eliminate them

" by proposing new actions. This is rapeated in a hierarchical fashim{ﬁme level of '

"
i

doti in {Saa:erdeta, 74}, namaly the combinatorial expansion, of search spaces. In his ﬁ
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" world state often becores ineff

abstraciion at a time. Tke temporal tepresentation used, allows fur move general
cieic;ip‘.im of actions and goals which are 10 longer limited to iustances, but may
take time, for example, action ordering allows for overlupping of different actions,
in addit'um to actiom following one another or occurring :imuita.neously«

‘I‘ne lmplementatmn premntad Nm fmm an zxponeniial gmwth in constraint prop-
fgasion, as new consiraints are added antomn.ucally based an the structure of the
g:nm and the defined relations. Another unsoived ures is that of past and future

. evep\s, particalarly the mbility o msoaoabout changing fnture events.

Planning 28 2 \“%nmt dependent function is dimmcd in [Dean a.nd Boddy, 88]. The
traditionsl uppmuh of computer science bas been o focus on the correctness of a
particuiae nlgarlthm and accept thet it neads certain time to be comypated. If the

' “compatational cepability is looked at as 3 hunction of time, four different classes can

beidentified, ¢ howin:  cumotomic improvewment. Three of them are charactemed
'hy 'Y g-uiual lﬂlp!‘ﬂ?"l’ﬂ% «hile one shows a one-shot 1mpmvemea,t {svep fhncmm)

This {k-a: function iz typlc'a.i of most existmg ph.nnera If given smough time it
produces & correct answer, kmrwme some predetermined defauli action has to be

_taken by the system. When tHe time available for malting decigions is highly variahle
" and sometimes very short { sych 28 in real-time applicationa), these methods generally
- sl PT&ILI\T‘:‘H baloagmg to one of the other classes should be developsd, ones that

provhie the best snswers thay can in t.he tizpe available, Thewfare, !, necessary, they

mnld Ye terminated at e.n) tune 5
¥ = L

Fixed, detailed pim generstod before execution are limited ‘to structused, artifi-

cial domaine. ‘Rractive planning for dynamic worlds requires that sowe o even all
of it is performed during exeention. This idea is recognized in [Fu‘:)'i‘%’!j where

- purely reactive planning 'is investigated to determine it. - f‘antagm and shortcom- ¢

ings. There, the. world atate is coostantly monitored dw*hg execmmn, o that a

direct asseasment of the situation can be made and :mmeﬂ.tuely used for planninpg..

It is aspumed that no asticipation at a}l is possible and autonsmous ent’{:es are vsed
i

to nursue different goals in parailel.

The world mods! update is antomatic through corrective feedback sad incousis
tencies, which arine as & result of uncertainty in the world model, are dealt with
by replanning {using the updated, consistent model). Sach pnrel)' reaviivi pl&nher
proves to be very tolerant in the presence of uncertrin knowlndge through its quick
adaptation. However, byilding pla-n decisions purelv on ihe basis of the cslmmt
a.nd can even lead to tlarigerous eituationa, as

&

-
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t}.ey cannot be 1dent:fwd and prevented in advance. Themfore, a kind of htagnud .
. s-tntagu: planner with look-ahead r.apa.bilitm should not be discarded. © . - . o
Reactivity in feasoning’ a.nd planning is seen as necessary &z aumvai in dym&c, o o
" uncertain worlds in | ‘and Lansky, 87}, They list the following major paod- = .~
lems of typical plazsi aystemu Often most nfmmﬁm nesded i ;lu;m _h
:mlv acqnired during: ptin mcnt.on and | uot heﬁm seareh bmn echuiys
dmmttahmto mtﬂewmpmminbetmm : s fa
-for emmmn, it Yacku the proudmal mwisdsa abmlt W'
L “
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_are vary low, " This approach does not net-d an e.xplmt modal of the wotld ot
the typical knawlmige repregentation methods which involve binding constauts o’

(iranables T’he sgent enly has'to focus on that region which is currently important

~ from jis pmn.. of view. Eepresentation of objects.is totally relative to the ageni .
situstion and purpase, in q.;mtrast to t{so stagul\{d absoluie representation.

Thie type of u:ti\'lty is envisaged for sltuatmns wnerq» events are moving !:oo)qmckij} )

for any plming to be poauble, or aven for all the | neceuary data to be coﬂect&l
md amalysed oy

i ™ 2
tef

1.4 Overview of the Dissertation

’ L3

The first three chapm (- 3} of this dissertation are introductory in Hatuye. Theﬁ_

next three chaptess (4-5) describe the design part of the project. Chapter 7 covers

: “a'case study and the last chapter {8) contains conclnding remarks. Twa imjortant

issves, aamely planning i in'the context of Al and, supervision in the context of contral,
have 1o be developed smmltansonaly I‘herefote there is o nhght dmcmtmmty in
going from Chepier 2 to Chapter 3. Both of these j issueg then convergt in Chapter
"5 to form &’ cohetive sygtem i*‘ngure 1:{ shows how the chapters are integrated in
t}us thasa:tazioﬁ x -

a L

. A summsry of each of the remumug chapters is given helaw

Al
= - - it
. . {.‘..’:5
o

5

o

?kis chspm :s en‘.rded Sﬂpemmon m Process Control It mtmdum the copcept
-a’supeﬂiﬁan ags:.mss the background of control and, in particular, process coxtirol.
it Justrutes how the conventional and modern controi methods lead to increasing
Juvels of wphisﬁcutmn, culmnlefug n mtelhgam aystems The reasons behind su-
- pervision are expisined and the tasks and actions involved in supervising process
mntmi syaw are deﬁ?led

cmpms o e

[}

mpw mtitlad Introducticn to th'-mg, leaves aside supervision and control,
to wnocntrm on some of the most succesafal Al techmqnes The emphasis is on the

n

.#.
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1 Introduction
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T 1
2 Rgpervision in 3 lntrodu( tion to Planning
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T - . ¥ f 1.
! 4 Design of the ‘vl;’ﬂ- aer
- Jl u
- 1 ' X .
5 Des:gn of the Sufervisor ‘
0
6 Outline of Implempntation -

A

¢ C.ue_ Studs ]

4

B Ccnclusion‘

Figure }.1: Layout oﬂ‘the digsartation.
existing planning methods and their admt[ and d.lsadvant'xgea when com'sared
with ope another. This discussion mcludeuE soras of the latest developmems in “tne

field and pru\ridea the backgreud info at‘ n ot which Chapter 4 is buiit.

I

Chﬁ_pter 4

Chapter 4 is entitied Design of the Planner. It shows the development of ovr pro- /k

posed Al part of the systein, from, theoretical concepts, down to a description- of
the searéh algotithm. To make the issues involved in the design clearer, a simple
example is given at the'end of this chapter.: It is intinded to iltustrate Lhe plasning
process only and has nothing to do with supervisioh. In fact, it corhes from the
game playing domain. to show the ﬁenbxltty and general- -purpose charactvr of the-

proposed ‘plaaner, =

7
4 | 10
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" This s 4very 1mputtms chapter, entitled’ I?es:gn f the Supemsor It brings together |

- the ideas developed in the earlier chapters. presents the development of axr
proposed latelligent ynpervisor, by sunoundisy/the Al past with other modules to
creste a real-time system. Therefore, it deals with the issnes of data communication,

monitoring, dingnoeing snd action execution. Otker very important issues discussed

in this chapter ate the run-time requizements of the supervisor and the mnltitazking
kemd used 1o enaﬂe mcnmmt zx?m

e

_ o .

This chaptier, eatitled Outline of Imp!zr:;e.ntaﬁoﬂ, describes tﬂe program which m-

pleuents the iatelligent snpervisory systam, Thus, the discussion is from the soit-

‘ware point of view, although it is kept free from any. specific computer hn;uage (in

thia case, theC language). Firstly, the most important data structures are described *

and then, a top-down explanation of the muet important routiaes follews. The rou-

tines which are absolutely cantral to the entire program -are described m terms ri -

their mpnw untpnta ad their slgorithms.

Chapter 7 ' - ’ .

This in the chapter on Case Study. This pert of the dissertation is very important

- as sl the concepts developed in the earlier chaptirs are Py} 10 the test. The chapter
starts by introducing the laboratary plant uged iz the expenmu* and { oy explaining -
- the phjectives set up before the test. Bacause some parts of the supervisory system .
are domain-dependent, this ghapter describes them in detail. Finaily, the test resulta

are presented in a form which should make comparisons easy.

Chapter 8 -

The hst chapter provides a summary of the major findings reade during this resesrch

T

i1

i
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Supe;fwlsmn in Process Control

&

- _ G
- - L,
g i

This cha;iter discussas the concepts of supervisior and intelligent supervision, and - i

U - -
=

their'role in control systems. This is done against the bavkzrcund of conventional
‘and modern antomatic control methods.

o

2.1 Supervision in the Context of Control Systems

2.1.1 Limitations of Contro! Systems

»

We can define the geneml a.lm of control as that of achieving a debired response

_ from the controlled piant or pm—::ess, operating under changing conditions. However,
v in reality, present coutrol suethods fall a little short of this target. The major piufall /
follows Trom the fact that the changes in {he plant or environment ctharacteristics 3
they cater for, are not truly arbifrery. They are limited to parameter E:hanges ’
2 (not arbitrarily large either) and generally not capable of responding to siructural
changes.

This is an inherent “characteristic of ali low-level {direct) control systems and a
consequence of their design. The mathematicad and engineering, tools used during

the design process require a mathematical model of the plan: n the form of its
Uanafor function. Parameter variations within tho iransfer fury *mn correspond to
::aangmg ope:atmg conditions, but certain structuraj assumpt;(ms ale aiways huilt
hto these transfer functicns. Once a parameter goes beyond iis anticipated range
or the very structure of the plant or the conlrol system itssif undergc-es a changs,

42
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. ) . ) . T . . . {\\\‘« " mn
the initial assumptichs nsed at the design stage Jm{&y hecome invalid, rendering tlie
t] "
system inadequate. ' \wa oo

The amount of the injtial kna\iﬂ}edge of the -'-;-Jlamt or process varies with the diffiut
" control techniques usad, for instance, feedforward contrel can only be nsed if dis-
turbances are predictable and nf}\a"'"’”ééie. Feedback cunirol is typically used vf’}a&re _
farge and unpredit:}‘\ap}g; dispurbair_.,tan be expecter, Optitnizing controf assumes 4

far better knowlcdge @'1

“ﬁhe operating conditious and theiz effects (i.t;., a more ak- a
.. curate model), but provided the '_;i.s/sglmptions sre met, it Tewards with u«:}tii;ukl (or )
“close to optimal) comtrol. Adaptime contro] tries o bridge that gap, by realizing G
i, that higher quality of control needs a moge accucate model of the plant, but that :
" obiaining such a model is not always possible at the ds_a?lgn stage and may have to
be/}ﬂoile on-line. Adapiive con ool can respond to plant parameter va.riations;' but

t¥e basic medel of the plant must atiil l\be knowe in advance. o
i L . N o - o . 4 ¢

i
i l:\

" Generally, to achieve better qua.h‘;_v of contral, the plant and its environment need - ' - £,
to be modelled mmore accurately and, ipevita.b!y, more ‘assumptions must he made

Yo
W

' aloﬂg the way. Such a contvol system runs a higher'risk of finding, jiself in a set of
circumstances it was not designed for and which contradicts some of its assumptions,
This goas againsi the trend to more rcbust controilers, which can deal with the
majority of expected ard unexpected probleins.

2f2 'Ihe Role of . Supervision . _ # t

Q e

. i
In th? end, all fm‘rﬁ‘lfsystems need sﬁpers;is_.i«:n. It may be lower priority and 1
accasicnaly like in many industrial applirations rut.ning detured PJ coatrollers n
the intersst of greater robustneds, rather than put-and-ovt performance. On thé
other hand, there 3¢ some processes and pdants which “ ¥ sequire accurate control
and, a' the same "@e, stay within the iim'i\h‘&gf sa.?j/ '

jreration at all times. Such
Hon | |

systegs depend héavily on close and eﬁj‘wtivé sa?‘ﬁgy
- . T "

Cortrol involves constant checking and i yulating, whereas supervision iuvolves oc-

casional inspecting and directing. A controller vries to achieve a desived response
/\\ . - - ) . -

unwlttiﬁg\!y'assummg its owp competence. A supervisor is then netessary, to en-

sure that the operating conditions are indeed within the scope of the controller’s ;'\-(

capubilities and if not, that alternstivé artjon is taken.. An action such as this .
vould typically be céucerned with maintaining some __;__mr'ﬁ}rmaim:e'le\?e‘: or at least

gaintaining a minimum safety ‘margin, '} 3 N '
. B . o \‘/( v >
“ : L S T o
s ) 13 A o

N v -'“'.'r-‘\-" P n Fons
ot . ; \ = : vt
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3.33 Planning with Learning Abilitics' y

Just as reactive and hiorarchical plav niug can be ohspeved in human problem solving,
so Con utilizing past experience. It is not often that & radically new plan has te be
geaeraied: Mast of the time, & basic plan for each 5k can form a gond sterting

puint and it cag vthen be « - *:fied or axtendad depending on the need. Sych approach

climinates the wasteful affect
o <. The corsequl
be very significant, -, ngh 2 iore complex database and search strategy would he

seroase i eofficiency for cases previously enconnter * can

needed to store apd rerall thepe ‘temnlate’ plans.

- i _ ’ ¥

Despite i+ recent resu:ge;r_;ﬂg; into the ranks of the most aciively researched areas
of Al, machine- learning s i}liii! far bebiud the k:apabi!itig\s of humans. The few
vechniques that hove been uﬁed in automatic planners are' therefors tathi-r limiled,

but neverthetess account for \'arge redurtions in the search time. .

mented' with . good rt;r:-'ultst‘ in 5 TRIPS. This method works by gathering nrovi-

., o Parametrizing 5!1(‘0?58&{\‘]13“'5‘ iato new operators for laicr use was imple.

ous sdlutiors into macre opyrators (MACRO Ps}, i, gronps of basic operators

~haARbd v ber, with parapieters instiad of constanis to make them generally
appﬁwﬁsl? . ) ' ' ;

I . .

"o Srrip]\\_-based ple i1, also calfdd rofinement of skeletal olans, was used in
M(?ﬂ;éf:“;ﬁ.;}i' ~ever, this approayl: ioes not provide a viechanism far storing
PMaas. tastaad. -he task of 1he pl@;i\gcr is 10 choose one of 2. selectlion of pre-
entered skeletal or absicact plane wh\{h cantan the mair steps leading io »
solution, and then refining it (o anit pari{cular prab. ..‘-quiremﬂnts. Because

i plan, MOLGEN? is litnited 1o its
larget domain, 1.eq it is not & general problem Seiver.

there is no vay f genera ting a now ahsor

Le]

{HACKER It technigue oy

be deserdsed ‘as using id plins wskills) to soldy subgoals of 4 wow problers,

3 Modelling skill acquisition was Lthe purpose

even 5% L are pot completely suitable. In such ases By occeur b3 Lhe new
SOLe0 potd these have 10 be clininated by a special ‘debugging' s hanisi,

Ouer Sorkabin, this new solation b mes apew skill of tie Rystem.

[ - W

e w H

R

‘netating identical or very similar plans more than
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considerable promise, aleo when it korses to inserfacing with the real-world.
A . . \

.,.0 R

"

o ¥ |

3.2 Deﬁmtmn of' Plan}&mg __ i
ff the goals of AL j.e. » Vision, nacural language i lrstanrhng, fearnirg and v.mo‘x[p
L "‘mb;em solving, form the basis of jr. tellizance, tner not only humans ape mt&.!hgenll
vt a0 are most animals (re:tmni', Capaine of vision, simple problem sciving and
learni all necessary in she ﬁght for svrv-va.t) Nevartheless, it is highly unlikei v
that a.mma.ls share with vs the notian of plarning. Thus. *t belongs among the motlia
-sophxmca.ted signs of intelligence, together with oi% abstract readoning methou#
such as deduction or inductiye infercnce. There are pven diffarences betweer peegl
those wha plasitheir acticn: carefully sra perh \gs more likely 10 succeed in whatev: ~“-F

they ae dmng : ‘ :

In 'the contexy 6!' rob'em -lving, a plih is & method of sel.:'nnn thm.ght. ant ..p
ly, a P o is then o prolrlem s ' {gypi caliy general ) capat: le
. of bulldmg 2 soldtion pm.n trfore au.tmar St*uctu.a.h y the simplest planner v.ﬂ!

aonsist oft : : g

atdvance, Fup t::;i

, > & o

A : ] Y o

o World model (penblem representation}. ' i

o Oparatoss (action representition), ) :

o Solution strategy (search method).

N ? u. " ey :'

v ’ o v’ «!

- Often, there is anather part: - e i
. L;‘ o R

N 44

¢ Dedirtive mechanism (antomatic deduction),

al

A world model is a symbolic abstrartion of the cutside world, Rt typically ujes
state-space description and the states with particular iniportance are the initial anu
goal states. The reprewntsticm is handied by appropriate symbols, atcributes q,gad
relations, «ftén combmed via pred:ra.fe calewlus or a simitar scheme.

W

f“‘ncm.urs‘ adso called action mods s, ate abatra-‘tmns of the system itsel:, ie,, of
iue allowed tmnaformahons bciween stafas t¥at the system can make, and theig
" interactions wis, ,he ontsule wcrld Tt¢s, each artion descnption typ:cally consists

S

4
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The superv.: described thus far ha.s been maar:.y cnnremed wilh the pnssxb:hty
of the plant acnd its environment gmm: bevord ibe type zud range of changes which
the control » #em can tolerate. Butl even if the operating conditions fail withie
the arceptable liraits, a ¢ upervisor’s special abilities may be uiilized to enable the
system to follow far more romplex and sophisticated objectives thian those typt cally
a.ssoma.ted with basic contm' svstems. This could take on the form of deciding on
the most suitable control op. .- for a given task, or coordinating several mdwidaal
cerollars to manage s complex plant. N

=
0

Supervision is then recessary if the conerol system:

b

o Cannct wieet all the cbjectives regarding thi sdesired response of the pla

o Cannot ensure satisfactoiy response under all possible \‘peta.tin'g congitic.is.

The firs: -ase can be iilustiated by an aircraft cc\uip‘g)éd"'ivi*h an autom:Zi: pilot
(which o lifies as a low-level conirol gystem}. Even “thnugh the adicpiiot may be
contzollin, he plaze far 90% of 1ts Hlying time, a humm pilot is necessary to monitor
the ceaditic. - - -fy change the settings of ﬂIe autopilpt to follow z»gm,n

_course and to take over the control iask during eai*,h ta.ke off and landing (not te_

i
¢

mention emergencies).

Tle second case i the typical reasca for haviag hq&na.u operators supervise what ase

atherwise, fully automaiic ccntrol systems. They are expected to notice aid deal
with preblems before any damage is done.

2.1.3 QSupervisory Tasks

£

Though the detalls of sz.p-m ising ;‘uﬁ‘vrent control systems can vary considerably, (,

certain generic tasks can bfa ldem;ﬁed as follows:

<

iuleracting with the svstem,

-]

Monitoring the systends periormance.

o

Making decisions.

<

Takirg appropriate actions.

ki
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3.5.4 Opportunisiic Plann"ing

Gpportunistic planning is a very different approach in which appropeiate actions are

- proposed Wwhen the right opportunity arises. The inference conticd strategy is fapless

structived than in the other approaches, mainly because it is distributed beiween

many so called specialists, which work its an asynchronaous fashion to provirfle a veiy

flexible system. la erder to recognize npnoﬂumtiw arising i the course of r.he

o planning process, the system has to consider low-fevel (detailed) metions from an
early stage and that is where it differs markedly from hierarchical pla.nmng

The_idea behind this approack was to model certain !Lhara,cte 1ics piesent in human
problem sdfving. The claim that human cogrition displays opportunistic behaviioir
- s not disputed here. Hownver, it is viewed a5 emphasizing the less desirable foatures
of human planning. Indeed, purely oppmtnmstu planning 1< someihing of a ‘jumping
to conciusions’ method, contrasting with the structared and calculared approaches of

the other systems. Another drawhack of this appmac]. is chat it requires a complex
architecture— -a blackboard control str«cture.

RN
i

o
L

3.6 Advanced Representation Methods |
3.6.1 :Pempof%i Logic

The mast significant development in the 'i.\"{‘l"ég@ﬂtarﬁ(‘lll meibods ased by astomadic
planrers has been the weplicit treatment of time § n temr-nmi togic {Allen, 845, Ir the
Lyyiacal reproam!,«.tmn scheme - the state-spare dexeription—world modals desenbe
. the worid at dJdifferept instants in time. Agtions effect shanges in world mydels
angd Lherefore wbey can be scen as functitms from one mstantancous world niode!

e - to another. Tha limited expressive power of this spproach (alse called sityation
, calculns] vesults in a sequential ordering of activas i e solutiog plan. Wlnlf-
O this  yuite acroptable in maay .-si‘malimi-; vhern are cases. w! Jo sinmh nwumu;v
- oct.ang or ovblapping-actions muss he rvpul rented,

: T tempotid tegie maps aviwns g events inta temporal iutr-.rvain;v inslad of tirme
RS : _ pomts. This aliows for ruots sopbisticaled ordeting of aetions: there are Lhitieen
: 5 f\ . possible refationships in tolal -

iy | i

.&’\-..- : X bofore ¥
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nf 3 set of preconditions, which aeed to Be satisfied in the curdent state for the action -
to apply, and a set of effects cn-the current state. The effects are typically described
iz"terms of the statmexpres. s which are eliminated and those that are added
to tke state descriptiog in L course of axecuting the action. The reprt'senta.t.on

v ©
. o

method used is the samne 23 for the world model. o

The search stretegy, elso called inference control, iy the way: #if which tie system goes
whout generaiiug and testiog new codes itl the search space, witk the ajm of ﬁndlgg
a path joining the initial and goal states. Solution path is the neressary .ubs;)ate ) .
of tite entire search space (i.e., 2ll thenrefically possibie combinations of operaiors),
which must be expanded to find a solution. The nodes in this space correipond
to the states tle system plans te go through, whiie generating new nodes refers to ' .
applymg different gperators to ihe curreat node, :

e
o

& .
"

'l'he size of the solmidf&:a:h is a’vipasote of the efficiency of 2 particuler sirategy. A
good strategy will nnly need 1o expa.ncf a small portion of the sea‘s:ch space to arrive
at a solution, w‘\,!g AR ine flicient method will result in the neﬂi to mmlum almost

“Lhe aniite spncaﬂ, e - . .
& . . . o,

o .
i - a
i

& deductize mrhaﬁ;’.sﬂ{ ¥ nly iequired if the repreéentation used for state de-
Qai_ptinn allows complicar. ~xpressinns which cannot be directly handled by the
inference process. Its symbolic manipulation takes plate within a sitigle state only
and for the case nf predizate ca?culus r resentation, it assumes the jorm of a logic

theorem prover.

The clear separation in tl&«trucmr@. of automatic plannerc and insistence on gen- .
arality of hoth the representation met! 1 and the search technigue give rise to two

I

" major s;lhorti:amings:'

1. Combinatorial explosion.

2. Limited expressive power

"
n

Combinatarinl expiasion is thecconsequence of using a ‘weak’ sedrch “trategy, which

will neccasarily conform to cot:binatorial principlés. As ‘the complexity of the'task =
domain increasss and m = omra{iﬁm need to be admitted to the database, the search
space of possible combinations of the operators grows expanéntia.ll‘y. A3 ¢ result, the

. &
jreriormance decreases exponentiaily, _ )

"The fact that any non-trivial problem has a potentially huge search space, é:!;plai}}ﬁ
' i o ""

-1
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Each of the- tasks requires specific abilities. Interactin« Wt commdnicating with
the system implies the ability 1o work witfilreal-t.ime, continuous data. Performance |
maonitoring applies to the plant as well as the control svstem itseif, and it involves
some complex issues. They include conversion of continuous, unproceszed data iuto
high-level symboliy representation, ‘esting for problems and diagnosing them.

The procesg of making d#czsxons by using zome form of rea.aum..g is proba.aty the
most complicated part of supervision. T - need for an ag((nt capable of regsoning
sets it apart from simple decizion-making based on mathematical algomhms {which
ie the basis of low-level diract controll. Qualitative rather than quantitative meth:'ds
become necessary and the best ones implemanted su far, try to model sume aspect of
human thought, fcr example, logic inferences, ;.12y logic, production rules, planning,
gualitative causal reatoning and other Al techniquas,

Fina!ly, taking .he decined-upor actions invelves ihe reverse of data cencertration,
i.e., tranalation of symbolic representaticn into low-level continuous data, which can
be processed Ly other parts of the system.

IRV

- 2.2  Autoniatic Process Control

)
]

Th= processing industry js wn excellent example of an area chinracterized %V a high
degree of automation. This allows a clear separation of the basic control functions.
{rom the role ol suipervisiun. Thesr differences are reflécied in the fact that the low-

level control is performed automatin:a.llj' but most supervisory tasks rely on people

{vnerators, engineers, man.e.gement) It is alro of pa.rtlculaf imiportance (o us, as a

swall plant whick is a part of aln ost ANy processing productmn lize is much more

available for experimcental evaluations than, for instance, an auinmated vehicle or

aircraft ete. | .

The processing indusiry has experienced a historical shift from the very early manual
control to the very latest digital control. A summary of the difi: - at approachu: to

automatic process control’is shown below.

Automatic process control:

o Analogue computer contr:

o Digital computer contrel. 5|
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X during Y
X starts Y

X finishes ¥

&
o -
plus their inverses. Temperal logic is"a very importan: eahancement of the state-
Space represent:.tion, it enables planners to dea} with more compizcaud worlds and,
therefore, solve o greates va.ﬂet.v of prob!ema On the other hand, there are nany
problems adequately handied by the situation calculus and for which there is no
need to mtroduca the extrs computational overhead.  °

&

3.7 Conclusion

. 3
o \\

This chapter has provided the necessary information on pianning. I hasiniroduced

* piauning as an 1mportant problem solving raethod. The fupdamental {:on"ﬂpts used

in planining have been explained in detail, particularly the basic knowledge repre- .
sentation aud search methods. A survey of tRe most sxgnaﬁcaﬁt new deveiopments *

" in these areas Nas falso beer includéd, with pa.mcwar emphasas on the concept of

*chtwe planping.

=)

o
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“‘why aven the ear)iast plauhers treated search mathods with care and most research
since theu hus beou contentrated on dealing with combinaiorial explosion.

The Bmitations in the ezpressive power of Lthe represeritaiion vsed, follow from the

asaummlbn that it should be equaliy suitable for many differ29t domains, Since
even the most spwa.:zcd representations used in Al are still far fra ideal in terms

of expreasweneaa, a universal representption is bouad to be even Jeas satisfactory. It

" will be ‘good’ for many cases bus - ot pirticelarly good in any one. This shoricoming

is reflected in the typical difficulti: er?cou__ntered in mapping features frém the real
world o« abetraci model,

3.3 Basic Search Strategies o

Wi oo '

- Altho¥g) this discussion is in the coatext of pianners, many of the tachniquas de--

s ;3d here are just as velevant for other problem solvers: Search techunigues can he
classnﬁed aemrdmg to two ma)ir criteria: c.i:mce of the stnrtmg point and choice of

the nest move. . - o

.‘ﬁ .

A fomn" dxzeeted search bogms at the initial state and progresses toward the gcm :

T!ierefom uperatom are examined iy looking at the:r precanditions to wee if

these are present in the current state. Effects are used to create new nodes in the

search space, until one of these new rodes is-equal to the goa.l

o

: Fm'ward chaining is suitable in those cases whem thie goal staie : not as inportaut

as-the initial stute and, in fact, there does sot have to be a goal at all at the
heginniag of search. An example would be monitoring and alarm triggering, where
all that cowats is the state of"the process and whether an abnormal condition has
baan noticed. It is siso known ac bottom-up or data-driven approach.

Al

A ackward chaining method works from the ganl state, looking for the operatm-)
whase eifects coincide’with it. Thew preconditions are then ;.ompared ‘wit}: the initial
gtate and if they are not saiisfied, mtarmndmw nudes A genarated Backward

.__,.cha.lmng is syited to sztu,atsons where the goa.l ctate is known at the beginning of

gearch, It is widel y used in aoiving’ dn@ustn. wpe pmblems In such cases, the

-fault i§ the starting nod@ fronicwhich different paths aze explored to find the cauge.”

Alternative names ate top-down or goal-drives.

. T : . - [
QOnce the starting nod® has heed decidzd on, the questiczm remains whother to apply
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~ direct digital control
-~ self-tnning conipol

- adaptive coniral

t

opiimizing rontrol

~ afvancad cantrol

i

Al-based contral . ) ) .

Analogue computer control. This has been the sorm for decades and is often
cailed conventional control or just analogud r,qntral.' Analogue romputer s apy
informaltion processing device which opatates on continuous data. The classic control
= theory deals with continuous contral svsiems and any control systern 1s intrinsicaliv a
dynamic information proces:iig device. The computaiional algorithms implemented
by these systems are the weil-known proportional (¥}, intégral {I}, derivative (D),
phase lead flag etc. The architecturs of these systems is typitally feedback a.d based

on single-input, single-cutput, indivicn:al control loops.

Such devices continuoﬁs‘l_ ¥ generate a control signal related by a simple mathematical
function to the difference between the sctpoint (the reference value] and the actual
measured vajue of the controlled variable. However, more complux configurations,
sach as castade feedback, are also possible. Early .{ﬁnpiementati:ms wete phettniatic
and later gave way to analogue “electronics (stil widely used in indusiry). Ana-

+ logue methods suffer from limited computational capability, inherent infioxibitivy
and inability to deal with noa-numeric data. o '

Digitai computer coatrol. "‘hss approach relies on the use of a digital com-
\pnter wiich works in a d}st'tte-tiﬂh‘ dimain, This means hat a cuntmuou;-ume

I process needs Lo be amiplpd with a high enongh freguency befare eay further sig-

5
1
1
%

nal processing can take place. Such systems vaw typically i divided into three

o

o : farge paris: input signal-processing, coatrol processing {Le., tr ngforming the plant
messurementy abd other inpats into & controi signal) and ouipr v signal-processing,

The great-t advaniage of digital campn ter mntml is the epori.ous fexibility of

i
T

the cor.:uter and, consequently, the potential variety of :\ppllmtm:s:-.\ Thers is al-
@ ready o multithude of differept 2pproaches, Trom real-time direci contr.d systems ta
off-line advisory expert systams, whase only common feavure is the digioad computer
they are hazed ony This is probably only the beginning znd there :- 2 lot more 1a

:‘.;’;

.




Chapter 4 -

&

Design qf the Planner

[

Ew.'rya design involves certain compromises. In this case, the'ma.iﬂ trade-off is in
decrdinghetween a general-purpose system and 2 domain-spaci. - one. This topic
already been discussed in refation to other problem solving systemws. It is inportant
1o briefly look at the distinction again, this time from the point.of view of the design
objective. ¥ , _

This ob ject:ve is to bmid ap intelligent supervisory control system whose nerfor-"

mance caa be tested on an existing laboratory plant (level contzol plant)” It would
not be diificult to imagixe a purpose buiit-system to supervise this particular simple
plant. Fere is litule doubt that such a aystem would prove easier to develop, faster

in performance and smaller in alze,

However, the approach presented here relies on the ‘brain’ of the system (ie., the
planner] heing sufficiently general, to make the systém applicable to a range of
pmblﬂma_ ‘ncountered in control (and not just this particular piant.) Yet, within
the collection of gererally applicable methods described in Clt‘apter 3, some are more
__smted tw th&sntended application t&au others. Those that it hest i Lrsen and
mndnmd or umphﬁed without taking away,their generality.

" =
)
1)
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the first suitable operator to create u now node and immediately sluft the attention
to the new node or, alternatively, fits' exhaust all untions at eauch node.

The first method is called def;th-ﬁrst search, as it axplores each branch of the search -
tree as far as possible {Figure 3.1). K it finds a solutiox, the acarch is complete, othor-
wise it will backirack to the most recent node ardtry afiother operator. Depth-first
is more suited to search spaves which are wide but aot very deep, wherp altemnative’
branches are of sirilor length ved, particulacly, where several solutions are possible,
which is the case for maay problems. If an solntmn is fmmd it simply deogenorates |
to exhaastive search. _ . o "

\_\;:'

Figare 3.1: Depth-frst sonrch in 4 - aitable space.

Ina dread: - ﬁ'ﬂt sparch, all possible nperaton are tmd beinre prngremng 1o hhe
next iwel ugm 3.2)7 Themfam breadth-first is move uppugyziate where mE )
bmchm 2 short, while others are very long, and the sntire space is not wids (f.e., "

> fow aperstors are pnmh!e at each gode). It is elpeuany admtaswul where there "'3\,_:_.
is & poexdbility that » unique salution lizs elose o the stacting adde, surrounded by

very loag brauches lsading to nowhere. Again, it will deganerm to ekhaustive " o

tem:h if o saiution is encountered. . - s
" - "'.'_‘_ . . ) - | i
There are many other asarch strategies optimized for different applications, Including
icant-cost and hill-climbing {which have an additional heuristic :.?st mMi»:m)', boy v "
" one particularly worthy of mentmn here is the nieans-ands snalysis; 1L was pmnmd
by GPS and subsequent!y used in many other benchmark pluneta {eg. S‘I‘Rll’*\u
v '

; Jaieanumdu am'al}'su is wel] suited to planaing applications because it takes imio
“uccpunt not only the stazting state (whether initial'or goal), but rather ths diffcrence

between the initial and goel states. Diifmt operators are "rask-d nccording ﬁo.
their usafulnecs in reducing & pasticalar mifmmoe If theee is ne operator which can .
eliminate the difference altogether (i.6., directly bridge the initial aud gbui smau}
the next best choice is made. If this operator is directly applicable in the initial

o F

e



come with new advances in compitter hardware and software (such as rupercondus: -
ing materials, parallel processing, symbolic languages, nearal-network architectures
elc.). :

Direct digital control. This is the natural successor to analogue control. It uses
the same control functions and algoritims as before, but the actual signal-processing
is done using a digital rather tlan analogue computer. The theory of sampling
ensures that a digital computer can fully replace an analogue cne for continuous
processes.

Papid developments im microprocessor technology have resulied in progressively -

cheaper and more powerfu) and refiable microcomputers replacing analcgue con-
trollers. Advances in communication uciworks have led Lo distributed digital control
systems providing new levels of reliabijity, in addition to the inhereni o Ja.s.bihty and
ease of configuration of software-based controf algorithms  Other very mpo'ta.nt
advantages of direct digital control {DDC) are the supericrity of cothode 1ay tube
(CRY)  sed displays over their predecessors in flexibility, accuracy and informa-
lion capacity, the elimination of conizoller drifts {cominon in tnaogue systems),

‘easier interfacing with other low-Jevel nr hightjplaval control systuras and reserves in
. computitional capacity. N '

On the other hand, pure DDC is something of & very hi-tach implementaticn of the
old, conventional control methods. The dipital computer is only requived ti mimic
{(only inore accorately and reliably] its analogue counterpart, which uses only a smail
fraction of its potential capabilities.

Setf-taning and Adaptive contral. 'These are related concopts, reguiring in-
creased processing abilities Lo provide on-line controiler parameter estiniation. Seif-
tuuing control typically refers 1o the case where the process paratpeters ase not
known in advance, but it cao he assumes that they do noi change with time, Eyval-
aation of the process puramecters enables the system o astunate the controller pa-
rameters o achieve roquired petformance.

Adaptive control assumes that there are changes in the enviconment, npcessitating
a coftinuous abiliy lo adjust the controller tuning parameters in relation to the
changes in the process paraneters. Self-tuning snd adaptive control algorithins
have beeir used successfully in ‘+Austry for tuping PID controllers. Their major
shortcoming! is that the struer - wodel of the plant as well as the controlier must

17
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1.1 Proposed Representation - p LA

4.1.1 Werld Representation

kS

The siandard state-space method is used, where a world mod-1 (siate) ie. a set of’ﬂ >
stattmi‘pdtﬁ. describing the features nceded 1o abive the problem, at a specific point in

ime. ‘i‘he state-spacerepresentation blends in well with the control component as it \

is convenient to represent a control process ix terms of steady states and transitions \\
betwesa them, This should not be confused with the state space {state variable) ’

description uzed in modem mntrol which is a systemauc ‘numericz] method for v

representing complex, cortinnons-time systems. v

in contrast, the renresentation uscd by the pla.nner is non-pur-sical{i.e., symhelic)
and non—co.ntmuous {but not discrete eithem—discrete typiciiy refers to digitized
coatinuous-time fnctions conforming to the Nyquist sampling theorem). “umpling
of the state js wér-hreiated instead of f-equency related © 24 reflected in addit;g

apd deleting certain propcs:tions, rather than Lonrtaatlv ulating contituous state

‘variables (this wilt b discussed in more depth in Chapter ..

I - v .
The propositions We use here, uro a'relaxed version of indiv: {ual predicate calcuius
propositions. They have the following distinguishing characy. ristics:

oo

o Helaxed syntax. ©

o No gonrnectiver - quantifiers are allowed,
B ’ o

Consider, as ap example, o« - <Id model from the S'T._‘R!PS:‘ planner:

i

ATRo#or{a)
AT{Box1,8)
“PusnapLi{Box1}
InRooM{RosoT RooM1) '

In our represcutation the same wori © model would be as follows:

Robot.at A
Boxl at B "




|, aetimos, prosedural
computer luaguages. Mo
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be known in advance and must not change. in cther words jt is posgible to ‘adapt’
to parameter changes {within certain limits), but not te struciural changes.

= bl

Optimizing control. Optimizing contro! is typically concerned with large-scale
economic implications of overall plant csntrol. This is in contrast to a single-loop
adaptive controller wkich, in a sense, alsc ‘optimizes® its control action i0 achieve
reguited performance. Tt is also just one of the more genera! optimization prod-
lems, ‘the one concerned with plant operations. (The other two levels, as given in
{Ii‘dgar and Himmelblau, 88], are the optimization in management decisions and op-
tu;uzatmn in process design and eqmpvneng, specification, which are periormed at

AR

the planning and design stuges, respectively.)

In optimiziny control, the entite plant (or at least a significant part of iv) is taken
inta account and & complex numerichl ¢ptimization technique implemented on a
computer to calculate the best set of integrated control changes jn order to maximire
the profit at any time. The computational demands of optimizing control can,

therefore, be very hig_h, but not all processes require on-lige optimization.

_\’i he main p:oblem with optimizing control is that it requires a detailed plant or

pmcess 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 ilte operating conditions and Consequent uncertainty in
the ma hematical model is-the great?t drawback of optimizing control, often leadin 4
to sub optimal performance. Ir addition, the correctness of the plant and the control
syst. - s implicitly assamed and therefer stiuctural changes canvot be handled.

Advanced control. , This can take on many different forms, but it is typically
characteris’d by its multi-input, wlti-output capability. enhanced mathematical

~ processing as well as inclusion of programmable logic functions. This enables an

advanced controller to siilize an increased aumber of inputs from the process as well
as from the operator console ar other control svstems (including digital inputs). &
also mskes possible switching beiween ditferent control strategies {e.g., feedforward
or fexdback).

Advanced cotitrol allows an implementation of a much wore complex overa™ condiol
strategy than a low-level, single-loop controlier. In prineiple, it cau take over some
of the higher-level control fancuions ypically pecformed by  aman operators, [t can

he used for coordinated control, sequenti.! batch control, pioresses which cannot ke
L, f.
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prot.inﬂmain |

‘!
Clearly, the chaaged s}r.ua.x makes the proposiiions move difficult for machines to
process, but easier for humans to understaad. This iz an intended effect, as the
system designed here is aimed at people who may have no knowledge of predicate
calculus. They shouid. be able to enter initial and goak states, define new actions
- and occasionally mouitor the supervisory process by looking at the state description;
therefore, using simple rngl:sn like staiernents is prefera,ble The penalty of this
more vser-friendly approus  lies in the need for mare comphca.ted string ha.ndhng

routines used for pattern i atching, W

The decision to forgo the logic connectives (A¥0, Or, NoT, IMPLIES etc.} has two
‘important consequences. The tesulting representation is less expressive and it is no
longer mathematically precise the way iogic is (i.c., sound and complete). The first
Jimitation is not a sericus one, particalarly ir domains characterized by a number of

i propositions not relab to one anotier. The second one means that a logu. &.hoorem

)

= '
iy .

prover canne: be ascd. . A

On ihe other hand, because ouly ing wxdua.l propositions are allowed, no lhenrem
provér is necessary. Al information is g;ven explicitly and therefore straight pattern-

I,‘-' matching can be used to compare states, operator praconditivus or effects. This '

greatly sirplifies the design of the planner and was, in fact, ihe main reason for

) -.

_using such represeniation.

4.1.2 Action Represc,station . e .

&

A\
Actzons wls.gh the system,is capable of exemtmg are wntten as procedvres. Howaver,
‘abstract action models {operators} which are used in the piannmg process are dofi ned
declaratively, As this s(-l ‘ion is only concerned witk planning, the a.ctual action

procedures are discussed | in later chapters. Each operator has 2 set of preconditiqus

and eflec*s assorfated with it. Our proposed structure for operaters is shown i

Figure 4.1, ' _ : .o

o

N —

Pos (mm:l IONS:

i

ADD EFFECTS:
D=L ErFers:

Amow N,«ws
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N
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. .._HJ
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. Figure 1.1: Logical siracture of aa operator.

L

The preconditions are given in terms of positive conditions, i.e., al the prepasitions
oy :
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procedures (sometimes called functions or routines} which are executed under cer-
tain conditions or often by default. A lot of iaformation is encodad implicitly and
thesefore is difficult to see by anyone other t,ha.n the programmer.’

On the other hand, procedura.l representation is very efficient from the computa-
tional point of view. Encoding operators in 8 procedural way has a positire affect
on eﬁdancy for another {wo reasons. Firstly, it is generally mmch casicr for such
pmm&um to mtommcn}}y update the world model with all the dm:ges that follow
from apphnng P pa:tacular operator. The difficulty of some (especmﬁy isrge) sys-
. teme wpw all side effects a!pmpaasdnpenton}eads to the 5o called ‘frame
m m&h’ the efliciency of ‘he aystem is greatly. i.uﬂmmmd by intluding
m mmm !:mistic hpwled;n It is my easy to da thu! in p:uceduni_ _

'“M Mmh@u in thz coatexs of manbpurpm planrers, centre around the
hﬁn nf mdmz M&ding any probiem specific heuristics to influence the direc- -
tibm or order of svalnating powsible salutions (except those explicitly allowsd for n
: thaﬁt:h strategy) makes She system domain-dependent. Using igplicitly eacoded
o {dﬁmk for hutans to undustmd) for the pasts {ﬂm system’ which
b sonlly extensible {operators) is contradictory. An e.xample of a planner
”_wogmmnmcmn " _.
S

M howﬂ dac!at&tive vay of mpmhng lr.nowied;u is Jogic'and its

_ llost gederal purme planners use logic-based representation. A world

' :m'mavk dafiaed m a collection of well-formed formulss (wils) of first-

¢ ealtuly whm uci wif ducnbu aomthmg axut the world objects
)

'| .
1:

w.dwi; 1 mm of propesitional calculus (in Which each Ingic
W smaeﬂm w&i& cannot be broken down into parts- and
hm &ﬁim of sither Tavs or FaLex) for handliug more complex domaii)
sdikntat : w statements whicl: allow a aumber of argrments to be evaluuted.

Y ﬁejﬂ:h, m cafled indivlduah. ara gubstituted for the argurhents and the
1a, ﬂ&w 'ler. o F‘usr.. ADSRNInE thaz 4 given reladonship between the
mmh !wl:h or &m not =

-amrm w t&a fact tlut pmdmetu cannot be evaluated by other predmate's
___:_%ﬁe oy tkﬂ indwldmk are. Gombinations of pmdicai.e caleulus statements, using
Tagir mm ué thﬁm are called weli-forraed fotmulas.

I
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handled by conventional control, contrel algorithin selection as well as responding
to stractural failures. Many of these capabilities are due to the addition of logic. bus
sequential logic has definite timitations when apph-d to farge-srale real-life control
problems. . .

"

Al-based control. Tkis is still in its infancy, but nevertheless it has already
proved itseli in some isplated industrial applications {mainly in the form of the
expert systems). Although it is alsg"based on the digital computer, its approach to
information processing is radically different from all the other methods,, :

Every system which takes ax action in response to certain coaditions needs to make
decisions. In the case of control systems, the decizion determines what control action
sheuld be taken for a given set of operating conditions. All the approaches deseribed
above use a mathematical algorithm in their decision-making. In other words, the
ouiput is ralaed to the input through a pre-designed and pre-antered mathematical
function constituting a fully deterministic, fixed algorithm.

Advanced control adds 1o it a fully deterministic and fixed logic wlgotithm, which
greatly enhances its capability. However, it is still aumerically based decision-
making, even if both analogue and digital numbers are used in the information
processing, )

In contrast, Al-based control puts emphasis on using symbols and not merely nuro-

«-Bers in making decisions, As nuinbers form only a small subset of symbalic repre-

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

edge}. €11 the otber hand, numbers are well defined, precise, unambiguous and can
be prucessed using standard and strict mathematical relations. -Thus, they require

fittle ‘intelligence’ in handling.

The more gensral symbols can be arbitrary and therefors mach more ‘intelligence'
is needed to interpret them. Mathematical functions no longer apply, instead the
Al techniques of pattern-matching apd search have to be used. The relationship
between the outputs and the inputs of an Al-based system can ho nondeterministic
apd dynamic, as it is based ou search rather than a fixad algorithm.

The symbolic aature of this decision-making bears much more resemblance te hu-
man prohlem soiving. The unique advantages of Al hasad approach follow from its
ability to capture some of the human-like iniuitive or bheuristic ways of represent-
ing knowiedge. it can utilize qualitative ruowledge, such as rules-of-thumb, which

'
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4.2 Proposed Searéh S‘tfategy

which have to hold in & current state before the operator can be applied. and ;égative
conditions which must not. The effects ar- divided in 2 similar fashion into add
eﬁects ie., all the. propﬁsitians which have - be added to the current state after
the Operator has been executed, and deletp et . ts which must be deleted.

¥ - :

Y
1t should be noted Lat positive conditions are . cally Anped, so that the all
have to be satisfied; ‘while negative ¢ ondjtmns are lm ally ‘Orred, 30 that not.one
must be present. S:m.la.rly, add effects are ANDed, s: that all are added, while
delete effects are Orred, so that only those present are deley d} For instance the

equivalent of 1+~ STRIPS operator goto:

O -

goto(MN) - ]

JPrecondition: ATR{(M) | 8 '
Delete st - ATR(M) _ / \ 4
Add list : ATR(¥) B
would be as fﬁiquw'h: : . ‘ )
Pos ConpiTions: | . 1; " - FECTS: “_“i'v Y
Robot.at M Go_frora M to N | Robot_at N !

e Cirma s o s

; Fy
MNEG ConDITIONS: DL EFFECTS:

S Hpbot_at M

r;

As can be concluded, the repre: tation presented here is really just » siniplified
and more readable version, which has been found well suited to the intended apoli-
cation, while's. il preserving its goneral-purpose character. ‘1'he type of application
considered here does not Tequire tumporal logic #nd therefore does not juatify the
considerable extra effortsit would invelve in development and run-time processing.

[

o

' . | S . .
_The system developed here can Yo summarized as general surpose, reactive. noa-

T N N AR DN A oo

hierarchical, with no learning abilities and non-opportunistic. In other words, t.ne'
inference control used is not domain- dependent and allows ren!anmng to take p:arn :

if necessary. Reacuivity will be discussed, {h::

system, This sertidn only deals th t}u i

~

s s e n
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A simple example pmblem-sc&ve‘;!. by STR?IPS' was as follows.

. Initial state:

For mstanfe, opemmn &ppliuble"to the solution of -the abéve problemi were:

ArRosor{a) o

AT{Box1,8) . l
_Av(Box2,c) T
At{Box3,n) o '_ i

lirmwdc :
Ihommmmmubmwnﬁaéiﬂmtlmm

' ,}GNJ due:. :

- (3x) An(Box1,x) A AT(Box2,x) 4 AT(Box3,x)

i

of in wordm: v |
The three boxes should be gathmd togethar, at sowe location X, '

L3 Ld

The a.ctwn mpmntum is alsc bused on wile in the precondition part md -

dividual predlcatas in the add wnd delete lists of eﬁ'ecta
( 1

[

push(K,M.N)

Preconditions: AT(X,M} A ATROROT(M)

Uelete liat: “rRopoT(M). AT(K,M) '

Add list: mﬂoam(u}, Ax{K, n) T /) o
L ,

3

‘ 2
or in<sprds: = . ' N
Provided both, object K, and robot are at location M, the robot will psh hbject K

to location N, so that after the action is compieted both object 'K and the ro ot witl

he at N.
o N N 0 " u
goto(M,N}
Precorditions: ATROBOT (M) o ¢
33
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is commonly nsed by operators bui toially wasted for nnmericall;{r 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 suck

systemns. Howsver, it would be incorrect to view this as a a permanent shortcoming.

The rapid rate of development in computer tecknology has always exc.eded he ini-
e ~ tial expectations and there is at present a concentrated eﬁ'ort going into designing
efficient symbuaiic procesmng machines,

b
2.3 Automatic Supervision

LY
Some of the techniques described above go so far beyond the conventional mean-
ing of contxel, that it ig probably more appropriate 10 ciassify them as sapervisory
techni ques. 1n fact, an often found deacription of supervisory conterl is that it repre.
sents e»erythzr.g above the low-level control loops. Consequently, it enables achiev.ng
better perforsnance or meeting more sephisticated controi objectives than the basic
controllers. It xiso follows, that a contrel system cen function without a supervisory
control {assurning normal operating conditions), albeit at a lower perforinance level.

Tt is for this last reason, that the earliest application of digital computer tachnology
in the processing induesiry was in the fielé of supervisi.  rather than direct contiol.
These early implementations relied on a single, large asn.. very expensive computer,
. which led to compromised reliability. However, these centralized supervisors {and
their more socent distributed successors} did only a small part of & supervisor’s
job. They used romplex algorithms o ma(flipula.te the selpoints to the lowar-level

Al

ansjogue controllers and proviled automatic start-up jf’r shut-down sequences. ;\}:y
h

ajso enabled avtomatic logging of data, trend analyss and simiiar fuactions w

ch

oniy assist i supervising.

2.p.1 Supervisory Objectives

Consider L1 main goals for operating a plant, as defined in {Tsai el al, 26}

W »

o Maximize safety.

¢ Adhere to governmental tegulations, zuch as environmeniad standards.

20




Opportunistic planning has been reled out as a method noi appropriate to the

eventual application. While oppogtunistic approach may be suceessfal for plan:ing

a shopping trip, a contro: supenr:isor should ogly be directed toward fulfilling the

goal as its main reapenmbxhtv, rather than diverting its attention and locking for
' ofapcrtumtses to perforin some action of secondary importa.nce.

' h

Both\hiera:chi{;al plansing and inciudh:g sdine léérning capabilities are considered
very useful extensions of the basic planmer. And that is exactly how they are
; treated—-as extensions—whick can be added tc the system when the need for higher
" v v speed and hetter efficiency arises, or when new technigues become avai}abl‘éf"‘\?kE‘gr
] 2 | now, thay are not included in the interest of focusing on suore iTportant issues!

-

The search ter!miquﬂ wa propose is forward chaining, depth-first but with an im-
portan: feature vf the means-ends ana.lysis. A brief look at the area of application
helps to expiain and justify ¢his choice. Automatic supervision of a centm! system

Fl

) - is characterizad by: "

1. A liznited aumber of applicable operators—due to the fact that the:re is a
limited number of setuoints, averriding switches and emérgeﬂi:y vrocedures,
.the supervisor {whether human or automatic} is restricted in the choice of
actions he {or il}Qﬁ can ke,

e

\ - i B
2. Duta-driven a.ppr)ac}h—-momtar.ng, emergency hmdhng and alarm s:gnallmg
ara xli utxenm}y iroportant actions in any supervisoty systeyn and they are
tngge-rod off in Tesponse to an abnormai condition : 2 the current situation, but

largely independent of the goal siate,

3. Well specified pperator preconditions and effects-—as most actions are guite
* specific in when they can be applied and what changes ihey produce, boih
precomlitions and eﬂ'ects ran be used in gniding the seacch.

o

: ,
4. Branches of th-=r tearch tree are qmte uniform and not very long-—-supervision
consists of taking the right few steps; there are 0o unduly long sequential

nporat:tbns _ W
X ] } o
It follows that the most ssmu.blc search method is forward chammg, which allows
data-driven responsss, and depth-fizst, which is well suited to the shape of the scarch
- space. In the interest of reducing the search space, .« is modified to take into account”

noi naly Gperator preconditions, but alse effects, in decidinr on the next move.




Delete list: ATRoBOT(M)
Add list: ATRoBOT(N) ~

or in words:
Prov:ded the robnt in al }ocatum M it will mme to location N,

Ap examnple :_.:f a wore campiex STRIPS action is:

q "

~ gothrudoor(X,L,M) -
° " Preconditions: NEXTT0(ROROT,K) A’ Couuncrs(x L M)
A IsRoou(Rosor,L) A OnFroon
 Delete list: ATB.D%T(S), Nz:xTTo(Roaor $) iuRoou(RoBO'r.S}
- Add Eat: I¥RooM{Rosor,M)

arinwuh
Frovided' the robot is in rwm I, close to the door K and K is the door between

" roomns L and' M mdanob_}f 3 are on the ﬂm,the robot wallgothrongh the, dour"

mtomomld

. Threa condusinnrfaﬂow from the approach used in STRIPS:-

1. Becauze cnmphtated wifs are used in g,ana.l descriptions and in action precon-
ditions, STRIPS needs « logic theorem prover to extract ail the mz‘ormaunn
from them, as umple paxtera matching is no longer swfficient.

2. For mote camplicated problems (iﬁ robot navigation), most wifa of the initial
state describe static features of the problem (doore connecting rooms, station-
&Y object locations etc.) and therefore they do ot change throughout the
pl.mnmg process. To reduve data manipulation, STRIPS keeps all tlm initial

wifs § m a eommon d:  bzse and aewly genemted states are rhara.ctenud by
thezr own lists of del-nons and additions.

3. The sirict torm of predxra.tea required by the' theo:em pro\rer, makes it ufta n
difficult to understand tuer Tanction of various sperators and the meaning of
state descriptions (pariiculardy for someone not familiar with predicate calcu-
hlﬁ} . N . o

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

o Minimize operating costs.

It is interesting to note that these goals apply just a& well for planning and designing
the plant as for operating it. Proper antomatic snpervision would be involved in sl
four aspects, but that is typically left to the human operators, the engireers and the
management. Tha first two, in ﬁarticular‘ do not easily conform $6 mathermatical
representation. and ;nay require complex problem solving, absent in the supervisory
packages based on conventional software.

However, existing techmiques can be used o izlnptove the consistency in prodnct qual-
ity as well as minimizing the cperating costs. Supervisory control algorithms can
reduce material znd energy cosis {byv using various optimization methods to find
the optimum operating conditions}, maintenance costs (by providing early warg-
inga) and labour costs (as fewer operators are neoded due to decreased workload),
{Tsai et al, 86]. '

- It is quite clear that basic automatic control is necessary but not sufficient to fulfil
the abave goals. Conventional aigorithm-baused supervisory software can go a litlle
further towards satisfying these goals, but perhaps pot far enough to warrant the
term ‘supervisory'. Intelligent supervisory control seems to bave significantly mure
P J/'—":":ﬁlal of {*:tﬁl‘gmg that gap, as we will try to show in our case siudy.

(" )

.{

W

2.3.2 Supervisory Actions

'H;e Leneric tasks involved in supervising have aiready been discussed. The last of
these i3 the ability to take appropriate actions. The specific actions 1 the supervi-
sor’s disposal will. again, depend an the actual problem at hand, but certain generic
actions for the process control domain can be identified in view of the goals listed
ahove.

For normal operat’ ¢ ronditions:

. o
» Maximizing production and minimizing operating costs.

i

— switch on the mos:. effective controllers

- previde the most effective setpoints [or the controlfers

B,




This idea is borrowed from the means-ends analysis, with t&impm’tm& difference
that if o operator with suitable preconditions and effects is lpund, the search pro-
cess wiil degenerate to pure forwira chaining and only preconditions will be looked
at. In other words, the search is difference-driven whenever possible, bus if neces-
sary revem to dat.a-drwen in an emergency, when achieving the goal becomes Iesvs .
important than greventing a disastes.
In case of ~ failure to reach a soiution, back .acking takes place Although there
are methods more constructive than baz:ktraakfng {e.g., nenlicear ordering) the ap-
. proach taken here was to mimimize the chances of backtracking occurring, rather ,
Yhan devising a separatz mechanism for ehmmatmg it altogether.

4.3 "Organization and Processing of K:{bwledge

- 4.3.1 Data S_truct:ures '

Problem specific knowledge, which includes initial and gm! state [ilescriptions and
_operator definitions, is organized in stand-alone units and therefore can be easily
exch&nged for another one whon a different problem na\-.dr to be sclved. The op-
erators are stored decla.ratlvely in a singlc data structure which allows asvery easy
access to single operators o even single precouditions and eflects. This is shown in
Figure 4.2.

| Pos CoNnprrions: OFERATOR 1 { App E#FECTS:
" | Nso CONDITO¥S: DrL ErFncrs:
e

Pos CONDITIONS: DPERAT R 2 | Ape Errecrs:
| NeG CONDITIONS: DEL EFFECTS:

i}

Pos Conpitions: | OPERATOR n | Any ErFecTs:
Nea CospiTions: § -~ - DiL EFrFECTS:

S

Figure 4.2: Data structure for storing operators,

.

Domain-independent knowledse, - which is the search strategy, is encaded ir a re-
cutnive jiocedure which controls the inference process. This procedure e..lores
paths jn the search space by creating new intermediale siates (through application
of operators), or backtracking te previously traversed states if no operator »ix ‘be

43
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3.5 Advanced Planning Strategies _, N

. N £
Sacerdoti provides a suminary of various techniques used for antomatic plan;ling,
in {Sa.cerdoh 79]. Besides the basic search methods, he listz the following nine
enbancements for § zmprovmg planning efficiency: '

Hierar;(‘,hici.l planning. ] S

¢ Bierarchical plan repaif.

-

Bugging (or debugging). R

o . . . "t

o

Special purpese subplanners. L
RS Cmtnmt satisfaction.
o Relevant hacktracking.

9

Dmprowng.
o Psevdo reduction.

Goal mgrasslnq.

“y

o

"Ihe Handbiok of Artificial In&lflgem {Cohen and Fe:genbe,um, 82 restncts the
maiv approacles to the fo!lowmg

5 Nonlﬁerucisicallshlanniﬁg. _ ' o .
©® Hierarchical planning. |
o Script-based platining. o o
. © OspcrtunistiC' ri)lmn.ingh.

Q : »
Both of there ta.xonum;es are a littic autdated, bemune tliey do not cover the most
“recently résedrched area of, reactive plunning. ‘A slightly different classificagion is
proposed and explmred below. it shonid be noted that the categories are not treated
exciusively, i.e., a pamcular system can be a munber of ope or raore of them (with

.

" the exception thai an oppormmsnc ‘planner probably ’as to be normera.rch:cal)

i. Reactive vereus non-reactive planning. Z}

ad
o
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-~ peovide the most effective controller parameter settings
In case of a safety risk:

o Preventing nrsafe operation.

t

switch on backup systems

l

£
take over controf v

By

|

shut down the plant

— issue warnings and alarms

This shows that safely is awarded the top priority status. N jxt priority is maximizing
profits which is mainly done by maximizing the production rate and, secondly, by
minimizing the costs involved in that production. )

Thus, the main responsibility of the supervisor is to detect :m} changes which could
lead to a safety risk. ¥f that is the case, the supervisor must bave some actions
to prevent such eituations. It shomid attempt to handle the emergency by itself,
if it {a within i capabilitics. Yor instance, it could switch to backup syatams, if
such possibility exists, or take ovir the actual control of the piant and, if necessary,
just lead thz piant to an orderly and graceful shutdown, Quive often, the abave
actions woulll evoke a corresponding drop iz performance (due *:: a switch to aless
sophisticateé’] control method} or evgﬁ a stoppage in production {as ia the case of a
shutdowe ), if continuing may jeopardize the safety.

Aaother important fype of action would be issuing warnings and ajarms to get
the attention of a higher authority (i.e., the person responsible for overseeing the
system). '

it should be stressed here, thal 5 supervisor able to deal with all theoreticaliyv possible
probiems is ap unreas-dic ideal. Human sunervisors also encourter problems whi:h
go Beyond their expertise and training, and these have to be referred 10 the engineer.
or even the management. iiswever, the siperisor’s knowiedge a1+d ability to reasui
ensuies that such problems ave iinmediately identified and delegated higher W G
hierarchy. This is in gitect contrast ic basic controjlers whirth, no matier what
happens, always assuine their total competeace.: |
' |

b

When the system is optrating well within its safely :‘naafkgin, econcmic consideratinns
coine to the fore. The supervisor should, therefore, ha‘[}'e:-some acticns which would

0

)
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applied. h ;
'I‘he working memory is prbvxded by a stack dm stmcture Stack refers to a tempo-
raty storage of data wiudh works on the last-in, first-out (LIFO) principle (i.e., items
are accoesiblé oniy on aq by-one basis, starting with She last one entered). To bz
useful, stack must be u# ied by two procednres for storing and extracting its
:sem,cmedmandm - T . -
In tkic casn, the stack ét"‘r the path of tke search space which is currently being
explored Thesefore, theii mmth»n&mmpoadwmm“mﬁeaeaﬁh
| space. Ea&aodsnasﬁnte i.6., » sef of propogitions. But it is alao the explicis
result of applying an oppfator, by adding the operator’s u!d effects and daietmz its
del sffects from the p ing hode. Consequently, each item om the stack is a daia
stroctuse itsell. It 5 all the ;impoutwm copstituting an intermediate state,
as wdlm:hswmdthaapuﬂw whoee a.ypliu.tim hsnsnltq,in thmstue

#

in a,ddmm‘ bmu the! planser tmwl be able to ba.r.ktruk uﬁ oy new pa.tha,
moder 1mpartm piece knmrla must be added to enck 2ode, To prevent the
planner from {rying agst thoz:a‘~ peraturs which have been applied hefore and Jed
to terminated paths, node bas to stove them during backtracking. The stack
data structure, an ares c& the search space and the corresponding stm item are
shown ip Figure 4.2. Figute 4.4 and Figare 4.5. 5 )

STACK ITEM &
F - =

i 'n‘x...._.........._...._.
S .\.e-l{ iTEM 2

FSTACK ITEM 1
B

— e R

Figure 4.3: The stack dn.ta atrnrl.ure

i

Al currently existing mtcrmed-m states are stored on the stack. The initial state
is sfored at the vepy bottom of the stack. The goal state is stored separately in
ivuown. data structuce. The stack slways coatsins the currently searched path and
when the pla.:ming pro:ess i# completed {i :.e , the goal iz reuhed) ilie entire soiution

is on the stack. . .
ﬂ it . -__}\ )

o i
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]
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2. H_itu‘%chical versus non-hierarchical pla\:\ming.
' »
3. Planning with or without learning abiiities, ' i

"
Wi

4. Opportunistic versus non-opportumsstic planning. ' ]

e

All these approuches have a different effect on the inference contici strategy. \y ile

another caiegory of temporal versus non-temporal planning can be identified,"it has
o do with the represantation method, rather than the search strategy.

[

3$.5.1 Reactive Planr g

<

_. )
Reactive planning refers o the ability of the system to replan, if necessary. It seems(
an chvious requirement especially as human planning refies heavily on this {eature, *
However, early planners prodnced fixed solutions—plans that could not be ratracted

or inodified, as there was no mechanisin for monitoring pian exécuti -n.

Ever. though nmplemmted only recently, interieaving 4 plea geﬁeranon exacution
and repair was recognized early on in, [Swrdotl, ?‘l] amd suggested as ihe focus of
future research in [Sacerdeti, 79]. :

We affzee wilt'h th.ia opinion and consider reactivity as the most imporeant c}:ara'._;_.ter-
Histic of agy 2utomatic planning system. The immediate benefit of a system éa.phblo ¥
of execution monitoring and replannmg is that plan generation is made much sim-
pler, hecause it is no longer nacessary to correctly predict alt hypothetically possible
future situations. But even more importantly, reactive planning is sbsolutely essen-
tial for dealing with real-world pfoblems. where uapredictability and suddeli changes
. are prominent.

Non-reactive planuing iz termed open-loop in [Smuts, 98], while a systera capable
of replanning is closed-loop. la the context of control, an intelligent superviscry
\'system can be thought of as an abstraction of 3 basic control systera.

An open-loop conirof system is illustrated in f‘"igi;‘i;"rv: 3.3. Such a system achieves 2

desired response R by passing a command C through a suitably designed prefilter P.

An external disturbance d and & change in plant parameters Ap can ba cancelled by
maodifying the command accordingly. This approach implies that all details about
‘the process disturbance d and parameter variation Ap must bé known'to the system |

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

= : ' &
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lead to an imprwemeé‘t'gia the averall }etfo;mance of the plant, over that achieved
by basic controllers. For exampie, it could switch or the mbst effective controllers s
for giveﬁ operating conditions, if it has a choice of different conirol algorithms.
Once the lower-level controliers are ranning, it conld manipslate their setpoinis to
farther improve performance. It could also directly manipuiate the cortroller tuning
parameters in accordance with some heuristic rules, totally independent of numerical g
tuning of adaptive algorithms {if such were nsed}). ¢ . _ | -

g

These ;xamples of actions suggest that the supervisor should have total <ommand
~ of all Iower-level systems, including aualogue, direct digital, adaptive, optimizing
ard advanced controliers, as well as dx'ect Al—bmd control methods w}nchem a.te
used in the system. . : i

< 24 Conc}usién

This cliapter has defined the place of supervision in the context of contro} systecms,
particelazly iv process control. A logical succession has beeu shown to exist from
automatic process contral to inteliigent supervisiofi. The racst important tasks of a
supeyvisor aes ‘xamples of seneral actions have been daseiibed. '

. a
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o &*ps,cx iITEM 3

Praceding operstac name: Intormodiste atate: - | Inhibit operations;
- o ) o
OPERATOR B . - S}vcrc 3 TERMS - OPRE-TOR X
R OPERATOR ¥
AP - Figum 4.3 A smgle stack 't;w.
e . ',' ‘ @
4.8.2 Planning Fmem o T
iy . e N
. ;ﬁ\?
N,

Cannder now the steps mmwed in the planning process. Before pf&gmng can begm.

valid initial and goai states must he defined. If areded, many ne-:;gmual goals

can be eitered to form & so calied miesion. If that is the rase, the enf‘tgi process

described’ below is repeated for cach remaining goal. Also, Lk -~ sperators which
low a:gumenu have to be initialized with mstmﬁs _f‘"

0

I

When plmmu; startz, the mmal state is pushed onto the empty stack. The recursive
search procedire checks if the state on top of the stack, i.e., the currcat state (or in
this case the initial state} is equal to the goal state. If it is, a solution has boen found
(very t:jxvmi in this case, i.2., no action is reguired). 1§ not, the available dperators
are'taken one by ove and put through & gerics of tests.
I: is first checked if the operalor being toied has already been tried from the same
node, at an earlier stuge, If it has,(ano:'ier operator is rtl'\i'ed. Otherwise, the pos
conditions are looked at first. A pattern r-atching procedure is ured to check if a}
the pos conditions are present in the carrent state. Tf 5o, it is checked that no neg
. conditions are present. If these threv tests are passed, the operater is applicable in
the curzent state. Subsequently, the effects are checked thu time. agamst the goal
4

state, : . g o =

|
(=]
i
=
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PROCESS
ﬁhf!\x

— . _  CONTROL SYSTEM

Figure 3.3: An apen-loop eentrol system.
The almost up.ivers;j acceptance of feedback or closes !cm;; systems { .yure 3.4) in
real-world contral applications cen be traced down to the question of wncertainty.
To sssame total predictability of external disturbances or internal zhanges is simply
unrealistic. But ign rance of the process or euvironment can be offset by, constantly
. monitoring the respunse R through the feedback path with a sen"aor and compar-
ing it with a required setpoint S. The error (difference} E directs the-actions of a J

w

compensator C

A

PROCESS ,_
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SENSOR

N S R

g ..
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Figure 3.4: A dosed-loop, feedback control system.

Similarly, a planaer-based supervisory control system could be open-loon as in Fig-
ure 3.5, in which case’all details about the disturbances I or process variations AP
would have to be ascurately predicted in advance {capital ) and AP are used now to
symbolize disturbances and parainater vriations of great magnityde—beyond the
_capabilities of the controller—e.g , failure of the compensator). As can be veen f“cir.

Figure 3.5, the supervisc' : 5}'stem is af a higher level of abstraction; thicker ar ows

are now used to symbohze that the mi‘ormatmn ex¢ ha(y;le is no lenger continuous or
smgic ~valued’in nature. ' ' '
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Chapter 3 1((""/ . |

.. Intteduction to Plénning

(1... : "
This chapter contains the essential backgruu':d on planning in the context of Art.' R .

ficial Intelligence. The existing planning, technigues are explained and their advan- =
L . '

teges and disadvantages examined. p

3.1 Approaches to Problem Solving
. o

Although planning and probiem solving are ofter regarded as synonyimous in the

Al literature, it is an imprecize and the ofore potentially confusing view. Instead,

5 " -planning should be ihought of as only a subset of problem solviag, Jr noted in
{Cohen and Feigenbavm, 82], sizce it is just ome pof a variety of problem solving »
techniques belonging to AL The distinguishing feature of planning is that of deciding
on the course of action before acting.

0

%.1.1 Expert Problem Solvers

il

i
Al obi:ﬂed problem solvers are usually divided into twe jarge and distinct groups
{Sussman, 75}, [Sacerdoti, 74]. Those in the first group are called ‘experts’ as they
are domain-specific systems, optimized for éﬂ-iciency in their narrow feld: of éx-
pertise. Such aystems have been develuped in many areas of Al research, such as
understanding natural language (e.g.. SHRDLU), scientific applications {e.g., DEN-
DRAL}. medical diagucsis (e.g., MYCIN) and a multitude of game playig }gprogr.mxs
Muore recently, e:&peﬂ aysterns have been applied to industrial pr-:b!em-\ including

i
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C > process control. They have pruved (o be sut\.,msfui in their performance }iam‘*&(
W

they all share the same disadvaniages of bemg difficylt to extend and pra.cura.lly g
lmposslble to usé for tasks cutside their limited scope, '

Tae greatest strength of an expert probl..m solver, namely using shallow knowledge

tc iramaiically prune thli search space (thus mcteasmg the eiﬁcmncy), is also its

major shortcommg this praming only occurs in the targei problem space. The
significant increase in efficiency, due to mtorlea.wng of problem related knowiedge

and che control of inference process, rueans that it is typically impossible to modlfy .

h

the system tc adapt it to a.nother doma.m

1
o

7l

3.1.2 Géheml Problem Solvers

R S

On the other hand, there is a gi'onp of generally applicable probiem salvers whichi
trade eﬂiaency for extensibility. Systems such as GPS, QA3, STRIPS 2nd many-
others, are charaocterised by m:a‘.ung use of general heuristics, alsc called ‘Wi’
methods, which by their nature are not particularly efficient in any gpecific domain. . ;
This is mainly because they are strbje‘gt to combinatorial explosion in their search '
spaces as their databases grow, but alto due lo difficulties in encoding problen-
specific know]ef}.ge.using a general representation scheme. Each can, however, be |
applied (in theory at 1:ast) to a wids range of tasks from totaily differsnt demains
{e.g., logic prg!;lems, blocks-world, robat navigation and game playing}. -

* The.lack of problem-specific heuristics leads to 2 major shortcoming: enormous
search spaces which are typi::a.l of general problem solvers. Well chosen search strate-
gies can lirit those, and there have been many other advancesin this direction by
GPS successors.

If we think of Ariificial Intelligence as an attempt to create wachines that act in an

“intelligent’ way and if we take the human being as the best available example of
* intelligent behaviour (in th.: absence of a single, satisfying definition of ‘intelligence’),
t?-wr; the two approaches can be looked at frofm a more {i'tjniliar angle,

>, . N ) - po

Domain-dependent methods resembie tie huspan expert who i:as years of accumu-
lated experience in his ficld and can quickly benefit from ithis prerompiled bady
ufiaowledge in its ready-to-nse form (shallow kncwledge). Lndersta.rdabh, when
e \ed with another type of problem from a different specialization, he wilt atill be

ab ¢ ‘o resort to general problem solving techniques, although his domain-specific

il
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knewiedge to he able to solve all potential problemns and whethe: it is afficient enough "oy
. to operate in real-time are another two issues which have 4g be considered at the
design stage. } '
E: E) ) I o - i :
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Tigure 3.5: An open-iocp plattning syste: e

Clasing the Ioop in a supervisory systeru is ilustrated in Figurp 3.6. By monitoring |
the behaviour of the system and febding it back, care is taken of unpredictable sit-
vationh). The architecture &f tf?bis gi‘yﬂem.a]lowaa it to be directly interfaced with the
teal-world {as cpposed to gaps playing or blocks-worid, béth highly predictabie do-
mains and typical targets for dutomatic planners), Whether the system 'ha.g_ enough

Figure 3.6: A clos:s-\.}-!cdp,' reactive planning systen. \ ‘

. ltshould be noted that the term jear iive planaer does not styictly refer to the plaiw\er
itseif. In fact, some existing - r{uartwe playners could be used in a reactive hyﬁtc‘m b

tf suitaoly modified and vquipper! with the necessary suhsysterns. Instead. it refers %
40 the entire system which las to incinde the feedback (monitoring) path and a

© nuz:ber of extra modules {nut explicitly shown in Figure 3.6 for clarity purpcsm}

This topic will be covered in more depth in (;hapter 8. #
4o "
“ . I ,
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Thera are two diitmct pcmb:bties aow, and each hus » shghﬂy different effect on

the :est of the search. In the best czse, the operator being checkes nas v e cflarts . o

rmonfmgtamydmmmhom in rpegml state and at it et dmeoim

add affects ia ahaﬁnmdin t!mma!.state Hvhas is m‘tbeo?erazo; mxmmadmeb- I

K

- applied to the current state. I nous of its add effics features in the goal state, the

mmruputmh&d,whnathemxﬂmowmw%m um,s.,fﬁm'.-_ o

is :my mappﬁca&e, the stored npan:m is applied to the curtéhx statew '

-Apmawwamhmu&aludde&umﬁmmma“
.ofpmpouﬁonsinthsutﬂ,vh!h mdsiaﬁnctrmdeieud&omlt“‘ 'rhus,tné!’\ ‘
_;amm-ﬁmmium Mthnwﬂwusdwmﬁethﬂs»mgﬁzhe o
_ :taxa lmtfmthan amainnwpofzh m.cl Thv mh pmmdm ﬂwa:ﬂt 9

tsuw

M} !’inﬂy,thamvhyméunna&d \

"-Ellfnﬁ&wthﬁm m%hemm«l pallihmty mcm? n.e.,mf@emj’s*i:b &3" d lppn
cable in she current state, backtracking has to take 913% m,\gj ‘*rln

: :-umnﬁhmdmnm rhm,thenmetmmnwwmwled to.

*thay stets it Wiitten tuto thY now rurrent siste and labelled as nbibited’ {this s .is -

"thay!m&rwauﬂhwmhuwybmapgﬁedwthh siate, !mtlﬂitoa T

Tbe—j‘;"!ﬁlt pm&umkw&mﬂ lg,%w ST
" Beghic ]
it (pxuant amto ot squal o ;«1 statel
it (stack uqn:y) yush inltisl state on stack;
whiu (operator set mot empty) - \ '
. Také mext oparator; . SRR
o 12 foperator not inhibitld) e PR
) - Gheck operator; IR :
. it (praconditions satis%iud and’ aﬂ'ecta mly)
" Make uew intermedinta siate; o
‘Push state and cperator on stack; . LW L
o SavRerehi N oAttt .
end{i2} , o B _ 2 Y
17 (preconditions satisfied) . . ',
(Y Put cperstor om held;
end{if) | o
N . ,' : .-K . ; 1 ’ " . .
e o .
X . . ) ’ o ) !{*)} .
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5 knewledge will be useless, However, un automat;&-lkpert system ed wlely on
' tasﬁvé{iper Jdent heumt;cs mll pot functioa at all in such a case. )

In cont:ast, the General Problem Salver (GFPS) of N ewell -md Simon, evolved as &

. peyciological theory aiming at explaining humarn proniem sdlvmg The cleat sepa- -
ration between the domain-indeperdent past of thé system Q‘Y}uch is the teast. ning
part} and the task-specific part (whn.h gs the pridlem description p@a-t) makes it
appl;calm ‘In many differeat areas.

b
L7

Inthis aspect it is similar to the human aovice, lackizg iu expertise in any feld, but o _: ,
capab’e of mtcllxgent dealing with a great variety of different problems, after being T
p:weu«::nl’k \, with the necessary informatios about-the task environment. He will tﬁaus‘\ ;;
collect the necessary inowledge about the preblem and use it with the keip of oné Sof My
the m.eu!able general ttrategies. But again, he will adapt and after spemlmg enough

time in a single domain, he will stast qpmp:ang'hls newly gained xpetience into W

Qmadmuse ¢hunks of k'lowledge {such as rules-of tkumb) to increare his c‘fﬁc:em‘ oo s
. ¢ - ! _ !

a

fﬂltomatic general problem solmm are not yet capable of snch behavibur, altho:.gh v
there have been some interesting deva!opments with a uzmted lea.mmg capacity (e,
S’I‘RIP‘S and ﬂACKER ) _ _ . C y

( W i~ B w [

Fly

Qmée 2 ny’tmd systemﬂhrxth combined advantages of both and aG &rawhacks of either - g o v

thethod iz not yst achievable, a < kejoe has to be inade and it sesme most. 1og:cal io n, s A

LY

base this chaice on the eventual apphttatwn. In .our case, the intended a.pp!:catlon v .
requires iz sfacing with the outside world; £ r.,her than staying within the bounds Y
ot :heeh_‘ m.! conmder%mns Although the recent rise in populariiy of specinlized .
=expe'f syécams and their esful adaptation in many industries seems to indicate
t&:e;r proficiency in du.lmg w;th real- \g{orld mtuahtms, this is zot necessarijy so. e
] .

\h

E4] o

Indeed, ﬂ-e actual real-world- perfcmmce of most specialized expart systems s
extremol y difficult to eg.lu%le, dga ty pical expert-system shell is geared towards an

¢ outside. The huffer in tflﬂ)"{\?:}e lS prnvaded b se hama.
operator who may ot ma) not act according to 1[!( recom pendation” gwen by the

i:rect interface with

system _ Co oo . o
" - ) - . Q‘f'n

- i PR

In a true automaltic supervisory system, there is no pouvision for the humas operator,’

act'ﬂg ag the buffer, m\"\{:t the main reason for canstmdmg such a system. is

RN eliminate the bumae link. Besides, ‘basic supervision aependii)mo'ﬂ on ge:
problem golving, such as pattern recogpition, situation assessment asd plamruug, ¢ (\
than on very specific expertise, Recont devclopments in pla.nnmg systems show

t ) .
8 . o o

kY
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3.5.2

R missing details {detailed subplans)@mtil the final stage is reached and the solution
’ plan is given in terms of the available low-level operators. -

oo

vl ’ b

4 II . . (\ .
Hierarchical Planniy
I

" =] . \{ oy ';-?.\ ‘
Hierarchical platining descrites the j)mﬁ-*".; of plan refinement atso called planning
in a hierarchy of abstraction ::acea All it means is that not judt one, but muliizle -
versiors of the colution plan wre generated. At first, the plasuer works in the n!c,}?

ans!.x{;flct spaze {re., most devoid of dotails) and coustrucis a comp}ete but vpryaf‘
simple (vague) plaa. buhsequemly(‘i}us skefeten jiay s refined ‘;y fitling in all\‘l'@e

% : S
A bierarchy of abstraction spaces thus refers to muving('l'f({ - the simplest 1c the
.Teost eomplex plan representation supported by the systeiﬂ The actual method
of abstracting or hiding irrelevant detail depends on the lmplemenfa.tlon and the
" following techuiques bave been used:

o Problem representatmn abstraction, i.e., distis guishing between different prob-
lem representa.nans according to their geperality; first plan works with the
. Iost gem.:al pmb em r»z'{\resentauan {eg. GPS)

o Gc-al a.bstra.ctg:w e, distaguishing between subgoala according to their ral-
a.,tnw importance; first plan will ury to satisfy the most important gosls (9 g,
- ABSTRIPS). . A

_ fed )

o Operator abstrau.ibn, f.2., distj\_mr"‘:isjhing hetween ogerators according to thair
gonerality; early plans will e [erms of vory abstsart operators (c.g., NOAH;
as goals are rpﬁ;eaented in tefms of operaiars in N{QAH, it cm.ld dw) lre

, - classified 1 nde:u gral a.bstractmu) = a

. i . . .
"o Planaing absiraction, ie.‘-dia"raguishihg between different plasning spaces
a.crordmg to teeir function. in the Towsyt space pla.n constru ction is contiolled,
higher space plait dusign is controtied and i» the hlghest {:lan mng space
“mugn stratagies dre decided upon (e 2. MOI GEXN 1} 2

[

FI
-

1
\
"The m'eat advaniage of merarc},aca.! planning hes m:‘-x e fatt that it reduces th SOATCH

space and therefore btgmﬁcamly ymproves planuing officiency. Jts disadvantage is the
increased’ compk_‘)"’ of the system. fn the context of real-world pmblemS, hierar-® 7
chical piann’ng 1s not necessary, but could be very helpful. It wey's he partiewjarly
suitable in those cases where a lurg> namhpr of operators a_pp}ms. creating a huge
saarch space n.':d_, at the same time, She spre dint the sa,stem rs-eritical.
tos < " "
v
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_." _ ® m&(if) : o _ L R 3 .
- snd (while) \ - o o &
' if (uperatoigca hold) -
“ Meke new :ln\mrmut. nat., C .
o - Puzh state md wrator on stack; o b
8 - . call sewrehi L "‘-'
~ Inhibit eperater; . & - .
Lo Fop previove ntate of? ptqck* :
S ' Call Serxch; - . \ .
e T s |
mo ¢ - . . R ) - a
4.4 Plapning Exa mplé e LT
\“) s . ng . : " ! . w {}‘) i \,:fl'
' R o o
“To substantiate the aime of & gererak: -purpose chasactlr of the pmpmied ﬂlaanf.,,
i simyple problem from a mmtrd domaiis is prestnted. The Nirkel and Dinve -
Problem {NDP} could be classified i io the grme pla,yn.g, cg.!.«gmwud is taken fem L
K- aad King, 86] The purposz of this sectun :arsxghqln“'ﬂ!nstgau the ha
forward ing stratm described oatlier. . .
= 4.4-1 Prcblem Deﬁni_ti:m : o S T .
"Two mdwh amd o dimes (or any othar dntmgumisable ohvecta) are pmtﬁ‘“nnd
in a rew witk an mptv space betwaen tl'em, az shawn in Figura, &J? The goal
it to exci i their pgﬂts{ms. 86 that the mu dimes replace the two airkels and - T
- Vice Versa. Them are two legal kinds of moves; namely siiding one pla.ce fmmmi or o
5 ht-ppmp; oves ae place. There is plso 4n a.dded comphcatmn that moving badww
_ {whether ahdmg of hap)mg) is not allwed ) _I\ A
;. This is a simple but not f'ma.l problem, as can be quickly aseerted dfter tiniug &
)  few haphaaard moves, - _ ¢ H ’ s
. i - l lv. f ‘I‘;h
oo K o “ I = ‘ 52 - T
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2 oqmvalnt gnpkicd way for better ck.nty" _ _ o

The planner produces the following sclution pian (attually it only produces descrip
tive outputs, more cuitable in cupervisary a.pphutlm, but they are showed here
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' wncurmt #‘mﬁm of tha dnﬁerent parts or A amde pro

gystem, m thown jn F:;urs 5.1,

- Physically, these modules consist of & haydware component, Which 98 not % part  °

G ' et

it

nirm An archltscture 13 pmpmed aad euch constituent part d‘e;srtibac!“ Tke mn.e of ‘. .‘ o e

. . . . = - 5‘\ .
3 i‘ \"\\‘

" 5.1 6veral' Svstem Archltwture . | ’ !

P L '.}

On the hm of tha esscatial zbilitia :eqmred of & supervisor, we propose thm bas:c

strycture by coebihirg the different fanctiona! modules ;,hto a coherent, closed- doop
s ((‘

S gk ¢
o :

5.1.1 ma and Write, Modules o .
The read and wste modules form the sygtem’s nterface with the plant which is to be
aupe%v:sed Th glare necessary in any digital ountrol application for translating the
nontmuaus—nme ata into discrete-time sampled data and vice versa. Therefore, they
have to conform to the Nyquist sampling thearem, which states that vhe sampling
Irequency must be at least twice a3 high as the lughest componert frequancy present )

ja the continuous-time input,
44

of the digital computer, i.e., an analogue to digital {A/D) converter for the resd . =~
modu}e and a digital to analogue (D JA) converter for the write module {these two

5 b SR

2
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PLANT -}l READ |—~Pw{MONITORING]  _ |
o (o . - ﬁ
A continucus ===, " discrete’ i '
: date T dela o
. o .. = .JE DN i \‘l 'i{: i
aymboiic
&~ oo .y A information
TR Y
oo ACTION | ., |"DECISION | :
S : gl = » .
. |EXECUTING ' MAKING i "
g . S o Y
. L o | L P
: F'@lm 8.1 le?.alc structure of the supervisory system. T
are often combined into a ﬁﬁgle ADAC). They also need & software ﬁrogram within
_ the computer, to interface with the external hardware. Thus, if 3 boundary line
d were to be drawn to asparate the ecompuier froni the external werld, it weuld cut
, through the read and write modules. Figure 5.2 illnatrates vuts difference between
; the physical and the functional strictures. ’
. : iy
! g (T |
PLANT }:* ADAC i g [ write Co
" 3 Yranction . PrC g
L : _. adac | ,l
E R o TTTTTTTTTY gwiver | i
' . : IR {{
] . .. READ/WRITE MODULE . :
’ Figure 5.2: The read aad write module.
; ) I n. B . . ’ ) .I 4
' ; 5.1.2 Monitoring Modute _ \\:.. W o
. BE T . ’ : . ‘."\ : t‘fa .
%) . \=\ - .

The monisgring module receives thscrete real time data and it uses this data to create
S a symbohc repregentation of the state of the plant. This proces? can be regarded
4d data ‘comcentration’, hecause large amounts of signals, each ipdividually carrying

58
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. litite mfonna.tmn, are tran;iférmed into fow abstré,ct syiubms rick in 1nformiuan

Momtonﬁg is responsible for det.ertmg any kinds of critical or abnormal rmfd,ytmns

eqmp!ﬁem status changes and falmrea and any other imgortant chinges. It is used
fdwfvaln:tmg the eﬁectw"” }s of thc - actions perfomed &mgnos(glg probiems as wall
as creating a condensed, Brgh-levet representation of the state of thé"systern wluch
can be used in the decimon-mahng ‘)_,) '

el

In order to perform suck vmegl and complex tasks, the ﬁiodmc has to make vse of |

the jund of knowle:.ge aad inference that human operal\;ors and pmt.m engireers

_use. The fanctions invelved in monitoring are malyﬁra.l in nature. The signals

coming in from the plant, the controllers and other mbsystema are analysedfor eny

" nnususl patterns which could he symptoms of an ympending problem. ey are
O L maly? A for any osther charac!mnatlc patterns which need ' to be trmﬁiated ifite
sy mhols tc assess the situation. Ry

= - ; : W e m .
. SF N
A representation whith is very ‘well suited to analytickl tasks ard, therefore, by far
the mmt common for diagnostic systems, it based on prodistion rules. Pmducuon

. tules are in the form’ of Ir-"THEN ciauzes, where the Ir part determines whai con-

ditions have to be ssticfied before the THEN part can be applied. Such rales can
embcdy the knowledge necessary for the monitoring functions in a very convenient,
rea.dywto-m manner. . . ‘ i\ §

o

. It shmu& »o noted that monitering i+ domain-dependent. The roles ap':lxcnb'e to one

syttem may be totally nusuitable for another. The pumber, cantsnts and ovdering of

. roles within the momtonng ‘module will al! be specific for each d.:ﬂ'erent appiication.
" ¥For illustration purposzs, consider the following sifple example: | &

I¥-temperatur: > 80
TaEN High temperature

It
This rale will create a wmbol.c uutput High_temperature whencver the. numeric
vatiable lemperature exceeds 30 (e.g-, degrees Celsiva). High_temperature will then
be added to any\uther symbols represeiting the current state of che plant and sub-
sequently Pmcesséd by the decision-reaking module. The second example shows a
rule v " ich contains sume diagnastic knowledge:

o

Ir temﬁerutum > 120 apd pressure > 100

"THEN Cooling system [ailure
P '

e

N
- @
oo
L
3 " _I
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This time there is enough information to diagnose the izci.; aubsystem. =

Thess tg;pes of rulec ate often software copies of the he;arislfl‘i&) r4les used every day by
human operators and based on their expetience. There may be more scphisticated:
rules, hased an deeper knowledge of the sysiem, and sucoded with the help of the
 process engineer. _ ' : C

There may also be more sophisticated representations, for ipstancé. rules based on
Juzzy logic which allow an even better appraximation of the rea! situation. However,
that in itseif is a broad area of research which is not central to this work. For
the purposes of this research, the monitoring moduie is looked at mainly from th [
f.mctmnal poini of view and our tmplementation iz based on the %xmple bt 9ﬂ'ect1ve

ir-Tnsn rulea, &

Y4

! e Ferhaps the mest important function of the nwnitoring gﬂbdulé lies ia its ability to
invoke the decision-making process in-reaction to a ecritical change iv the system.
The monitoiing raodule must also create a symbolic representation of the cusrent o

state of the system f{including that latest change which is the reason for replanning)
and make it available ¢ the decision-raaking module,

Nis importa.ni to realize that there can he, in ptincipie, three different operating
frequencws {or the three different modules. The highest frequency is determined by
the N qusu ramphng theorem and applies to the read module. In theory, there is
2o réquirement on the monitoring module tc operats at such high frequency or any

o

uther gpecific frequency, for thal matter.

. }ven mere sigaificantly, in practice it may be impossible v the decision-making
& modu;e to operate at anything near the sampling frequency {due to its compatational
mtensh‘;‘) nor is there any need for that. In the proposed architecture the moni toring
function determines when the decision-making moduie ir to 7un, ie., it has fulf
contrcl over the operating frequency of the decision-making module. This issue will "
be revisited in the context of multitasking.

L P i A

— // .. . . n . 1'\.\,
137" Decision-Making Module.

The decision-making module, based ba Al principles and technigues, forins the ren-
tral part of the proposed syjtem. Two separate chapters have been set aside to
discuss the details of, firstly, different ways of approaching this issue and, secondly:
the approach taken by us, and its consequencas. The general-purpose 7 .ctive plan-
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“many smaller pieges {a.ctmns)l_combmed in a unique way.

-~
: r
Samf

ning system de\@iope:i m Chapter 4, forms the mechanism by which our supervisory

aystem decides what actions to take and when.

L
5

t)eclslon-malémg is a creative task since 2 deumon or solution has 1o be synthesized -

from the available information. Planning is 1dealiy s:uted to this tz3k, as it is a
naturally creative activity. Every plan constittes a Tnew creation built up from

Every action whick the supervi  has at its disposal has a ca:respmdmg entryv

" the planner’s knowledge base. These entries are called operators and they ars

abstract mpreaentations of the actual actions. iTach operator has the sa.ma name a5

the action it repregynts. Tt also contains a set of precopd.tnons and e{fec!;g associated

with that action. They are vsed in the plaaning process to determe.e if a given:

operator is appizoabxe in the current state and what ;n}cts it will bave ol that state,
ifapplied. The s*ate of the system, as dissussed here, refers 20t to the numqarvcal state
description that i 1s used by low-level contmliers, but to ;ts abstract repros@nwa.twn

g R

i e ” =]

Another input to the plaoner is the tnggmng mgnal rmwd from the mo.‘utarmg :

module.” This ié the basis of the reactive behaviour of the planner. Finally, the
planuet must know what the initial and goal states are. When the system is first
started, the initial state in the planner is equal to the initial state of the plant.
When tha wystem is aiready ruuning and mpianmnk is ordered the curreni state
of the pla.n bemmes the pew initial siate in the plagrer. The mumtozmg function
takes care of\ﬁﬁ\ermmng thet Vtate.

The goal state, h?wwer, has to be cntered by the § izer, before any salutwn plan can
be generated and any action taken. Tt forms the o ly runamme user input. The goal
state determines the major objectives of the aupervision and control. Once it has
been ertered, the system can proceed to control, monitor and supervise the plant,
without any fucther fass:‘starm.' from the user.

‘ 1

The p!aﬁniug m@dn‘ie uses the abstract model of the world {initiz] state}, the abstract
médels of the ections {operators) and the abstract mode! of the vbjective (goal state)
to try out ditferent sequences of the available actions, and find the right qpe for the
giveu coaditions: It shus reasnns in absiract terms to arrive at a solution ﬂﬁ the real
prc:bl*m This solutior is produced as a sequential list 'of acl.lons and is gﬁaraateed
to takeihe system to the required objective (or as close as posyhle) provided the
current conditions remain unchanged.

o Ay
: o B

ki
41

{y

o)




a1
[~]

5.1.4  Action-Executing Module

- - ) ol

B The act:oﬂ-zzacutmg module coordma.tea the pnys:ca.l actions of the system, in ac- -
; cordance with the solution plan it receives from the pianne’}' Tlis module has an
associated knowledge-base where all the actions availabie o Jlua' systenikre stored
in the form of ready-to-run procedures. The task of managing these actions at run-
time is & complex. npera.t.mlt. *Different wll\puters and operating systems will impose
d;ﬂerent restrictions on the software 1mplementanon of thia task. ‘ N ’

I ol
i i

In add,ltson, just hke the moni tormg modtle, it is apphcat:on dependent. The mt:onl_)_ :

procednm will dape)yd ot the characteristics of the vazicus elements iz the sys%em

0 . (e. g what actuators agd controllers aze used). This is to be expectéd as the mod-

' uie, together with the actions it commands, can be thought of as the reverse of data
« "concentrstion involved i in monijtoring. The process of lmplementmg physical actions

v according to an abstract plan involves a trapsiation of the high-level symbolic in.

o formation into low-leve} discrete-time signals. ’I‘hese can ther be transformed into

<

cantinucus time signais by the ‘write module. R : .

na l ‘. . N
Lol
The zlgnaja rommg ott of the actiony may be used to sthch on aad off controllers,
prmnde seupomts and tuning paraiieters to the contruhers, directly drive plant ac-
tuators or commumca.te with other subsysi)eml : ¢

w2

o
i

Consider tke following example of a simple con’. 4 action procedure;

Switch_to.back: . .control ¥
i
. backup. controller.setpmnt ma.mmntmller.setpomt
- backvp_controller.gain = main controfler_gain .
main_controller status = OFF_LINE . "

backup.controiler siaius = ON.LINE

/

o _
When this proﬁédure" is executed by the action-exctuiing module, it first sets the
pararaeters of the backup controller to thoee of the main ¢ Entruller. It then swiiches

len detected in its fune-

tioning) aud switches the backup controiler on-line, Reul actions will typically be

the t%:lain controller off (presumahiy becanse a fault has

more romplex, particniarly those responsible for control tasks.. >

1
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5.1.5 Structure of the Supervisor LA

JJ

To summarzize ‘hﬁy“bb"e points, Figure 5 5 shows the detuy'fed structurj of the pro- . | l

posed bupervisory svstem.. As can be seen, this is a clo.;.’ed foop system with the
monitoring module being the foedback path. Because of y{lis the system can evalu-
T ate the effects of its previous pctions and react if thees éﬂ‘ects turn out to be other-
™ f;jféa expected The proposed,. system makes full use o{f‘thxs feature, 1o ensure fully
EX 1.r:mahc supervision of a dyﬁ amic plant wnh arb;tra.t’v and un predzctabfe changes.
n I N h{" N N
Q | "PLANT “ | I ' “{V ) ' o -
L ' ¥ SRR A/} READ b MONITORING @
. : 1 | .
SENRLI DU S R . MODULE@ |
. EXTERNAL o r-.____..u,-__.._.,._h '
~ | CONTRGLLERS : _ : .
" r . _ . ) cu-rent !tlte—r o
ary e | | [xaowiebe Base] a e
. HM_I - S ACTION ° o B
. . PROCEN Y S .8
N ROCEDURES i Y | |
u =T - ' ) |
- ACTION M___II__':_____ _ - :zu"; .
EXECUTING | f PTAANER )
) i LiODULE :)4 solution ‘plan - .
. T ol T
CLowe " alarm messages -Etfj?{l[f;_il ’ ¢ i ) "
Fa o —

& ' . : . _""_'I . &oat state £

7

Figure 5.3: Detailed structure of the supervisory system. : )

As ihere oy e some actions performing fow-level feedback cantr::\i, Fignrn 53
shows a standard feedback path for analogue signals, going from the read module

to the action-executing module.
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5.2 Run-Time Requirements of the.Syé;:em

2 I ' | : \\

R . “ T

. Sipervision i a complex process requiring concurrert execution of multiple artiv-
~ ities, This gives rise 1o the need for a roultiprocessing environment. Because the

it may uge a single micropfoﬂessar), the issue of gpparent mﬁitiﬁrocessing must be
addressed explicitly. .

- 5.2. 1 Schedulmg o*’ t“w CPU Time
B L“‘ ,{:

Apparent multxpmt:esmng m.curs when twu nr moré processes are compating fo' the
attention of the ceifiral pmcessmg u%irz {CPU ). To enable concurrent gxecution of
. these processes, a C Pl{ schedules ;.a» .{%0 and it can talr.e one of two forms.

'L.
‘JH’ YA
S W

P:ee-"sptwe scheduling refers to %& ca.se where 2 hlghnr priofy task (pmress} can
interrupt the curreutly active task, wlt,_lp;_lm returning ronirol to il. Alternatively,

tasks have definite priorities and, paniculan where tertain tasks age critical and
cannot wajt for the current process to ridvito i its compietion, '
Non-preemptive scheduling means that the___ currenbiy active task decides whon to

~ yield control to another task. Different tasks may still have different priorities which
are used to order them i thé quene (fo” determine the order of execution). Nen-
preeiptive CPU spheduling. is significantly less cemnhcuted to implement and it
maxes the resu'itm‘""l-ﬁhaﬁﬂur totally deterministic. On the other hand, it kas no

mechanism for mteu"uptmg thé a.rtwe process.

A :o.-.iﬁd--robin non-preemptive scheduiing is the simplest type of UPU scheduling

as it allows neo itterrupis and treass all tasks with uniform priority. The tasks zre

e stored ja a circular ist and run seqa~+gially, always yielding to the next iask on the
1 Hst. -

5.2.2 Round-Robin Non-Preemptive Systein Executive

o

A multitasking systein executive for concurrent programming is developed and ex-
plained in [Lun ef al, 96]. It is significant, because it runs under the DOS opeyat-

)
4
Q

]

]

propoged system does not have ta be impiemented on a distributed architecture {ie.,

the currertly uctive task will be interrupted when its time iz up {i.e., its CPU time- |
slice is used up}. Preemptive schedulizig is advantageous in situstions where certain

L]




o : L o -
ing system cx an IBM-PC éf:-;-n',;iéi,?i}.\le computer and has been sucéessfu!ly tested
in control applications. It is invplemented entirely in the C programming language.
- 1t can concurtently run different zo.mii::'.e%] within one prdgram using round-robin
:'aon-préemptive schedulirg.

“Intertask sw:tchmg is implemented with the ANSI C standard ﬁ.mtmns setimp( )
&nq longimp{j. The long;my{ '} funexipn can be thought of as a far or nonlocal goto. -
The setmp! } fancton ie used’to sa7e the task state (task coatext) just befnrga
longjmg s performed s0 that it ia p(}%lble to retun to the original task laier. The.
tugk context. consisty of the umtel}*r of the CPU registers, the CPU flags and the
stack and bage pointers stored ip a ';p rial data straciure cailed 3mp_bt=f

[t o

A cali to the aq;j:'snp( ') function returg ero. 1f the !ongg'mp(} istl'ﬁction is Iater nsed
to jump to this task (restom;g the pré s ly taved coptext), it will reenter the code
just after the setimp() and it will appear:.: if the setymp(; fn nctiolﬂ has just reiuvned
with a norzero vaive. As l#mmna:mn of ss:t}-up( } and .ong;mp( ) ia typically ased by
C pr.;gra.mmers for exception handlizg. S Ir N

'\'. |

]

b,

1o enable multlta.slung within a program, the taa{t #m defined as C functions a.nd
a:ranged in a circolar list. Each task has ar. nga;iu- ioop inside, so that it runs
farever. However, just hﬂfcre the end\ oA that locp the pield!) function nakes syre
+, that'corirol will be passed on to the nextvask on the Hist. Because all the taski have
«mﬁmte loops inside, they are all active concurreutly, aIthough only one is receiving

ff CPU s attention at any time. 'Ihe yredd(} fanction is defined helow: .

L

yisld() \\ .
t o
it ( fsetjmp(current.vask) )
longjup{next_taek) :
} o “ § i
When pat at the end of a task; it does the following: o 0
:: g |
If the task has just executed, then jump to the next task;
r.:%':isf:__if a jump froﬂfz {l}]e precedin~ task has just been made, - S

ihen execute the dury

Fi’gur'é; 3.1 ilustrates the fixed and- deterministic natare of the system executive.
The circulac list, whick{is created first, defines the order in which the tasks will be
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rult and that order remains static. Therofore. “i1e num ber and the order of the tasks
must be known in advance.

“

Ve

v TASK i J» :
,f'/ L.._,._A.___...._,.__. \‘\\
. X,
PSS A r_.,.s_“__.m.] j
- I TASK n | | TASK 2 I
A1 ——
“Z s Y"_'
} T
: I oTAsK 3 |
b
\‘\ o ‘/.f .
.‘.. rd
. . ™ . [ —— “/‘) =
&
t TASK 4 }A’/ _ L \
- S )J )

Figure 5.4: Ronpd-robin uon-preemptive scheduling using the system execittive.

Once the system is started, all the tasks will apoear to ron in paraitel although, is
reality, each wiil run periodically with a periad equ+! 1o the time it takes to go round
e eatire list. Therefore, all the tasks wil run wi he same frequency, If any task
‘within tie list uses a variable time-slice, then the .. od of the entire ]M) witl cliangé; |
The lack of explicit time management ‘u%}he é}mterp cxecutive means that it may he

impossil: to determy’ ‘e the frequency with which tho tasks will executo,

o,
Y

Ao
oy

ia

5.2.3 Multitasking fRequircments of the Supervisor

J \-\

B K i ] 1
Consider now the multitasking requirements of the supervisory system. if low level
rontrollers, the montisring modude aod the plasner tun on 4 single computer, 3
cate” " approach to scheduiing must be adopted. '

Ax mestioned before, thece could be threr different aperating frequencies for the
“above tasks, A digital ci. iroller contains a discrete-time eguivalent of a continneus- *

+ time conirol {epetion. The mathematical derivation of this discreté function assumes
~rdtat the period with which the incoming signals are sampled is constant and con-
+ forins to vhe Nyquist theorein, Thie period must be caleulated for a given olan! ard"

then strctly adhered to, (o ensura correct functiori¢ of the controller. '

4 .
!
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Jhe nmx‘:twnng module does not have 1o use the same sampling period. In fact,
ﬁhﬂre is very little theory to gnide one’s choice—n this dspect. ¢ n still a real. _
timne operation wwhich needs to scan its inputs often enough to detect any imtportant
changes. We chinse to make the monitering module run at the Ny.. iist {requency, ie.,
to use the sa.mé‘t'iata. as the controflers. This ensures that it receives all theoretically
available information and, therefore, is the safest solution. .

ot "

The planning -i:n_odule works in a totally different dimension. It does not sample the
continuous-time variahles of the system. It uses the symbolic state déiériplion made
available to it by the nucaitoring module. A digital controller uses a smple-and hold
circuit to gather data by ftequency'-based sampling. The planner could be described

Mo
as using the f.nonltox to gather information by event-hased sampling. o

Lyt
There j Jsno nied for the planner to run \uth 2 fixed frequzncy Reriannin. . ‘tally
_unpredxcia.blr because it occurs i responss to critical changes in the system, which

are themsefwgg_; unpredlctable. Additiondlly, the planoor is a few ordeds of magnitude
more computationally intensive than the other modiles. In general, it may easily
take much longer to execute than the sampling period of the low-leyel controliess.

if the Al based part of the sys!._etf: takes too mﬁch time in relation to the basic
sarmpling period, then it cannol be allowed to ran- o its completion, as it would-
disturb the operation of the controllers, Tn such a case, the tasks of sampiing new
data, calcalating a control signal and writing it to the plant should be awarded
higher priority and the right to interrript th lower plauning module. Generally, the
cothplexity involved it the process of supervxsmg would require a preemptive CPU - "
scheduler (if parallel proceéssing is unachie :ble). However, design of a preemptive
scheduler is ammpi'aated issne, while DOS presents many serious limitations further
increasing the mvei of Affcalty [Lon et al, 90).

/( 5
5.2.4 The Mult'itaqking Kernel

Here we take a differest uf pre‘ich, one which saiisfiey ) the needs of the proposc
supervisor, while being ml{l h simpler than a preemptive"scheduinr. 1t is based on
the muititasking system exc\_[ utive degcribed earlier and shares much of its simplicity,
but it has three imp'oﬁant:hdd.itions. They are: explicit management of tire, task
prionities and dynamic reordering of tasks. This method works anly for a system
~where the planoing modile runs fast enough to fit within one sampiing cvele.
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The tasks of sampliag the plani, performing low-level contral, writing the control
signal to the plant and monitoring the incoming information ull run in this fixed
order, at u frewuency determined by the sampling pediod. Therefore, they are all
awarded a higher pridrity status. Ail the other tasky, inclading the planner 23 well

26 most supervigory actions, do not have to n\n at a ﬁ.xed {requency sad hance m-

treated with lower priority. '.]1
!

A spv-cial function, residing at the beginning of :*'a.ﬁ the fower priority tasks, decides -

if a task shouid run or be bypassed. it doas sp bg coraparing the current time with
the time of the next sample, to check if there is énough time for the task to run. If
the next sampie is almost due, the task ard all snbsequent low pnonty tasks will be
bypassed, so thai control is returned to the sampling task'?in_ good time.

i

. The read (sampling) task has a different function at its bé’ginhing. This function |

is usad for frequency synchronization.: It compared the curren: iixie with that of _
the next sample and if the two are clot enough, it cabses the system to wait for a
period equal to the caleulated diffcrence. Thus' it enalitreé that sa.mbling i always
doue at precisely the same frequency. The controlling; wiiting and meniicring fasks
can then follow (in this order) to utilige the newly sampled data.

s

The other <hortcoming of the basic system. . - cutive is the 'ata.xic nature of its task .

ordering. Every rydle, the same {asks are run in the same or (lera The supervitory

syster is, in contraat, a highly dyramic one. Ear.h tirne the pi.n.n\ ‘i\ nes up with a

new sojution plan, & reconfiguration of the active 2 tions (which, ikn Tasgks frnm

the point.of ‘\rlew of the scheduler) is called for.

. To extend the system oxecutive to 3low for d)rna.mlc rwdermg, the pre -entereda

Yist of tasks mrludes the full set of acuons, in addition to the planning, manitoring,
reading and wrmng tasks, When control is passed to an action from the preceding

. task on the list, the action checks the latest solulion plan (s ree if it is suppoaed to

execute, It then either executes or immediately yields controf to the next task.
{7 :

‘*\uthermnm, there Rfﬂk some actions which requive continsamws ri “nmg 4nd others

which only axecute o1ce They are disiinguished by the maans of riedicated flags.

A tequential action \\ll"th}‘ executes - ) takea jtself off the solution plan a- soon

as it has run, sc t n will w0t ru .n the next eycle. A paradlel vction {which

exerutes contmuquﬁly | also toes that, but at the same time it sets its dedicated fag

1o enable it to Tun on _Lvery subsaquent cycle, for as long as the flag is set.
]; ©T _—

" iese extensiors of t!]L systemn executive result in a multitasking keinel capable of
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handling the :supervism'}r process. It is still relatively sizaple, can run under DOS
and is deterministic, though no longer predictalde. To help explain how it works in
practice, 2 simple example [Gijows. ' |
Considor A system with the resd, write, monitor and plan tasks, in wddition to three
actions. These are; wae_control A, use cortrol. B and alert. Then, the circular list
will contaiu all these taske, with the low. level contral actions Jocated beiweea the
read aod write tasks. Ths = ahqwn in anure 0.5,

“ ..*”" “«‘:«MLj oo

hgme 5.8 An aMple apyhcatmn using themnmmhng kercel.
i

When the sysiem is started, it goes thitigh initialixal.iun routines which indude
obtalaifig the initial and goal states while it ia still off-line. The planning task is the

first one an the list and it uses these states to find a sulutma plan. Assume thas
ﬂxe nm solution plan has rm{ one item: use.coptrol.A. Themftr"e the next task on
thé hst, alert, would be bypassed as it does not feature in the plan. The read task
would execute without any need for synchronizing (ae it is the first sample) and set
an associated flag to be wsed by the control actions {e.£., neﬁr..;ead.ﬂag).

. V L

The use_ control A actiop wquld execute next, as it finds iiself in the plan and also.
because newly sampled data is avpilable (mewmad.ﬂag ia set). This task weuld
&culate a control mgna[ nn thr«&@ls of the sa.mpled data. I wor? * ctan associated

n
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new srity ,,.ﬂag to zndlcate that aew data s -n\-a.ila.ble for wntmg to the plam and A
" flag to be m:eflf by the monitcr task (e.g., new“daxa.ﬂag) As it is a paralle! action,
it would also et mothe: ﬁ$g {ex., control_ﬁ..ﬂag ) to ensure iis cont:nmms repning,
B ] - 8 N
: The next taak on the fist«is use_cnn*rol_B whlch wﬂl oot uxecate, beexugo ic is :mt m o
* . the solution. The write task will run as the write.fl\g is on.. Similarly, the monitor, o
. task will ran, siece the new data_flag is on. The npw.data.x‘!_ag, ew read flag and &
npw“write;ﬂag are ali reset by the respective task, right atter it executes. The
moniter task, bused on its situation assessroent, can trigger repia.umng Ir. this case
it will not, ss it q*mpomi:le to perfarm a serious situation assescment aft: only one 8 )
sample. Ths, thie plad task would be bypassed and s would be the alert action. 1
“Next time the read tagk is entered, it nhef,ks the time and if the next sample is " '
due;it - “ronizes its timing alid executea o atherwise the enhre part of the gystem

\wmﬁ‘a wuske on nmpfad data would be- bypassed)

U ' The cequeance o!' avents docs not change until, at some stage, the. moaitor tzek notices
_that controller A is not perﬁoumng well and it. orders replanning by setting a special
fag (5., plan_flag). The plan task checks if it has enough. time to recute and if
. it troates & new plan. This could be to first alert of the change a3d then switch
to controller B. If there is still time before ‘the next sample, the alert action will
emnte (it = in the solution plaa), but’ ‘caly once as it Gea sequantial sction. After
the next road, the iide,control. B action would run instead of use_controlA.

n

5.3 Coanclusion . N

This chapter has shown how the°plafiner can be connected to other modules, to
form & real-time intelligent supervisory control sysiem. The run-time 'cquirexﬁeilts
, of the proposed architeciure have baen discuss ~ with & detalled ook at the issuel
i o : of apparent multitesking and schedubng _ ’ .

| . S “
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Chapter 6 -

Outline of Iﬁlplem\?ntation» o

i
" A \
kN

i

This chaptf }taing & systema,uc high- Ie"el d%acnpnpn of how the entm- supervi-
sory system‘w—fmplemented in software, and how the program functions. Sche of
the major parts of the system have already been described i in the context of planning
- and supeyvision. The domain-dependent parts will be disé'\;saed in the uext chapter.
_ Here, the system will be looked at from the software pbin@ of view, with emphasis
on the algorithin design and data flow between diterent rcut.mes A listing of the
sunrce code »ppears’in tha appenslices,

= 6.1 Data S_.iructures " ¢

Fitst, the most imimrta.nt data structures a;'endescribed. The relevant cade appears
in Appendix A. Names of data structures and their types are given in ilalics.

3

6.1.1 Gloebal Data Structures for Intertask éommunication

Communication betweer concurrent tasks can be achieved bfr mear of either mes-

. sage passing or global data tables. Message passi "increases the complexity of the
system, but helps to protect the integrity of the diLta. Global data is the simpler
solution as it does not require a special lnechamsr!.‘: for passing messages (with &
corres,)andmg overhead}. Hawever, it is more d.lﬂicp]t to ensure the correctness of
giobal data.

S -

v
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" We use giobal data siructures to communicate betweea concutrent tasks, for the
reason of simphicity. To mm data lntegrity, access to cach struciure is tightlys
controlied. Writing nghts are severely limitod, o just one task in most cases, while -

other tasks only have reading righis. There are four ﬁoba} data stractures, esch
mslstlng ix ternaly of many slots with predetermined access rights.

Phnt..‘ﬁﬂaﬁ_lﬂ_ _

mmwmdmﬁmm wimhmthult matunsaﬁ&t'
cal varinblos nesded by the superviscor. Tbemmﬁdemhofthism: '

will depend on the sctoal plant and,actions used, but it can be,divided juto two
main. parts. Onedthmawmasastm-ageplmﬁnnﬂthemmng &a.ta.,ne,the

-unprocessed data (e.g., plant mmurmts) Writing rights to tlus pa;t,mc granted.
. exclusively to the read task,

oo

The other part storel the runaining numerical data whi:h bas alveady been processed

and waits to be sent to the pient {(a.g., actuating signal) or farther processed by

another task (e.g., setpmnt) The writing rights to each varizble are limited to one |

o a fow related tasks, dépending on the problem (e- s there could be & few control
tasks writing to a single variable, but only e at 2 tiwe). The plant_variables
structuré-is used by the monitosing, read, write axd control tasks. : (\ g

o o KN

Stateofplant

o

'Thm data structure is of type spmbolic.dats. 1t coniasing the antirs symbolic descrip-

tion of the current state of the systam, 8s needed by the planuer. Again, the exact

contents of this structure ace domsin- depender. . The monitoring task kas exclusive

writicg rights to most of this structurs {eg, va:?a‘sblm reprezexting eguipment fail-
ures). A few slots in this structure are npdated by other tasks (e.g., a variable for
representmg the currently active conttol}er) This dats is ased to create an abstract

‘modd of the system, for use in the.planning pmm

o

 Task.flags . |

This iz a.,_stth.ture af type flay_table and is the stoung place for the flags used in
dynamic :eccnﬁguring of concurrent tasks. Only the read task is time synchronized

n




o

asd totaﬂv md«pmdmt of the ather taaks. All the other ml:s mclud.mg some
actlona, are enabled or disabled with these ﬂags -

Plan.stack

ThxsctructumuoftypemMceM mmwh,etheanluuonpluuamd
The plaunia task bas, thevefore, exclusive writing righ - 6 this data. Plon.stack
is used extensivoly at esil stage of the search proces. Allthcu&_‘msreadtbis
dautodwd:ifthqmthomﬂuthntohemud. Whetm‘* bssupmﬁr
comummicates withi the planaer by meuns of the uace.of.péam atracture.pﬁnm
uunﬁhm&ﬁmmmhthemdhecﬁm '

6.1.3 Other Globai Data Structures
Opdlitor.ddﬂn!;'ﬁn and operator.buffer . _ | .

_ These are both of type operator. They form the knowledge base for the AT part

of the system, containiug the definition of uninitialifed and Initialised operators
 respectivaly. Only the programmer caa change the uperaior._definition structure
b% providing a different set of cperators for o different problem. O}xmtor.buﬂ‘er
conalng an juitialized copy of these oparstors, which iz actually used in planning.
The scope of both of these structures is imited to the plaanieg task (by use and not
by declarstion). -

6.1.3 Incal Data Structures

.

Present state “B ’
. o
This structere is only defined within the plaaning task. It contains an abstract
representation of the carrent state of the plaat, just before planning begins (ie., the
initial state). During pming. it is used to store tempormly alt the intermediate

states created by the sep.rch algonthm
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Actiosts ars wll those tasks that impleent sy
pioblem. Their pumber, reqmmnuu, abilities and
dependent. The only aspect that dovs not change, is
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On the sther Land, actions have a zela.t:miy simiple Jogic strectare {tbough they o C).
m&yh&vemycnmplex mathemalics). Thm&m&amaﬂcmmmﬁybc -
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_'nﬁtmﬁxoﬂ!ﬂm ta £in | che body of the ronting i bypassed. Otherwise, the -

8.2.8 R.e_aﬁ

n

T’hecoéefur this tukappom in Aﬁ,} ﬁudm B, with some efits‘kma Jevel funetions .

. _'dcaa not have any icpate w is wmu inta bnth tha p!mt.wmbiu
task flags stowcture, Tt starts off by nnlng the Svmnomzi.swmm'
mﬁuwﬁiﬁkﬁuhmtma d syucheonises’ ﬁmumphng if necesgary. If there is

Rw L CARD nm*sine ‘samplés. the pim and writes the resuits into plant.variables,

=

'n

' &#m stne of thaﬂntp!iag is also written there, to eliminate  ecmpound errors.

3 '!ha na#.ﬁaﬂ,ﬂg ln tha tak.ﬂaga stmcme is 82t and the munne #xite
ﬁrm Yum.




Buoth sensorg are hascd on a stapdard industrial differential- -pTessure ﬂ;ramsducer

Their output i3 a current stgnai i the 4 2UmA range. . For the lavel h.usor, its
current is ditectly proporiionai te the * vel. For the ﬂowra.te senser, s current is
proportionai tn tha sguare of the actual Bowrate The inlet valve in a standard indus-
trial diaphragm vaive, supnlied with 140kFa pressurized air. It is activated through

~ an electro-pnevmatic -:onwrter which sccep n input current within 4 -20mA and
pr:duces a proportional pres<uri. This ig a i ~-precision piece of ins‘rument, char-
: ST . . Lon =,
1.0 atterized by large nonlinearities and hysteresis.

manual outlet vaive can be ased to inject disturbances into the plant, by varying
‘the load. When it is fullj- opened, hq.pu.‘np has too little throughput to naintain
an equilibrivm. There is alsc an -elect:l.. axgr- Ll cunverter whu‘h converts a 4-20mA,
current ints a 0-10V vnltage signal anc vice versa.

' PNEUMATIC. -
" INLET VALVE )

) . . _.Y‘ : I L, ¥
r T
i
b | TANK | |
' . [ MANUAL
[ | QUTLET VALYE
S , L o
pr—— | xcosack | e Em— *tK“,-‘
SENSOR jconTROM ER tFVEL SENSOR -
e I 3
X e, i
SUPERVIS (,JR%—“-—” -D-{ nw:-.;.?"m 1 i “
) ] umsmyvl il
S .fw::f"”'..__.;. !
;Fa v T N “‘—"x”"\.—/*\.f“‘k'/-\_, "\,-'*'iia |
ot { \: | | ]
‘C:"'E Y PU l ) b f -=} . 4

5 "
i

Figure 7.1: The plant and the supervisory gystem,

" The plant was initiaily controlled by an analegue slectronic PIL controller. The
process of replacing the saslogue control systeiir with a distributed direct digital
¥ mrﬂm]!er {5 deccribed in-(Zagnoev, 01). The first stage of thai process was the
aralyis of the plant i:_v a =tep tes‘.

wTy

- The equation of a first-order plant is: -

w : W

o




1] [x] ’
: i
. ICHRONIZE SAMPLING |

This routine gets the curisat $ime and compares it with the time when the nev’
sample is due. If the differeace iz inrge mmugh to accommodate another task, z«

is m:mml Othmiae, the process is suspended uptil the imoment when sunpling'

: s to occuz. Thi msures that samples are ulways taken at equal mterva.!s._ -

( !

n«n&m

: : _.aptuunmdwmmmﬁunndw samplam
MRMMmthe Mm&amctm ‘

R
A AP e

ot ks i o g A s, s Al .
WRITE.TOPLANT
o Inputg . . .. . _ | o o | .

o mm ' -

Cutputs : o o . ( :

o' Task flags

a

Algorithm

i, Check new write flag “

o if eat then comiinue
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L #

Wait for.steady state: ' S

" Pos CoNmiTioNS: . ADD EFFECTS: \
active.s Wait_for.steady state | level goal .
monioning —_— : ' : “
L setpoint.goal ' 1 4
; ?{';o Conmtions: . _ Del, EFFECTS:
- i alarm.condition level pres
e I fatal_{aiiure overload
4 level goal valve. failure
ﬁ large disturbance
. | high.gain ‘_
_:_l-:nw integral !
derivative_action h _
i
. - - . : 1
This at.ion is similar in principle to wmt.for-prmnutv but i i always the last asyion : .
n & solution plan Tt can only be executed if the controller is set for the Jow-gain, - |
swooth control moda. It rannov start if there is a'large dzatu:bancs or a safety iis k .
or, liké=beforn, i7 there is an alavn condition. ’
T &= . . .
ft uses the md’n'itaring function to deterniine when a ﬂ'teaﬁy.state condition is
reached, At that soment, it informs the user that ik “+vu] hae stabilized at thle
. ¢t tpoint. |
B
Sound.alern L ' N
2 | # '- | o
T Pas ConpITioNs: 7 T Abp Erescrss 'M]
" slarm condition | Sound_alarm, | S
» NEG Conorrions: | o DRy Erbeers: | : bt
e s ?_.ial-rii_'condit.iqu = )
“This action o ac tivated {o send a visual and andible ranssage to the couole, l.r} get
the attentic .+ of the user, The’ ‘preconditions are formalated iu such a way, as to give
¢ it the highest priority. . ’ . - : - “
¢ - u u
° 0 106, |
' . 4
’ o I 1



T # - : . .
S : : X -0 o
' I The valdps aerived for <he open-loop aysiem were:
,

© 'ﬁ‘?éa_e censtant (7) = 572 seconds

S B "\-‘-_
R . o Gain'{k) = 167

i

The chosen values for the digital PI controllar were: _

! o Controller gain (A} = 2 _ _ 5 _
.E o lalegral time constant (73} =~ 300 ' ’ o

] e .
i As the analysis will not be repeated here, the above valnzs will be referenced
Figure Tf" rates wil the major parts of the plant and how a fredback controller
and ithe aumr‘»mﬁ - connected to it. It charly shows that the hasic controHer
t, stngle-output configuration. It receives the' measu red level of

° works in a singiesin
the !evel sensor, finds the error between it and the preentered

water in the taak :
veference value ks#tpmm ), and calculates a control signal a.ccordm,, to 'ta algorithm.,

This contra! signal is used to drive the injet va.lve

erviscr is a melti-input, wulti-output device, It reads the flowrain

I In umtraét, the siperv
in the inlet pipec, My addition to the leve! in the tank, and also reczives information

at2 used U duive the inlet valve and 10 send signals

via the user goasole. [te output - &
and messages {othe screen, T sther words, the supervisor utilizes all the availabie

chanznels {0 gasher the maximum smount of information about the system. It alsc
ises all the available chandiely to influence tie system in the most effective way,

B

Y

7.2 Control and Sapervisory Objectives

The hasic control ol jvetive 18 clear and simple-- heepitg the level in the tank at a

. predetermine. -abnt. $hhis makes it a typical example of reg:.iatorv control which is
the most corrmen type of wwsrel in processing plants. The "uperwsory ohjditives

aie mibre arbitr ary. Consi dei' the following modes of operation for the plant equ 1pped

with a feedback controter.
’ . b

[
Y]

B g

A




" ; )
Q "
| .. (') ) ) ) s o .
! . v : B . 0 _
b "o else goliod g o :
i L3 3
- 2 WRITE.T0.CARD from plint.variables _ - e
- . . o
| 3. Reset new.write flag in task flags ,
. ; b - ) Lo . u . . T
Y W A . ::r 2 B o i
5. Goto 1 R R

Lis

‘L’hﬂ _mutmu rnuh hoth the pHJvLmnnﬂea md thwtaﬁ.ﬂags stmctureft gt nd writes

k isha: taskflage. The avallability of new data for writing (e.£., 2 new actuating
) vill depdnd on some action w.ose function is to provide such output, That
o Wil leo be responsible for setting the zow. wiitediag. WRITETOPLANT ex-. .

gte- hy ealling the WaiTe. T0_CARD rovtine, which’i W the reverse of READ_CARD,
d. a :eaetung the paw_write fiag. - o=
, wm;;'ro.é.u’m :
| o Wms.m,czw i used to set up the DI& card snd then to driveit, in order to
o .tmi.»hta wne 7 the discrets values ﬁm plaat_varisbles into continuous-time ana-
mgu voltage :iguls. This, topt!m with the READ_CARD mtme is the interfaca
betweea t!w d:grtu comptar and the physit:m plant.". )
6.2.5 Plan | A
~ Plasning is by far the most complex and tomputationally demandiug part of the. '
' .,supervkcry process. The mu!im gmm below, and many other lawer level funciions,
- are includell in Appendfx t, '
PLAN | R
_ ; i
Inputs o - ' ’ o
' ’ @ .
P i o Sfauﬂof.pinni
f? i - o Task flags -
i i ."_:..
'"\90 0

. -



JEmergency shutdown - .

) Pas ConNDITiONS; i 7 { Aup FFiECTS! ]
fatal failure Emergency“shutdown j plant_down
NEG CONDITIONS: 1 DEL EFFECTS: 7
a.larm..cu[?.dition ; N active_#
plani_down ) , setpoint. .+
activé_staridard ' _ high_gain
_ ' < 1 low. integral
' derivative_action
_ large disturbance
i _ 'supervisory..cm_xtrol

o Y
The sdpervisor takes this action only in a real emergency, when fatal_foilure is re-
ported. This means that r.on‘cihuing with the plant operation couald be nasafe. The
- is to take over cc;ntrol‘ force the inlet valve to
close and then disable all other actions. Thus. the plant and the control ayatem are
B accompacied by a suilable message sens Lo the

only altesnative for the supervis

affactively shut down. This action
user, to inform him of the events,

o

753 Other Tusks .

: . . . \
Hesides the above actions and the L, - tasks of planrning, reading and wr\lting there
is'another task called abort all. 1t aiiows the user 1o switch off tha system ai any thine
and return {0 DXDS, or to suspendd the mulﬂ'&\sking process temporarily {by pressing

any key). Tt has anothes impartant fun;:tmﬁh as il allows ihe user to simuiate a .
failiire of the active contrelier (by pressing the key) This task works by regula.r!y )
scanning the kéyboard of the user console for an\l\ ')uﬂ'm‘ea inputs.

5

Y

N -
il

__.__i_l_:'i'.*l_ Test '.Resnlf.s L) ) N

1.1 ‘User Interface

Gur supervisory systen pmd-ues a comrprehensive real time display via ,th' umsolf‘

scroen, It nuist be cinphasized that such comprelensivk information i TPreSIALY, W6

[}

it is an c.rmnmmrui systein whose performance has to be thoronghly re urtied and

106 .. | ‘!




AT

!

o Lo
o Normal operating conditions.
: -
9 ' - cmall disturba.m%ee
- jarge distuxba.ncf#s,. ||

: . .
o Alzortnal operating tonditions.
2 . . i )
overinad f
o " " . ks i

- valve failure’

H

sensor failure

1

cuntml!ér .ma.}f;jénctbn

Nogmal operatiog conditions rofer to the case in which the hasic controlier is equal

to the task of regulating the plast. Abaormal opersiing conditions are beyond the

capzhilities of the controller. Therefor:;l-f:the control obijective will not be achieved

. snd instead a safoty risk may result. Overload or valve failure (unpowered valve

{f _ o doa&li wiil lead to the level drcpping below (ke setpoint or ever to the emptying

' af the tank. More serious is a sensur or centroller failure, whick could lead to an

* overfiow of the tank which ig regarded a8 Anunsife condition. In theory, there could
he many more potaant\al problesos, but the above ones represent the most llke.ly
ca.set.

o

Recall that the aime of superviston should be, firstly, to maxinize safety und, sec:
ondly, to maximize production rate. Specific objectives shoild be get up in such a  °

way, A8 to test the performance of the intelligent supervisory costral eystem under -
buth nermal and abnormai conditions. We define them a< follows:

El

1. Ensuve safe (-pera.tlon at all tines, : . .

F— . i

2. Keep the piant rénping dt:splte fa.ilures (unleas it mdangers aafety}

3. Provide hetter quality of control than & e:anventiom_d._contmller. -
°  fa) hetter'disturhance rejection e . g
. . - U T ot E ! . . )
{b) better sicady slate performance L R A ' L8
- . a.oa 1 & H

. The la.;i.gb'jectim-v neefls a littlo explenstion. In terms of PID cortrol, a disturbsnce < .
can be dealt wiih more effectively by increasing the controller gaie {proportional
terin) and also by uamg derivative actiri to introduce some phase-lead (spoed up

response). o e il Q

/' : " ¢
) - x "
FT v K "
. . : : “

\\b . . ) i\..
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° Opwmtor_deﬁnmon - o
6_Owutor..bs:f¢r |
3 qurnt.n:de

o Mﬁakﬂ
Cutpute SRR

Algorithm

1. Define terminalatate
2. Gz'r.sén into goulstate
3. Check pl&n.ﬁa;
E » 1 ses then cnqtmua ' ” ol
o else got, 9 ce
4 Tum_vr . | o

o if mexti mnple dun t‘.hen, goto 8

A dae commm

kil
W

5 Maxs.uaruc'r.swm inte pmenutste
6, lxﬂnnzx-m?nmozs

._ ? ‘iuﬁcn from present_state to goal state or tertanul_state

8. Resetplan.ﬂagmtuk,gaga S .
u. Ylam

P~
R

10, Goto 3

)
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is deliberate, Thers may be cases where the actuai final state will be totally unlike

evalupied. The idea of inteiligent supervisory control fuggests & minimum interface
with the user. Unlike most expert systems, the supervisor needs no consultation
with the user at run-time, other than signalliing alarms. intelligent advisory systems
liave elaborate user interfaces taking up anything between a third and a half of all
code, as pointad out in [Bobrow et al., 88]. '

An example of a run-time screen (all results were obtained with a screen-saves) is
shown in Figure 7.3. The to? part of it is devoted 7o the supervisory functions, while
the bottom part shows the low- level contrpl. At the very top, & rectangular area
:a regerved for special messages. These include atwrm, & ,ﬁeady statc- and shutdown
mewsagee The first of the four windows shows the terms of the starting state. Tt is.
a symbolic representation of the ztate of the system at the moment when nlansing
was started. The next window coutains the terms of the goal state a8 entered by
the user, ' o T

The shird window is culled the expea:ted state, beca.use it describ:s the state of the
system that sfould resul: . o the implementation of the solution plan. Normally,
ihe expeciced state differs from the goal state only in some unimportant details (it
uses more terms o de.«ribe the same situation). ut having two separate windows

the goal state. That happens if the goal turns out to be unreachable and the planner
reverts o 2 plain data-driven approach.

The last window contains a numbered sequence of actions which the system needs
to take in order to achieve the expected state. T'his is the sohution plan. To show
whirh action \he system is currently busy with, an arrow is provided, pointing to its
number. “ .

The large window in tle {ower part o:;f the screen shows the continuously changivg
anagugne data. {is top line gives the time that has passed since the first sample |
Was talmu, the number of samples take so far and the sampling period used. Both

graphs are calibrater] in precents versus time in minntes, The top graph shows the =

vicasured level in the tank {in bold) and the setpoiat, as functious of time. The J.
graph below shows the output of the controller, i.e., the actuatmg slgna.'! {in bald}
and the measured flowrate in the inlet pipe, as functions of time,

The graph at the very botiom of the screen shows whether the coniroller is operating
in the high zain or the low gain mode. This giapn is only vsed by the advanced and
backup controllers. Finally, every time a new plan is genetated a smaall Jetter P is

Bl

prifited on the x-axis of the top graph.

0’
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The PLAX routine first defines the terminalstate and gets the usdr in fill the
goal_state by calling the GET.GOAL routine. This happess only the fizst time that
PLAN axecutes. Hext, the routine checks if the plan flag has been set by MoNiTOR.

If w0, it checks farther if there iz enough time for it to rua, by calling TiME_UP.

If it decides to rup, it first uses MAKE_ABSTRACT STATE to fill the present state

" stencture. Then, the INITIALIZE_OPERATORS routine is called. The call to SEARCH
_is waat effectively starts the planning process. It carries on until a solution plan

is found or all possibilities exhausted. At the end of the PLAK routine, plan.stack
contains the io!nuon The p!an_ﬂag is then reset and YiELD called.

GET_GOAL .

4 o

GET_GOAL allows the user to anler a goal state at rup- mne I* is stored in the
goal_state piructure and used b) the SEARCE mutme to find a "cl:ktwn plan

ol

a

{AKEABSTRACT STATE

This routine‘is used by PLAN to §ill tho present_state structure with the cusrent state

* yof the plant, to become the initial {starting) state for the se{u::hing algorithm. The -

]ist.ate is created, based on the information in the state_of plaat siructure,

- EH

INITIALIZE.OPERATORS
Inpuis

o Opemator_definition _ \
o Presenl_itate

o Coal state

Duiputs —

o~ Operator_buffer : . "

]

Ry
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(In the other band, hikh gain is undesirable near the setpoint, as it can canse vnnec-
essary wear of the actuator for even very small variations in the controlied variable,
High gaic zlso tends to introdue: oscillatory behuviour. Similarly, the derivative
term is often turned off completely, as it has a tendency to amiplify high frequency
sensor moise. It is not a purpoée of thir work to iwvestigate the conveotional PID
controller, but it shosld be realized that tuning such a controllvr involves & large
degree of compromise.

e

7.3 The Supervisory System | e

7:-3-1 Mﬂnitﬂrins ) \__ P

o L

The momtoring module js entirely pmhiem-spemﬁc and would have 10 he iadsgned

for rach xew problem. This is to be expected as each differen: pla.ntrﬂd}\'*icml gad, . \

malfunctions in‘s specific way, dependirg on the ruige, quality and dvin age of the
hardware used. For the level contral (lant, the fohuwang eumpmem it copet; mt. i
monitored and dxag‘hused " ) . s . {f ll -

o :{.evel SERSOL. |
- Fesdback co'n_hmller,ﬂ\. / __ . .\L
o Ihlet valve’ .f

&
I

e Levelm 1ml{1.

Level sensor. This is probably the'most crucial element of the systera. The ph:nt
does not have a second level sensor, so all its ipformation about the l%zel coTnes

_ from one gource only. Iis failure renders the entire basic «onirol loup itsaless. Byt

even more importantly, fauity readings may very easily leid to an overflow »f the
tank, if the basic controilée is left on its cwn. Therefore the momtonrig function -
connnuously checks the mgnal arsiving from ‘the level sensor. »

if-the gignai is found to be & hevond its standard aliowable/range, then a fuilure ie
reported. The fats of change of the signal iz also monitated ami if it esceeds the
-maxizum rake at which the tankfm be drained, then the sonsor is assumed fauliy.
In cither case, ¢wo new terms are added to the abstracl descripmon af the stite of
the pla.nt. sensor. foilure and faial.,fadum The frst.one is mfomative, while the

& _
a5 . - [

[

<)
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_ 7.42 Standard PI Control
_ In this tast, the conventional Pl controller, which was used to control the plant
S previously, is evaluated. its parameters are left unchanged, gain at 2 and integral
- B time constant at 300. Figure.7.3 shows a record of the entive testiag session.
€ \)
s i
If l
Ipacial nussape Ares i
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Figure 7.3: Standard PI control. ' e

The process begins with empty tank, closed inlet valve and the outlet valve at 90%.
When prompied, the following goal state is entered:

o level 50

y sta.nQard.,contm{

2 a

1 The solution plan is, in this case, quule trivial, W takes the sysiam abeut 4 minutes
¢ to get wivhin 10% of the setpoint and about 15 minutes to reach a steady state. The
“ontrob action {on ihe fower graph) is smooth apn quick. The difference between

the actuating signal and the actnal flowrate is cacsed by the inconsistent and low
precision-hehaviour of the pncumatic valve, This happens despite the fact that a

. - r - a . . |
sptcial proceduntis used tir linearize the valva, However, it does fot climinats the )

inherent hysteres'
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aecond one indicates that there is & sa{esy risk. In addition, the plan.flag iz set to

L

’1‘\

trigger imrmadiate rep]ahm_lng

Feedback coatrollar. The supecvisor has t;vo controllers at its dispoeal. The

main one is called the cdvanced controller and the other one is the backup controfler.
The failure of either ona is acknowledged by adding advenced fasiure or backup failure
respectively, to the state description. However, the monitering function knows that
there are only V7o controllers, 80 if both of thet fail (a very unlikely case) it will

“also add fotal failure. Coniroller malfunction is the only case which needs to be

simulated. An actdal fault could easily occur with an external controlier, but caanot

physically happea with the software m:plemmted contmllers In case of a controller

faiture, wplaamng is triggered.

. 2

Tulet valve, The most ingiy? paxt of .he puenmatic valve b the pmumed air

supply. The valve itasli is sprivg losded to antomatically close, should the wit supply

be broken, Thmiate evemhfmunoccun, there is fo danger to salety. To detect
valve failure, the monitoting fanction needs to make uie of an extra sebsor—tha’

ﬁowraﬁa sensor—waich is not & part of the basic cositzol loop. This illuitrates »
more general principle, that a mperviaokmedt more sersory inputs, becnuse it is

: mpomible fo: & muc.h mora,

]

This ext:a sensor allowe mntmnous momtmng of the dowrate in the inlet pipe

(which is a functior of the valve position). Simultanecusly, the valve actuating
signal s menitored. If the controller vutput is driving the valve open, but there ie

nb flow in the pipe, then ihe valve iz dxa.gnoaed {sulty and the term mh;e.judm -

added to the state. Replanning is then requestad. - i

¥

Level in tank. To enable the system to i:hprm botk the disturbance rejection
and the steady state performance, the monitor translates the level in the Lank iato
syvnboht. descriptions. ‘It vecognizes thrae important cases, based not caly on the
actual level, but also on the rate of change in.the level Theae zones are illustrated
in Figure 7.2, for an arbitrary’ wetpoint.

=
o = > . &

B-C. Level ip in the proximity zone, i ., it is approaching a steady state condition.

The monitoring function will add the term prozimily to the state description

if either the mmured level is less than 10% iﬂglnér than the setpnmt and
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SEARCH S |

Inputs

Algorithm

1. RESET.OPERATORS
2, EXPAND. STATE in goaq:.state
3. For each operator in cperator. buffer

¢ INTTIALIZE.POS.C ermons

o INITIALIZE_NEG_JONDITIONS
o INITIALIZE ADD _EFFECTS

o INITIALIZE DRL_EFFECTS

o
)
.

. ® INITIALIZE_OPERATOR.NAME

This routipe initializes the opesatir.buffer structure once the initial and goal states
become available. Therefote. it uses eperalor.definition, prescnt.st-atéi and goal_siale
s inputs and operaior. buffer as ite output. It first copies te contents of opcru;

_definition to operalor_buffer by calling REseT OPERATORS. It then uses Ex-
ﬁn.s’m‘rn to complete tha goal state, if necessuyff} Finally, each operator is ini-
tialized (its naine, preconditions and effects).

w

o Prescni_stale

» Gonl staie

. i\
o Terminal stole . h

¢ Plon.stavk .

‘o Opesator_buffer _ ‘

Quipats : T
o Plan_stack
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After 30 minutes a senser failure oceurs (sensor signal is cut (o;ﬂ" }. The A/D converter

passes on an erroneous (negative) Falue to the control system. The controlier, un-

aware of the real level in the tank, iries to compeusate and fully opens the valve. It

does not have enough intalligence to recognize that a negative level is meaninglec:. _
A few niinates later, as the tank iz about to overfiow, the ievel sensbr is reconnested '
to show the true level,
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8, ' Figure 7.4: High gain FID control.

u -

“’r comparison, the same test is doae on &'fixed parameter PID controller with the
g of 5. derivative term of 5 and integral sime constant of 100 (see Figure 7.4}. it

s clesr that as the response of the controller is speeded up, unacceptable avershoot
and oscilfatinns occur, ‘ ' _— ¢

7.4.3 Supervisory Control

Tn this oo <ion, our sapoervisory sysiem is pul to tim iest, The advaneed controller it v
nses, b a standard PID algorivhm, 1t ite parameters are now switched, To deal

with targe disturbances the g;ﬁu is set, at 5, the detivative lerm at 5 and the integral .
timse constant at 100. Near the sellvt)il'lt the gain is 1, the integral *ime censtant 200

o
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Algorithm o

1. Check plar._stack

o if fail then goto 8

" o elee continue

2. END_CF_SEARCH for present_siate, goalstate, terminal.state

» if end reached then goto 8 ’

o else continue
'3 Check plan._stgck

o if empiy then PUSB_nﬁ.STACK.Ip!tsent_state
4. For each operator in operutor_buffer

¢ CRECK.INHIBITED OPERATORS .

~ if operator is inhibited then govo 4

-~ ¢else continne : .
° Cnscx.ormxron: |

~ if preconditions vioiated then goto 4 o
- if preconditions satisﬁed"&:ﬁ%;n put apérator on hold

- if praconditions satisfied and effects apply then goto &

5. If operator found then
o UPDATE PRESENT STATE in preseni_state
2 PYs#_oN STACK g:eacné_state, aperator

o golo 7
v 6. Else check pian.,sfcrk
o if empty then
-~ Umﬂmmi'rnc-maxmns
— rhange mode
- goto ¥
o else continue.

— [NHIBIT OPERATOR
- PoOP_OFF_STACK
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7.3.3 Supervi@ry"'aaaénu

An actiun is stored in the furm of its own abstract model sud ‘s procedural attach.

ment. The abstract rodel s called the operator ami mﬂm of pmi conditions, nug
conditions, add sffects and de) effecta. It is \md in the plnnamg prom ouly. and is
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and the derivative term is off.

. . 7 | o
It musi be explained here that, according to the control theory, the intrgral term
should not play a rmajor role in initial disturbance rejection. This (a¥k should be
left to a high gain and the derivative action which helps to stabilize the system. The
high value of gain should produce almost a bang-bang {(ox-off) action to qu:ckly got
rld of major disturbances,

<y
However, it was fovnd during the tests, that the incremental a..lgonthm used in the

d:gital controllers does not tolerate high gains. When sef in a high gain proporticnal
. i+ proportional plus derivative mode, it results in erroneous output. It was fuundg
that the best improvement in the response can be achicved by speeding up the'
- ~ integral action. - ' '

Normal Opersting Conditions
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Flgure 5 shows the figst sowtion rala.n. Just after the system is initiali md in the
s3Me manner as hefore, The goal state 1<: flow entercd as:
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T. SEARCE ' . \

8. Return

'This is an extonded version of the recursive algotithm given in Chapter 4. The
extensions make it far more suited to the real-time supervisory appiication, while

- taking rothing away {rom its general-purpose character.

Besides the present and goal stites, the terminal stafe structure is passed on to
the SEARCH routine. The ferminal.state structure must be defined in advance,
. i e 3 - . 4 . 0
depending ob the problem and it is an alternative or undesired goal. As tiie gearc}-,

can revert to a simple data-driven approach in unfavourable conditions, it m4y corme

across the tarminal state which is the signal that it should stop. The terminal state

iraplies 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 mede, where it tries to find a solution plan that wili satisfy

all the tertas of a Ziven goal state, The usec can assign higher psiority to certain

terins of the gnal state. Then, if search in the normal mode fails, the entite process

_is tepeated in the second mode. Now the planner will try to find 3 solution plan

that satisfies only the high priorivy terms of the goal. This extension makes the
algorithm even more general.

The SEARCH routine only executes if the plun_stack is not full and if END_OF _SEARCH
indicates that the end has not yel been reache.  Then, if the plan_steck is empty, the
presenistelc (with the initial state) is pushed ¢  the stack using PUsH_oN_STACK.
The search begins and each operator in the ivitialized operator duffer is first checked
ifit kas not been tried before and failed. The CHECK . INHIRITED.OPERATORS routine
is used for this. If it has not, CHECK_OPEXATOR is called to chouse the most
zpplicable pperator for the given present and goal siates. .

Any cperator whose preconditions are violated in the present state, is rejected
straigﬁt'(away. I{ an operacor is chesen, it will be applied to the present staie by Up-
DATE _PRESENT . STATE. This new intermediate state is still stored in the present stole
stracture and is put on top of the stack using PUSH_ON.STACK. Finally, SEARCH is
calied.

Abviatively, if o aperator gualifies, backtracking is atiempted. 1i plan_siack is
empty, no furthep backt;ackiag can iake place. This is when a fresh start occurs, by
calling UNINEIBIE OPER A TORS aud switching to the second mode (for kigh priority
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formulated in mch a way that it mpmuts ihe major characteristics of the actual
action 1& is based on.

El

.'I'_he procedural attachment is the action img,f, coded s a{i;m;ady-to-mn' procedure. _ A
- This provednre iz executed to causs some change in the system, wheiher it cbtngu-
meﬁ!ting within the supervisor os the ertamsl paxrt of the ayntmn {plant). -
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- tnk_ the planner mmmm&ia&mmm ‘Actions i . B
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s feactions; mdeed,wlt]mntmmitmiuthmm!dbommpmon.mm ' !
behind' dolog this is that we want to be abis to compare the performavce of the 11
-supedvisory systom with that of & simple feedback contral system. Therufore, we can T ]w
mqmtthmpmkmtodhaﬂﬂismﬂmh;,ﬁiﬁanlmdﬁ?!m ' ]
mdbyddngm.dlmhkiueifuwdl . . , . : q
Set aetpoint : g
R 0 Conprrions: | - T Tam e |
. o 1Bet setpoint.at.goal | setpointgoal .§ o
. 1Nga Cowpmiops:ff - o D Beggers: -
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fatel faiture "
This action adjusia the setpoint of the cufrent'ly active mntréila- frem the pruem .
4 value {pres) to the goal value (goal). Tha preserce of & variable in this operstor ¥
name, prmnditmns and ‘effects mesns that it has w be initialized before it can be
uaed, The vasishle pres is initialized with l;he actual, sabpomt at the imthl state. ¢
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o leve] 50 -

o supervisory.ccitrol

-acause only npe sample has been taken so far,
*-:arénce in the plan is that monitoring ia now k,ﬁ..._r?n:aed,
itialized with low gain -d slew integral, the initial
~ently, the =l'noluit,ou'i'ng action alwost immediately

The gfé.phs are emply.
obvious ard important «.
As the controller is always -
respanse is very slow. Cons:

" signale a large disiurbance. In i-spouse, after two samples, the pianner comes up

with a new solution plan which can U’\\}aen in Figuve 7.6.

e

The supervmor makes fisll use of *l‘q advanced cox ntrmler te got to the setpomt 1 .TE

quickly It iurns up the gam, ises the integral time constant and switches on
the denvw.ve terin initially, and then revarses the settings when it gets close i the
setpomt Thus, it gets within 10% of the setpoint in 2 minutes now, and reaches
the setpmnt in less thad 3 minates. This response should be compared with the
respanses of the fixed:parameter controllers in Fi igure 7.3 and Figure 7.4,
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- conteollor setpolnts is typicalty mafﬁm maln methods ulmerdling WD@W

totally different. Such a sysiem can use the setpsintoto the low-level controller in "

__.Fhfmwmmphsmﬁmlymmrdmudmmm

The variable goul is tmtlal.zed with ‘the value of i.e leve: which is mtmd by the - _
nmu‘;putmthedemedgoﬂsute b - ' °

and needs explanation. Thinking in terms of a simple foedback controller, the desived o]

ievd és the setpolnt. However, for a complex suporvisory system the two may be

an arbitraty way, to bring about the required effect, ie., desitad level. Adjusting E

o
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The asteri ia the actives mdmon atands for any r.hara.gter string (b‘ia in BOS A
operating tyrmm) ey __ | e
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This action is not & part of the supervisor, It is only included here for Musteation.
parposss, 80 that nos-supervisory PI conirdd cia be implemented. It will provide
a vardetick for measuring thie supervisor’s performaace. Thit fum&m activates &
direct digital P1 controller with fixed parametars; it M not use mnmlmipg It
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goal terms). But if the plan_stack is not empty, INRIBIT OPERATOR is called ta mark
the operator which has produced the jaresent state. POP_OFF_STACK is then used to
copy the preceding state into the. pressni_state structure. Finally, SEARCH is called
a8 before. ) - '

END.OF SEARCH

This routine d&uﬂna whether the search should be terminated. It checks if the
precent_siqte contains the goal_state or the terminal state. I not, it returns zero.
if the SEARCE routize is running in its second moue; it checks if the present. state
contains the higk priority terms vom the goal staie. It uses the Cou__nnz.s:m'rns
routine.

PUSH.ON.STACK |

This routine pushes the given item on the current gplan.stack. It puts both the
contents of the present_siate and the current operator, on top of the stack. It ures

the COP%\ATES routine.
2 .

CHECK_INHIBITED OPERATORS

i 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..

i
CHECK_OPERATOR

The CHECK. OPERATOR routine needs an operator and uses the present_stole and the
goal_state structurea. It calls four routines in a sequénce: CHECK NEG .CONDITIONS,
CHECKR.POS. CONBITIONS, CHECK.DELEFFECTS and CHECK ADD_EFFRCTS. These
are used to check if the preconditions of the given operator are szatisfied in the
present - ic and whether the effects ag):ee"'\'with the goal state. Depending on the
comabination, it retusns an integer cnde (rating) of the operator.
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Overload
™ . -
- After 10 fuinutes an overload occurs {outlet vaive is opened to 120%). Again, re-
planmng occurs in response, as the monitoring action diagnoses an overload. This :
° is ilidstrated in Figure 7.7, together with the alarm message. After another minute,
ihe nutlet valve is veset to its previous position and the tank starts filling again.
. %, .
i
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Fignre 7.7: Supervisory control: overtoad. o

L

Valve Failure o E '

Figure 7.8 shows the 1espynse of the supervisory system to a failure in the valve. This
occurs after 2 minutes (whern the pressurized air supply is cut off} and is irnmediately

" diagnosed by the monjior. As it is the -uly actuator in the plant, vhere is acinally
nﬂhing that the s_upﬂr.vi_snr can o, except to alert the operator ahd continue, The
air supply s reconnecied before the next test,

o
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UPDATE_PRESENT STATE

The UPDATE_PRESENT STATE routine first calis DDEL.FROM STATE which deletes all - ok
the del effects of a given operator from the present.stale siructure. It then uses '
ADD..'I‘Gﬁ'IWi‘E, to inciude all the add eflectz of the operator in present_sicle. In

effect, it applies the operater to the preseat siate, to create a new state.

UNINHIBIT GFERATORS

This rontine cleats all the operators that have previously been marked as inhibited.
This is done to allow & second search to start anew. This second search 1s only tried
if the initial search is unsuccessful. It has a bg fer chance of succeeding because it
ouiy considexs high priority goal terms.

INHIBIT.OPERATOR

This routine is used in backtracking to mark a given operator as inhibited. This
ensusag that the sam. operator will not be tried again from this node of the scacch
. o .

tree,

' POP_OFF_STACK

This routine is the reverse of Pusu_oN STACK. It is the wnechanism for backtrack-
ing. The top of the plan.stack is cleared and the preceding state is copied into the -
precent_staie siructure and beccmes the new top of the stack. The CoPY. sTATES
rouiine is used in the process.

6.2.6 Task Initialization Routines

The four rouTnes doscribed below. ar.- ased to activate tite basic multitaski na korneld,
Refer to Apgendix D for 1he coda.
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Figure 7.8: Supervisory controi: valve failure.

Controller Failure

[

After 10 minutes a controller failure is simaulated. The new solution plan fells the
syst i to switch to backup control and to alert the operator. Therefore. despite
the failire, the system carries on with very little negative effect. This allows it to
maximize the production rate. The solution plan is ii!ustraced_ in Figure 7.9,
Switching to another controller hae a side-effect of introducing a im"ge disturbance
into the system. Therefore, another replanaing, follows, which puts the backup
comtrofler in the high gain mode, ‘

Sansor Fallure

Finally, after 35 minutes, when the system has recovered agajn. a sensor failure

occars (sensor signal is cut off}. The supervisory system detects that fault and

Figure 7.16 shows its reaction.
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MAIN I,"‘l}

- Algarithm

I INmmiaLIze alY tasks ©

™~
2. SYSTEM.GO to first (tasﬁ comirol block

i

iF

Thiz is the top-leve! (compilable} routine and therefore has t.: be called MaIN in the

C language. It has no proper inputs or outputs, although it does nse informbion in

- the form of a preentered lizt of tasks, to dynamically allocate an area in memory in

which they can run concurrently. Functionally it is very simple, providing only the

first step of the run-time activity.

Tt firer calls the INITIALIZE routipe for each task in the precntered list. Tt then
calls the SYSTEM.GO rodtine with the control block of the first task on the list, thus
beginning the multitasking process. Contrel 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. JTALIZE
' WO

-

Inputs

¢ task mame

Algorithm

1. Allocate a stack area for the task

2. Allecate a task cootrol block for the task

2 set the instructior puinter to point to ihe address of the task's routine

o set the stack poiuter to point to the stack area f

‘o seve the task somext

-

Jd. INSERT.ITEM
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i _F_iguré 7.9: Supervisory control: controller failure.

The newly created solution plan takes ‘into account the seriousness of this latest
change and tells the system o shut dowta in arder to avoid a safety tisk. The sensor

is reconnected alter another 3 m:nutgs, 1o verify that the level has indeed dropped.

s

W . -

7.5 Conclusion

\ ]_.
A4 o

The concepts and ideas developed in chapters 1~3, then used to design the saper-
v:sory sysiem in chapters 45 and encoded as a softwm pro;ram (described in
f‘hapter 6) have been tested in this chapter. o
Although a very simple laboratory plant has beep i;sed, the real significance of this
case study lies in the fact that it is real-world. Ualike simulation-based testing, it
explicitly involves issues such as sampling, situation assessment, multitasking and
real-time constraints. e '

3

a
.

LS

)

The tests have shown thet the intelligent supervisory control system exhibits a

performance advaniage over a conventional feedback covtrolier, under normal op-

- w

i
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This routine initializes a task, given its name. To enable concurrent running of
multiple tasks, a separate siack area for each task is required. Thus, INITIALIZE
first allocates a new memory area for the given task as its stack.

Similarly, each task needs to have' u:\s esgential information stored in a separate area 0

in memory. This mformat:cm, stored in a structure called task con ml block, includes

the instruction pomter (which points to the actval reutine of :hg‘ IL’iﬁk‘i the stack

pointer, pointing }(5 the newly allocated stack area, as well as ﬂ‘c‘t‘rﬁsk context. The

latter is saved in'the fmp_buf data structure and consists of the OPU registers and

fiags and the stack and base poirters. Finally, the INSERT ITEM routine is called to

inclade the task control black on the cireular }ist. '\,\
N !

1
L]

INSERT ITEM ;
s r'

A task control block created and initialized with the Inst1aLIze routine, needs to be

linked with alt thn other tasks to fotm a drcuiar iist This Lirmlar list iz the hasis

hiock and pu!., it at the back of‘lhe clrcula.r lnt, updatmg pmnters_ to and from its

ueighbovrs. o

SYSTEM.GO

' i}
SVSTEM GO is called for the first task contro] block on the circular list. It performs a

nonlucal jump to the routine & -sciated with the given task and effectively transfers

" control of the CPV to the first task. This activates the mulm $kmg procecs

el

6.3 Conclusion

Tn this chapter, the soitware implamentation of the intelligent supervisory contral
system has been presenved, withaul 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 a,lgarithnis, '

The complete source code for all of them, and wauy other routines which play
a supportive role {e.g., string handling, input-output, graphics), is given in the

appendices.
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The 'pr'ogrmi used in the case study was written in the C l@guage uéiag Turbo C |

corapiler {ver. 2.0}. &t contains over 5300 lines of code (including header filex) in

over 70 functions and compiles to & 160Kbyte execulable file.

i
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Conelusions -« 4
\\\ .."\.E

1t has b i'ou.nd during this r&é;x,c'ﬁ ihy thele is & need for an effective supervi-
stem for ugi (i, promﬁtwj\“@%i a‘{,}pms:biy many other applications.
£ap, abive lf isting w-level automatic *ontrolhers, to ;zrmndw
250076 AuLL..0m! s, better performing and aa.fqr cor ol systwa 'l.‘hem is & very
3¢ such @ systemn should be intelligeut. !

o . kY .
This dissertation has r\{)wn how lhe%a}\\q:g tsmr*squea deVeIupeu i Artificial

strony srgument ¢h

' Imelhgencé)ran be used 1o *arov:de that :r-\&hgence The design of a reacvive planner

Laa beef? desciibed and a cl ‘wd -loop superyizory sysicm built -arousd the planner.

” The supervisor has been :mple\gented in the C language and then evaluwteqa on an
- attual laboratory piant., The tes}s\have shown VeI posmve reeuh,s af?& kave Pproved

the developed theory i ir pra-ctlce \\

7
1

8.1 AI i_n Control
s

Retter guality of consrol” r.a.n be achieved by a.nalﬂgmg the con® mI]ed plaat more‘
thoroughly and thén dev;smg more sophisticated cc: J\Nol algorithms, onthe ba.s:s of .
thiz analysis. Howewer, there is a limit as to how far th  can go. It i theoreucally
nmposmnie tu atalyse 2 dyuamic and unpredictaire system*‘f\su,h a5 mos! controiled

plants) to lhe lowest levelcsf de*a;H Ofte;; very little is Lthn about the plant -

and there are many real-woxld cabds which do not i%‘nd tnemsel‘\ﬁ 10 mat}\gn‘atlca.
analysis. S :

| v 1 | | R \ -
= o ] {] ’ . " . \\\\
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Chapter 7 . =

Cﬁse Study B

It is a comenon failing of most systems employmg Al methods, that Shﬂy selzé"ﬁ'“‘g\’

get tested in real-worid situations. Though théy may be ampresswe under samulatedrn
- —eonditions, Tieir real performance is hiever prenetly evaluated. “This i ie prabably the

main redsopr why many ragineers approach Al-based systems witk a high Hngree af

e

scepticiem. The few systems that have found thelr way io mdust:y are .ypica,l}y )

uff-line rod advisory in nature. B ; ‘.

Tberpforeq the development of an Al ‘based suparvisoxy control system whxch co ;ti
be interfaced With a real plaat Zjid operate in feal-time, on-line nods was, frofi ﬂ"e
very dutset, one of the main objectives of this research. This chapter wili ﬂlua@:" s
how the ideas developed eatlier on, can be used 1o regalate and qt;pwwse an existing
Vo lath atery planty by - " '

T

Ay ¥

7.1 The Lab‘nrator?r Plan‘t

1
i

The plant us@d fog this ex;&‘bnmnnt can be found in any procesamg lartor,l T is
& simple, sirgit ta.nk tevel zoutrnl plant.\ﬁ‘\,{t tack of about 10 litres capacity is
supplied from and drained iote o single < filed withiwate  The supply part
" consists of a constznt-speed pump s-:bmvrged in the water, 3 pmumatzc diaphragm
vdlve, a flowmeter and an inlet pjp»el termmated at the top of the tank. The drain
part of the circvit starts at the bottom nf the tank and inclides o madyally operated
valve and ap ouh\:\ pipe goiag back to the sump. The tank is eqmpped with a leve}

I

gensor. The plant is shown in Figure 7.1,

- . . : ) ¢ . . 2 }
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Waig . for. p &rximity

¢ 1Pag ,{",oum'ﬂons- ) . Aovo Frsects: - P
ascides 7 © ""W&ib hr.proxmuty "
setpoint_goal | e

" | monitoring . A ) ¢
a iarge;distiarbanc; . v " o BV . .: s
high gain I 0 § f W
o | jow.integral 8 ) : .
. -] derivativesction " - s
L Nee CoNDIvioNs: | " . | DEL E{rsfn- I @
' | alarm_condition™ : . oo -Mge.d\naturbsnce " o '
fatal failure | | '{ averload ;
: ‘ o | valvefaiuze | A

3

This is 2 passive action which ix md by the sup«:\nwr u evaluate its own perior- s ®

- mance In the !gce of a lazge dstarbance. ot o

2 : . . . Toa
o -~

The, mtm!ior nmlt already be set 1o high ga.m o+ m:ograrfmth derivativa on,’
belore thls a.cuoﬂ anbec u_ruted It ends a3 socn 23 the pro:nml* y zone is entered,
fbe,,, when the level comes to mt]m: 10% of the setpoint and keeps appromhmg it,

=

Bl
0.

"When this action endls, the system is clase to ity orefmng poiut, A change in the
“control algorithm can then take fiace to modify the’ chu:u:ter of the contro} action
from fast sed decisive to sragoth and aicurate. :

L]

[

Waiting for the system to reack its proximity zone may take some time and therefore i
~this action. will aot execute if there is ax “alwom condition. Rmsmg sn alarm has

highér priority md calinot a{ford to wait. |
| ’ . 3 o .‘.“_";1,
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‘Conclusions L

" This dmer*atmu has shown how the piamuﬁg ‘echniques developed in Artificial

. N e o N ' .
Better quality of control can be achieved By analysing the zontrolled plant more

e i et i S AL i
- v > N .
CEm, I o £}
* [
I A
P v
o a
. \\
.o &,
fi . W
a T p ' g
a9 m
e s
N\ )
A - {

K

Chapter 8 = . = =

Q

b ) 4] e

2

o,
It ha.s been found dur“ig this rasearch tha.t there is a need for an eﬁefa,lve sup‘érw,- T
sOTY coiitrol system fo. use in procm cqntml gnd poasably many othamapphcatmns

It should fill ‘the gap abo. the existmg Y- 1evel a‘atomatxc controilers, to Lprmnde/(
"2 more autonowcisg bett s performmg and safer cbntrol symem There is 2" very

strong a..gument i.hat such & :}stgm shuuL,Me mtellzgvut o

=y o = T F '

Intelltgﬁnce can be used to provide that intelligente. The design of & teactive planna'
has boen descnbed and a clwfl-luaﬂ* “pervisory system bilt around the plq.mer. L
~ The supervisor has been 1131{;"'“' Jofsed in the C languagg and then evaluatéd on an ’
actual laboratory plant. The tasts l*a\rt! shown vexy positive results and h@vr‘rfpmwd

the develpped: theory in practice. - Qo } »
. L : ¥ e . .Jl’
81 AlinControl . . . - o

L\.{

thomnghly\«,nd then devising: ‘more:sophjsticated contre} a.gor'th?s on fke basis Hf
> this analysis. Howaver, there is a limit as 1o how far, this can go. it aa theoreticaily
inpossible to an‘\]yse a dynamic and nnpxeakl;ﬁﬂe, 'hystem (?&kll as most: controliad
plants) to the towest level of detazl VQ!'* Uy, VOTY httl@ b "uﬁwn a.fmut 1he Dia.nt

and there are many reﬂ—world ::ases whl..h dn rcblend hem»dves to ma,z\.'t-man: al’

i " .
analysis. ) I
- - X P . .
. s, N - {:-\ -
5 ! i ' iy L
! (A W . T
. __,_ " o 1
= ! A .
Looar i
i e
. 116 o
o
[k
- Fotrr =]
L 1 | 1
e : [fl [
’ - : B W
T . B -
2 9 ooy " ' =




. noo | T
) ) . /:r" r"' ’ i e . - . L
ot / //’/ o - 5 "

"

. :.-." - ?,f/ o \\\ : . : i -

. ,/; The propoaed uterna.uve 13%@% the conteol system thore mtemgtmce and freeuom
# by act, mthout discarding the usefulness of lower level control algorithms. This gives
- rise tp the ro.}rqept of intelligant supervisory romtrol. The intelligent part supetvises
automatic wntroliam (ualike direct "Al-based cantrol), although it can take over
direct control if ne..ema:y Plaoning is chosen ove: the other Al techriyues {partic- -
warly rule-bajed expert aystemn‘ baccuse of its clear separation between domain- ~»
YL dependmt knowledge base and general-purposs inference. It is a.lso seen as the more
' 5 - hle ,,toai for synihesis (wi:,zrm raust expert sysiems ars ana}ytmal) '

a . : f ' g

2
e

o

. I__-‘ .2 Appmach to Plannmg“ S -'- o 0
: B 4 C -

~ An }hy to-follow: version of knowmf‘g/e ropresenta.tzoa is proposed in keepmg mth )
the idea that a supervrsory gystemn shopid not raqubre Al speciulists to nnderstand
A difference/data driven search 5 usod (hased or enhanzed forward chaining), .
i1 s It s more applicsble to ctalmw tasky ¥ach as planming. The most pertant o
) 'J | feature of the pruposed pia.nner is s reuctivity which allows its interfacing with the .~ |

e ‘; - ENT)

- Twa l:ltarattsnmcl which the proposed pimmr daﬂ not have, but Which are ton:
udmed very m.eful are hierarchical plmnmnﬂ; and learning abilityl When pmple
' , pfa{\, ansocistive merpory.ansuves thad only thr appbra.blq- actidns (a very smail stﬂ)n'

- m of all poluble au:e:mnl) arz considered,” Out of these, the actiohs inxolviag ya e
fmuch detail are not considered uniil a ister stage. Learning vmnlma 2 conuhurue o o |
v impmvement in performance, alsc chaticteristic of Yamans. -0 0 Y

A . : .
o » o = Ty B e
Y \V\ . = . - ™ (L.

. u

]
o ._ ] o -

S 8.3 Software Implerientation

g

The entire syatem, mdudm& the Al part, was 1mplemnted in the C langnage. This

aoproach has shown a disadvaatage: C is not an A language (the best knowa Al _

language is pr) and therefare « . e extra effort was involved iu crearing a library L o
' of atring handling routines {Hiceded for paitern lflatching}. On the other hand, C s L

a powerful and fast langua: ik allows eayy intesfacing with hardware modules,

and is often used for tsel-time a.pplicatmns It is for thise reasnns that C was chosen, - ;

.
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C The osulting multitasking systom haa groved 1o b m Mh real-time mu»

) um Thischnnimpum i

' mttmiéhxand mupudu mmmw

. mma the ummw o{thedmpm.bm ,amma ﬁu t-ssmg, the cand &y
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- There in » deﬂiﬁte trend to;mtd more inm BY®

e @y

x4

. ...)

-sch«duiing vmsnceuduﬂ used, uhu»hwi fmmd t;p;oemptiwuhednlﬁr'

would, guaerally be mori? suitabla, mm:@mx wm»! mmﬁm M de. m

cations, avequirement svhick is often this main stoibii ag block btu-bmd mwng
used it on-Hae contral. The Mm of shis systym is: u&m by thcm w

i

mmmmm;mgem-m :

ng, nd spmd are critical, There afs slren
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P

bas vlidated the theoretical CWWMWW&.
 multi-cutput, vatiubie gain, fault tolerant, ro '
implemeated with the enporvisos:; The systeis, hns wm tdwm ade
mmdudshmcmﬂ omsating condiions. A heportant siten "}uﬂﬁ PEop
snpervisay is its abi wf%mmwkeuthtfukmlmmth-i;'ﬂ__%_"
achieving valid 1 mmm&mimmtm. DRV
Mkmudkrhqb&hshminmﬁuhmuﬂwdﬂm :

domain, Whiyher the current AI techuiquer can be call. \\4 .'# . 8 "

- but they e, mtham cibnbt more lhtdhsant than conven'
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| if

#dafine LETTERS = 32 F* uax 00 of letters in char atring ¢/

#deiine TERES 12 /% aax‘mo of propotitions in states &/

#detine Ill mmm 12 .'t Az o, of nhzyamml . F

#datine mm 10 . ﬂ- Bax Do of wiate Lewms enfersd by the user o/,
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s/ . &
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Conagunte used in comtrol

/s
SR

or &%/
or 100 o/
or B4/

ﬁuﬁ.ao mr m
#deline CRAPE_COLOUR
$datine Glm._uq

“#dotine PLOTI_COLOUR
#define PLOTZ COLOUR

¥RITF
BLACK
¥ALTR

| BLACK

WBITE
x.mimum;
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Sdatine PLOTS. CULOUR -
¥dafine SPECTAL_COLOUS BLACK

Sefine MI0NCOLCUL  VEITR A

Wetine,

o
Bdefina ,.«m
Sdefine -

Zdetive

3
Melins X4

43
erfinne Y

ave
414
oo
1 ¢
§t
b WY
348

mfmamr

Sdetine _mv

N

"30 .
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M
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i w rmxa aatizivion wd indsialization e e o
) T '! C . .

§ int'mm“r-"

int mewt_acties -

-Mtuh_mnm

S —

R

filanans:

T oime n-pu tountar

L}

5 {‘ "o

A

e

0:
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ﬂ
ﬂ
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. f indicaten mext sction ta de sxegeted: 274

/e counts total me aY mu!\%n w/
o counts total mo.of susples axsn ¢/

L

deseripticy: Definitica of problem indspesdent datz and data
stxuctures used only by the plannex. '

T o

w
a7

PLAN-DEF .C

Slefanc NB 47

$datine EECCRDSIZR &

/e tixst char of high priority goal texws ¥/

i)

fe »ax size of recurd fox tracimg search i

o -

/s o ) o m
- -
»/
&
£
@
P -~

. Data atructuzes

S
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W

o =
: :T.J
f
& .
stract cporator : L ; N
{ o P . N . ) S
char umﬁ.m"] -
‘cliax pos_condition[TERNS] [LETTERS] (| | o
Schar meg._condition [TERAS] {LETTEAS] ; .
, char add_ effvct[TERRS] [LETTERS]; e
chax del_sffect{TIRNS) {LETTERX] ; S S i
i I _ _ : T
i . : ' s, »
Dufines stzucturs type Gparator used later in the declarmtion e
52 the vperator_definiiios q{ opexator btuifsx struciures, oo
*/ Id D . A .
i
strect entry - -, B o .
¢ .
amwmm;h
- ing op-uuo: .rnin; .
b
steact eatry xecoxd{RECOMDSIZE]; " = o . o
FLd
- Strpctize rmxd ot ém utry definail abovs can ln epucm&y uasd -
‘for tracisg the Cearcs. proc \iby storing every single step of <
the swarck (iacluding bncl;ttlnkh;). : - _
" / i . . : R \
.\“\a-fM/’ . . ok P _ RS e
/e :
- GloBal veriable initializstion v —
s/ ° - ’
iat nuul_leds ﬂng Dﬂ', /4 a9ed o chxage thy u&o of searel . ¥/
ict curreat. bottowm = i3 /s usad -aly for aulriple pd ﬂuim »/
int record_top v G F* stuTed curremy mige Wcm e/
. 3
A.3 P‘l’ﬂﬂ"df.c ’ : : N ’ Ju]
. '_'"',‘:_i‘f' . . N ) o
/e | o ' |
i o /:):\ - . B}
' . - - . i = B
filename: PL-CO~DF.C ) e
description: Definition of operstors mnd other detm gpecific to the
lr ' cortrol problem (casme study). -
s/ ) ) .
- i ¢
) 4 ||
. B 124
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° !
Ty e L
] K)_J,ﬂr -.. . o . &
fidetine mmns ’?3 ' /% max mo of operaters tor the prablem ¢/
_ Mcﬁ&c L) ¢ B TR /%, min no of chars needed for matching +/
4y ' . ' . - ) N
meruct opezator operator.definition{UPERATONS) = o
. ~ 7 { “Activase_standard_PI®, ' -
. { "setpoin® goal“, “0" }, : ' .
&;J ) - ' . { “active , *fatal_failure”, “alarm condition™, "0 }, R
_ s . { "active_ .iamdaxd”. “standard comtyol®, “lavsl_goal”, 0" }, -~
: { "sctive_advanced™, “ective backup", “supervisory_costizol”, 4 .
. Slevel presT, “0"} _ ' § s,
] g 7 j'o : " ] : T ‘ 4
: { “sctivate advanced”, . » 4 .
{ "setpoins_ gomdl™, "0~ }, - =R '
C e £ "sdwanend failnze®, "a.cknr&.*“ rtatai_failure", "0% }, | o .
S { "active_advanged”, “supsrvisory_coatrol”, “5" }, !g-, . _ Y
’ { “active beckup*, 0"} o - LS -
}n B .- : .
R <« "Amvnto Lbagkup®, S : ok .
kY N § "u?yoi.nt.ml "uiuqu_fn.uuu" ol Il : s
T © (- teckup_failure®, “sctive o", fatal_foilurs®, 0" }, :
" T { "active Yucimp®, “snpervisory. mol" e}, © i ,
s I A "m!aa_a&vu:ﬁ" bl i _ i s
(] < "Sot_set;nsgt Ae_goal®, - &
. \) . r_{ “ﬂ“ }‘ F N - i . .:
N . & *spepoint_goal®, “t:u: fauuu "G" > -t
\f'—\ £ "retdoint_goal”, wom ), . S bt
_ < W‘u.wué" *o"} : ' S . :
T nir te orondanatas, | S g! Gy
- { "eetpaint. goal®, "active.»”, \*'mmm;" ugv 3},
{ ~level.gred®, “high.gain®, “{arge_dinturbance”, “feral failare*,
ﬂm_wtm* lew_ ut-gnl *darivative_action”, 9" },
: T { "Level gual”, “0™ }, g T,
o o f&h 1 "bwtl,p-_n “wvalve failurs®, .ovgxloui". bl b S oy
L TR - . S
. \ﬁr * {-;“mwa : e
{ "ntpamt.;m" "active_s", "%}, . “ .
{ macaisoring™, "tatal fuilare", “active, ltuihrd "o ),
{ "meaidoring”, “9" }, ‘ .
Lo} . S
. A }l y“ N .. . S ] = e me e #
L { “Iscresss_gals®, . - T
o { “agtive. ™, “laige disturbance”, “0" }, .
' { "aigh_gain®, “fatal _failwre”, “sctive stamdard™, "0":}, |
{ "nigh_gais®, “0" 3, . __ J_i
{ "oy ) iy . _ ||
f’:;? }a . } ’ N E
: .
Y 125 o h
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)

’{ "Decreass_gain®,

Ii’) (

o,

s { “active_e", “high_gaia™, "9". } Y o

{ *“large_disturbapce™, "taza.l z;ilure , "ach.lve .ltandard‘_, vo' 3,
o 20},

{ n.m_“uu' nqn

Ed

Y. B
{ "lacreass utognl“ i i
0 { ““ti'. 'lt ”10' &'.‘rﬂ" uou }" . .
{ "larpe_disturbamce”, "fu.tnl,‘!li:hﬁu’;_, “active_standaxd", "0 },
£ "0}, 1 - X |
{ *low_integrei”, “o* } ,
| 3 ' -
“{ "Decreasi_intogral”, < "o 8

{ "sctivo_e“, “large._ distarhance”, 0" },
g { “low_iategral”, “fatal tailurs™, “active_ luadv'd'g, 0% '},
¢ "iow_integral®, o J

{ had + L3 } . o

1, ,

{ “Turn _on_derivetive”, . . ¢ s,
feactiva_#, "large_digturkance®, “0% }, :
{ “depivative_action}, "fatal failure”, "activa_standard", "0" },
{ "derirative, u:tzon“ "0“ ¥}, o
{ "ov ) ? -

1, " TR

Ry
{ *Taxa ofZ_derirative®, 1
L "sctive_w", “dauri.ultive_utiou” o™, }, :
_{' "inrge disturbancs”, “fatal :!a,ilm" "active ttaadn-d“ 0o},
{ "o~ },
{ "derigative_acon”, “O" } - .
}l o R N
{ "wait_tor proxisity”, . ' " :
T { "metpoint_geal™, “active_s" “high gain“.. "laxge_disturbance”,
T “wonitoring™, “derivative_ a.ction“ "low_ mt.;ra.l" nge F,
1 “fazal_failure“, "nlun_mditaon“ ugr ), :
{ nou } . = . - .
{ "irgs_disturdance"”, “overload", "?ali‘o_&ﬂil‘zrﬁ'__‘. o }

X

}.
* { "Sound_alarw”, .
{ "alaym_condition™, “0" }, . : N
{ %o 3, ' i
{ "o 3,
{ “slarm_condivion”, 0" }
bR

'{ “Ewergsncy_shutdows",

{ “fatal_failaxe™, "0" }, .
{ "pIant_down™, "alaru_:;ondxtﬁn" "active_ .tandu'd" oY 3,
{ “plant_domm", “C" },
{ “active_ o, "gatpoiat_*", "high_gain", "J.nu_inu;:al"
"derivative_action", "mgc d.tltnﬁ;tnca" "sﬁowiwr;,coutro}“ ;
. ngv ) .
}l . - ' ifﬂ
{ wy
}
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Struciure operator_definition ¢! typs operatoer ig used to define
abatract reprassatations of tue actionms that tiy supervisor can take. -
Thesé operators are initinlized aud veed in the plapaing process. Lo
L 7 . u - " . . .
¢ R W
tycuct opeTator cparator buffer{GPERATORS]; f
,‘ LA n Y i'n
. Styucturs operator_buffer of tyfi’s sparetor is used to stors an
initialized copy of the above ppezators. ° ,
a * / i
_ _ ) oo ]
. 5 ) 5
) s i \ -
- ﬁ ,,
) - ‘ éy ki) \
{':i_, f , - o W
@t L
o 3 “Eiu p
y S
f’f . =\J} J ;
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Supervnsory tasks and actions

1

.“Appendi:x B

o

O "\F’ ’

well & the lower Ie',

L)

r:" g

Rl

3

= taqt) .

A Korpda - 3/

-

7 L 4y . .
4 _ ' “-;Z P 5 Yy
B.1 Sup-acts.¢:
f . 5 h
i A
a :ﬁ“‘! o
Eilename S*'P—tm C. o
degcription: Supexvxsoq* tasks ané actionl corrnspand;ng to sach

" #include

#include
#include
#incliude

¥in clua‘l_lc
#include
#includs

<hios.h>
<tath. h> A
<stdlib.h¥”
<process.h>

“sup-ifac.c™

“gup-foms.c¥
“sup-adac.c”

£

3\

R

op.xttor axe d-fincd in this tiﬁ%h(excap- the pl:nning

L
A an

o

Tlus appendix- mn‘“ ﬁ the source code for the supervisouy ta.a]u and actions, as
vzl:.n(ms used in then: implementation. '

1]




S void J.ncraus ,g.wn(\rmd)

..f. B .. ]
" This actitp incrassss the gain of the currentiy active
controlley by apdéting ths shared atate_of_plaut- structurs.
. ./ R h
{

for () '\ S ,

B
At ( ccaparo omfplm M;ack[nm acticnl. opsrator_nase,
“Incrsase_gain”) == TRUE &k
. d tﬁ{l np{ Increaus_gein") == FALSE 3
{ ' '
3 state oi.“;u.nt.piu 2 ﬂIGl' _
Coag nezt ‘ctﬁm+.} - o " a
ahol_natiig :I:ioa(); s -
. N ' VoL L
¢ yiela(); v £ ©
o 4 . w
3 ;
i . i : . : i
E} "f;‘/} . \_-__, . ' a
'_., void decragat,gain(%ni,ﬁ% o -
; /e . ot . ’ ’
This action decreasss the gain of the curreztly active
controller by apdating the shared stste_of plant stiucture.
‘f ) Ky [
S fl
tor (;;)* :
{ ' (3 ¢
i1 ( compars_terms(plap_stack[next_action].operatoxr_nsme, 0
“Daczease_gain“) == TEUE &k
time, np("nncrnao,gam") == FALSE )
{ o .
~ state_of_plant.gain = LOW; ;
next_asctiobt+; i
~ show_next_sction(}; Ny ‘
} .
yield(); _ .
} ' i
3} . \ ) '
" " vord incraase_integral(void) ' i g o S0P ’
e :
This actisn ipersanes’ the integral teria of the curreatly sctive
controllex by updating the sharad state cf pilant structure.
./ L - g
{ L . .
tor (i3, F TSy
Ut { ’

it { compars_terms(plan _stack[nazt_action].opasrator name,

129
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i

“Ircreans _integralY) == TRUE &%
tine,up(“Increase_intbgral“) 2= FALSE )} .
{ -
state_. ._plant. intrgxal BIGH;
noxt_actionts;
shor_next_uction();
} o
yield{);
}
} i

void docroalo intusral(;oxd)
s
Thie action doﬁraa'on the integral texm of the currently active
controiler by ﬁpdatiwq the sharmd state_of plant structuwre.
+f _ f n _

{ -.
tor (;:) - [
{ T .
i? { zompars teras{plan_stack[next_action].operator_naxs,
'"D.crunue“intagral"} =z TRUE &%
. time up("Decresse_intagral”) == FALSE }
‘t
state_cf_plant.integral = LOW;
nexs actiont+;
shov_next_aciionl(};
2 }
yield(}; A
} . ; v
} N : e .

Ty,

;éivﬁtivo(toidy' II i

void tarn_on_
'Z'.‘)’r;.-‘ el . . W
This action thirns on trce darxvat}vc term of the currently active
controllar by’ -tpdat;ng tha s!mrd ptu‘.a of_plant structure.
*/f £
{ .
tor (;:J B )
{:

it ( coupart_tsrap(plaa_tsack[naxt-aationJ.aporat;i_nans.

"Farn, s _¢ srivative”) ==

TMIE #&&

time _up{“Tarn_on_derivative") == FALSE )

{
state_of _plant.cerivativa = HIGH;
naxt actiond+]
K show_ next_sction(); y
} g
yiana();

—pd

\

i

|

ar




0

i

void tura off. d.rivat‘va{voiap .
A P \ . :
Thia mction turns cff chs d-x:vativu Torm at the currsntly active
controller by updating thoe shared state_of _plant atructure.
*f ’ : v}
{
for {;:)
{ : _
if { compaze _terma(plen_stack[next_scuion] .opsrater_nsme,
“Turn.off_derivative”) == TRUVE 2k
time_up{“Tuxa_cff_ dar;va&ivﬂ") #= FALSE )
{
state ot,plant dnr;vativl = LOW;
naxt_sctiont+;
shov_mext_action();

,
yiela(y; \

4
\".‘
4
"

void wait_for proxxlity\vc&d) .
/* .

Thna sction vaits unuil tho wonitoring action cignale that
tho leavel fa now sufficisnsly closo to ths swetpoint.
*/ . :
{ : . o
for (i) ’
{ : .
e it { cnnp::n tozns(plan stac: /nuxt_action] .opsratoer neme,
: - © "Waiv_for _proximity") == TRUE &ki
. - tiue u%("Hai: ~fou_proximiyy") == FALSE &
t«ak _flaga.nev_diagnosis_fiag == OW )
«: )
it ( ptate_ bi_plant profit. vy == TRUE )
{
-ogndtmo) ;
sleep{i};
noxannd();
. pext_actiont+; _ i
show_next gotion(:.
3}
tlnk Tiage new diagnos;n tlag = OFF;
}
yield();
- } .
¥ 4

3 N £




o ' void saig_tar,ltoadyhltate(void)
Vel _' _ i
ety ' This uction waits until the mopitoring sction signals that
the levsl is now at the metpoiat aund potifies the ussr.

o w i .

{ )
tor {;31

o
b

[

A}

M

}

{ .
if { compaze_searma(plan_svack[nsgi_actien].cperator.oass,
"Wait_for_stesdy_ state”) == TRUE &2
time_up(“Vait_for_stealy.atats”) == FALSE &k
tesk_fiags.nev_disgnosis_flag == OF )
q - ’
if  stace_of_plant.steady_stats == TRUE }
{ i .
display_rteady_state(];
sound (100} ; S
wienp(1); N . )
aopoundd ¥ W . o
naxt_Roctiontt: '
ahow_naxt_actien{);
tank _flegs.new dingnesis tlag = GrFE: N
} ® . ?
yiald(};

} )

void gound_sliarwm{vaid}) -

FE

o/
{

Thisaction zonnde siarm »nd displays 30 alare mecsage in respoenss
to the signal from the mc.itoring action. .
for (;:}
{ - : _
i1 { compars tersw{plan_stack{next_scti.ui.operator_naxe,
' “Sound_slars") == TRUE &k N
time up{ “Sonrd_alaxrm”) == FALSE )
L T .
display_slars measuaga();
sound(440);
sleap(1}; . .
nosounsi{);
next_actioni+;
show_aext_action(); .
} . )
yield();
)

i32
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void a:organcyn:hn:&own(?oid)

J’. : o
Thin action cauawe A graceful shutdown of the systoem, it -huts the
ralvs by taking over the physical coxtrol of the plant aad it
. disables moat other actions (except write),
) =/ . S
‘g
for (;;) ®
L .
it ( compare terms(plsn_stack[next _sction}.operstor_nams, .
S "Eegrgancy_alutdown") == TRUE )
W { "
' plant_varisbles.controller_output = ¢.0; ?
display_shutdowu_message(); . N
: next_uction = miack_tep: ‘
stato_df_plant.sctive = 0; .
. wask _flage.neu_wri:2_flag = ON;
" } ) ) k]
_ vieldi}; : ' ©
‘?.‘.:.--"' }

)

woid sut_sctpoint(void)'
Fi “ o

~ This acrzion sats the scipoint in tae plant_variables strmciure
) for lirther use bf the control tasks.
" . -

{ i w' ~
chax hu!ilrdtzoi; K .
char buffer2{u0]; ‘
char strink{s]; : e
int aetpoine; s ’
void copymtcrn_grd(); i

tor (;;)
{
it { compere_terma(plan stackinaxt_action].operator_name,
W . "Set_setpointe") == TRUE &%
- time_up(“Set_satpoint") == FALSE )

copy_tera_end{bufteri,plan_stack[next_actionl.operator_name};
copy_term_end(buffey?,bafferi); ,
copy. ters_end{string,buffer2);

. setpoint = atoi{string); 7
plact_vaciables._setpoiat t sstpoint;
next_actions+;
ahav_nozt,ncqi%n(}:

) \l A . “\‘

L™
et




) if { ( siats.of_plant.active == STAWDARD_CONTRCL |1 °

yiedd():

ki

eyt

ot

i, B

void activate _standard_PI{veid):s . A

/» : v
This action switches on and then porforas periodically the ixed
Pl contraol algorithm. ALl thrss comtrol actions used here are
based oa the sames incramental discreta PID algorithm.
o/ _ | .
double mexsured = 0.0; ' -
donble sstpoint = §.0; =
. ¢ A erTrer = 0.0;
5 .. .0 filtered erro = 0.0;H )
) i double filtered difference = 0.0; '
(} % double previobs_filt_dift = 0.0; BT R o
doeudla outpui . = 0.0;
double previcus_sutput = 80.0; .
“shatic donble mavx outpnt 2.69;

scatic donlls ain_sutput B 0.0;
static deuble filter constant =~ Q.37

STANDARD _CALN:

dnnbll“contru}log_gain 3
static dovble integrsl_tersm =  STANGARD_ INTEGRAL;
static double derivative _term = - STANDAKD DERIVATIVE;

K

for {::) : : . . .
v o o "

conpazahtsmrs(planwatidk[nezt-tctioni”pparnuorwnnua.
“Ackivate_standard_PI"} == TRUE ) A& _ :
{ tasx tlags nkw vead flag == O0 ) ) i

{ . :
i? ( compare_ terms{plan_stack[next_action].operator_nams,
"Activars  andayd_PI") == TRUE ) !
{ .
2} .
stata_of _plunt.active = STARDARD _CORTROL;
paxt_mctrion+t;
" show, naxt_sstisn();

=]

nessured = plant_wariables.lavel; "
_ setpoint = plant_varisbies.setpoint / 10,
arxoy = astpoint - measured; SN Ay
filtarsed differsmce = #3i)ltar_constant * {error - filtersd_srron};
tiltaradtgrror = filtered.evxor + filtered difference; ’
!
output =‘£}avioul-output § eantreller_gain * { tiltersd_differsnce

) 134
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}

Field{);

o

+ { SlHPLIlG PERIOD / integral_ tazm ) :iltornd arzox +

( derivative_ty> / SAMPLING_PERICD } =
. ( tiliered difference - previous _filt_diff 1 );
previous output = cutput; _
it { cutput > max_output )] cutput = Bax_outpuy;

slre if { output < min optput ) output = mio_output; S

prov;on. File_ditf = tilti:od‘diftorcnco.
pllﬂﬁ,‘ltilbltl.contrglltr_ouxput = output;

task fluags.new _road_flag = OFF;
task_flezgs . new_viite_flag = OX;

o
void activate nﬂvancad{vo;d)

Fy
Thia

action switchew on and thun pcr:urna paricdically the ndvanced

cohtfrol aigoritam,

L 74

{
double
doubiim
dontie
dnub’m
dontbl »
donbles
dorble
doublie

static
atiric
static

double
static
static

for (;
L

kS

neasezed = 0.0;
setpolst = 0.0;
error  + 0.0}
Tiltered errox
2iitered _ditforance
pravicua t.;t aitt
satpns 7
previous output

H W T o N
poooe
QOQP‘Q

double aax sutput x §
double min_output 40,0
doubla filtar conatamt = 0.3;

centroller grin “
deuble integral teym o
doukle dorivative _term =

LOW_GALR;
AICE_INTEGRAL;
SMALL_DERIVATIVE;

] i

xt ( { state_of plant. sctice == ADVANCED CONTROL |}

{

compare_terms (plan_stazk{next_zctionl.operator_nane,
“Activate_advanced”) == TRUE )} ok
( task_{lags.nev_read flag == ‘0% ) )

it ( compare_teras(plan_stsckfnezt actionl-‘vperator_rame,

<)
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'}

" sles if { stase_cl _plant.derivative == HIGA &&

“icrivats, advanced”) == TAUE }

{
sLate ut_ lant.active = ADVANCED _CONTRCL; °
aext_actiont+; -
show _next_action(}; , - 5 4

i? ( state of_plani.gain »» LDV &k contreller_gsin == WIGR_GAIN )
controller_gain = LOW GAIW; ' o
it ( previous_ountput > max _output ) e
previons_cutput = mAX_outpat;
17 { previcus_output < mis_output ) :
previons_cstpmt » ain_catput; . o .
¥y “ .

oles if ( state_of_plant.guin == NIGE && L s

controller gain == LOW_GIIE )
contxollir, gain = EIGE_GAIN;

i¢ { atata_of_plant.integral = LOW 2k ¢
intogral term == NXGR _INTEGRAL ) '
integral_term = LOVW_TWTRGAAL; - -
vise if ( state_of_plant.integral == HIGH &k
: integral torm == LOV_INTRGAAL )

it - .

inzagral texm = K;Gﬂ IETRGRAL.; =

ﬂ £ atat‘_ef_p‘iut.duiutiu am mu ik
.derivativa_term == LARCE DRAIVATIVE )
‘dorivative_term = SHALL_DERIVATIVE;

cerivative_tere o SNALL _DERTVATIVE ) ¢ -
derivetive tarm = LARGE_DEATVATIVE; '

Bondurad = piaht_wariables. pavd

sstpoint = plant_variables.setpoint /° 10; e
SITOY * SALPpUint - measured;
2iltared_diffexence » filtsr_corstaat ¢ {error - ti.lnnd_error) .
ﬂlmod aZreY Intotod_crror + rilmid Aiftarence;

ont;m. » previcus_ontpat + mf;"mo:_gtiu * { filvered_diltersnce
+ ( SANPLING_PERIOD .. jntegral_term ) # filtersd_arror +
{ derivative_tarx / SLKPLINC_PERIOD ) o
£ !ilurod d:l.ﬂornnco - previous_Tilt _dift J ),

previous_ourput r ocwtpat:
previove _filt diff = tiltcrod,di!'tnrsnco;

it { output > max_output } output * BAX_ ottptﬂ:,
wize if ( outpat < mim_sutput j. output = lil.ov.tpnt,

- plmt_variabln.r.ontrollor_,outpnt = putpuy;

t.}ul;_thgu.n“_xtcd_ﬂl‘g = {FF;

-
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task ﬂm new urit.c WLiag = ON;
task_flags.new dl.u,_flng = Dl,

Fiald(); : '

o
=

veid utiun_hshp(um} “ .
A i~ :
This action switche: om amd then performs pu:.odiunﬁ \ backup of
the sfvanced contzrol algbrithm. . :
doudle ;mﬂ = 8.0}
double setpoint = 0.0; |
double arxor = 0.0; . : /4-_5; . :

- doubls tiltered szror * 0.0;
= double filtered difforamce = ¢.0;
double previous file uﬂ = 0.0; _
doudle ontput = 0.0; ’
. double previcas_sutput = 0.4; ¢ _ =

stasic denble Bu_nt]nt BN N H
stafic double miz_outpuv * 0.9;
static doubla Tilter_comstant » 0.3;  °

. doudle coutzollex_gais =  LOW_OAIN;

 wtatic dowdle invegeal_verm » KIGK_INTRGRAL;

. niatic double derivative term =  SWALL DERIVATIVE;

tor (i3} .
i .

if { ( state_ci_plant.active == BACHUP CONTROL |!
compare_tarns (plan_stack{next_action] ,opsrator_name,
"Activaie_backup”) == THYE ) tl:
¥ " ( teak_flags . mow_rend flag == 08 ) )} °°
{
it ( cmpczc_tml(plu_atnck[m m.tion} CPATATOr_DaMS,
"hetivats backip”) ov TRUE )
{ ) . = !
stats_of_plaat.active = BACKUP_CONTROL; -
Rext_scuiontd; _ y
“ shox_next_sction(); . :
} . @ i

it { state_of_plant.gain == LOV & comtroller_gaim == HIGH _GAYN ) .
{
controllsy_gasin = LOV_GAIN,
0 © i1 { previons outpst > wer_output )

4]
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pravicun:cutpat = mEY_outpnt;
it ( previons_ outpat < min_output )
pﬂvtou nf.put = min_output;
}
slse i { state_of_plang. gail ~= WECH 2t
. contraller, gain =2 LOV_GAIY)
controlles_guin = KIGY _GATE:

42 { atate_of_plant.imtegzal == LIV &%
© integral_termes FIGE_INTEQRAL }
integral term = LOW INTHGRAL;

slus it { state of plant. integrsl =+ NIGH &k

intigrel texs sv LON_INTEGRAL )
iltc;nl term = EEGH_ m

¢ if { stete_of Plsnt.deyivative == Low

R dexivative term »= LJRGE DERIVATIVE S

derirative_ term = SHALL_DEXIVATIVE;

. e

i

£

nlst

if { etate_of _plant. derivative == KIQH &k
darivative_ tere = SKALL CFRIVATIVE )

5]

2 d.-u:,iutin taym = LARGE DEATVATIVE;

o

“meagured = plant_waxriahlee .levael,

. getpeiat & plant_variableas. setpoiut I 10

a

sTror ~ gatpeiny - murx-pd.

tiitarcd_cdiffsrence = £ilter cﬂntu‘-‘t. L (orrdt - tiltersid_exrror);
f1lesred_error = ﬂ.ltnro:l_emr + ﬁltarud,dit!qrmcc.

%

4

eutpu * pravisus_gsutpus + mtroll-r,.;nin s { ziltored_dirzmrcc

+ { SAXPLIBG_PELICD / integral term } & filtered_srroy +
{ daxivative tara / SANPLING_PERIGD ).+

{ “‘.n:u'nd_diﬂarcau p:'“ioﬂ £31t 3127 ) );

3
* a

ptﬂiou sutput * output;

SPEOVASEI 115 ite = tnur-d_diﬂ-rmca- _

it ( output > m,aa:pnt } ontput = m_outpuﬁ;
eloe if ( outpst < min_omtput ) ontpul = win outpat;

»  plant variablas.controller ovstpet = ontput;.

}

tank_f1;gs.new_read flag = ﬂﬁ’
task_fiage mev_urite :hg =
tusk_flage .a¢w, data_flag "= nl.

yiela(}; s

k4

:.“‘1"

s
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Adatins AT{variable,coastant doviaun) N &
' ((variablia> {constant-devistion)) &k {variable<{comasaxt+devimtisn}))
fdatine GREATER(variablis,comstant deviation) ~ \°
(variable>(ceustantsdeviation)) ' BN
SdeZize LESS{variabls,constsst deviasion) 3\ '
{variablec{cunnyang-deviation))
NdeZine FOTGRRATER(suriuble,conutant M:l.ltien} \

{varizble<{constant+tdeviation))
idcgi.n BOTLESS (variakle, cmmt,duhtin) Y :
(mfmz»(mmmmmn s _ ‘
. ) ! i B ) .

).

void moni: r(voiﬂ) o

/e =
This & iom stexts wl pmmo poriodical mttorhg and f’) _
dingnos. .z of m huf!u‘-*tu\k plant, e
./ . :
{ . . ¥l
' double lewal - « 0.0;
double previous level = 0.0;
double flovzate ’ e 0,07
doudble comtroller_output = 0.0,
double previons output = 9.0;
double lewel decivative =0.0;
double utpeia\_}t = 0.0;

. séatic.double lavel deviation
static double Tlowzate.deviation .
static doudle derivecive_daviation
static double omtput_deviztion
atatic dodble ptn:inty..hnd

QNP“‘”
OU"OG"

4.

WM

el

o8
. . [
LY

-

static dodhc m_mpu
static double win_outpat
static double lower_level bound
static doudble upper.level_bound
static double zexe tflowrste-
static Jarge_dexivative
static abnorial_dexivative
static pverflaw

"
LT YA T

too823k2

a % B8 Fnr @8
-

'8_§8"o

static max _filling rate = §; . -

for (;:) :
{ =
it ( ( tasx_flngs.monitor_fiag = Gk 1}
! conpars Serwo{plan_stackiness trtm'! qmmtor_nm.
"Honiter”) »e TRUR } &2
{ tnsk_.ﬂm‘an dsta.ﬂq = Of } )

it ( ronpu:o f.om(plw{nm mim npmm._nm,
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W

L)

@

e>:

“ﬁlitu‘"j == TROE )

taﬁ.ﬂm .moniter !h; = W 7
‘AeXt_xCtiontd;

. m_nm.%};u{): SN
) . J: r.l
previous lavel * lewal; - R ~
1eval = plant vaviihiee.level & 3063 - o

floerate = plant_varisbles.flowrate » 10;.

setpotut v plant _variskles. setpoint; .
provigns_ouipet = covtvoiler_ocwtpds; 2
-mmn-r oﬁwt plm.mm contreiler_ocucput ¢ 10;

it { luph_mtw > 1) ' ' '
g ' Tt o
i¢ ( provions_level 15 0.0 ) :
lonz farivative » (level ~ pn-rwu_,l.wslj / WG PIIIDD
' ® 190 / pax_tilling rate;
phﬂ mmxu lﬂd.iuimiu » mﬁ_mtmuo-

3

ir { laul. < hm leval_bowad 14 level > mu'.lwcl bom !l
ievel_derivative 3w abmocasl derivasive |
level derivative <r -nbacrmsl_derivative . )

state_of plant.svasor. feiime = TPOR; A
seate of plont. tatal_failure = TRUR; i
state_of_plast.alirm compdition = TRUE; . .
wtate_of_plant.stendy_state = FALSE;
stats_of plant.praximicy » FALSR;
atate_of plaat.overload = FALSE;
o state ol plast . laxge disturdance = FALSR; . » "
stato.of _plamt.gain * LOW; -
atate_of plant . inzegral = NIGK:
state _of_plant. derivative = LOW;
tesk thql plan_flag - OF; .
3 .
alss it { state of_plant,sdvanced fxllyxe == m g I
o . - ptabe o!_p:unt baskep _feilnze == TAUE ) . k _
{ SR N
o a-ate o-!_plm ianl JSaflore = TRUR; ' '

atate of pluns.alarn condition r TRUR;

state_of plant.sccive = Q;
taak_finge.plaa, Tlxg e O

.:.} : N : H h

olse it { GAELYER (lewel,overflow,leve) deviation) )}

C{ . e .
stats_of_plapt.fatal_failszw = TRUE; -
stute_of plaat.zlarm_candision = TRUK;
task_1lugs,plan. flag = OF;
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A
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/ - . etave_of_plemt.overlomd
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- wease_of_plant  laxge dieturtagce = rm: '




L

-PEANITIE B A TN R R I P N TR AT YR,

o L2 ’ o

" : - o,
=3 ) o= 5_'-?7 . -
=, : v s N . - @::_ -
B

o

. 1 o *
else if ((GREATER{level, ni);oint,pco:nity_.wd} K .
o ) : =% WORLESS( J}wol ~depivative,0.0,derivative_deviation))
) o H (LKSS( ﬁ,lﬂpﬂhﬁ,pmxiﬂxy _band) k&
2 : [;n (leval derivatine, 010,
derivative_devistion) )}
9 u { -ut. ot._pzam large_sisturbance =v (srii.ss } o

N e r%jnte _of_plaat. m—;. dizturdance = !‘lﬂﬁ. . ®

. ._ o ;; | Fak_tlags.plan.clag . = ONg! \Qﬁ
\ T lt;.?.q_a!.p!nt gain we 4163 " q, o
Lo e . AF(provious_ottpu’. ,BAT_outplr. oktput dﬂhti-&q) .

f state_of plams.7aive_failure o FalSR ) '
. . _ . if ( ybate_of plamt.cverlowd a¢ FALSK )
- . { o .- ..u R oo )
. staté_of_plant.svarlosd = = TRUR; o,
N - atase_of_ plant.alarwm comdition = mz
# tut_nm plan_flag v owon

o ol - U,
} \ . t . o 2 {:l)

th .1.. e - &?\'
ce’nts LoI_plant.overload = FALSE;

) SN W &

s} ) i 5 g i Lt ’

- T otask _flage.mae. data_Tlag = OFF; : -
® task_tiags.uaw_diagnoiis flag = GN;

yisld();
3 )

@

o]

%

3

) . '.‘-' -fr I . =
void read_plantivoid) © P
I B . B .
Thin task samplés ths piant by sattingcap the /0 card sad remding
the converted values izte the cor:-sponding ngobal variables. It s
olso péuds the sawpied values to the screshi’for real-tike piots

{but that is of secondsry importanca).

L

oo

[t

. static int lavel_channel = §;
C 7 static $at 2lowrate_channel = 8;
a O static int gainm_.code = 0;
7 doublsiisvel;
donkis setpoint; .
doibla cutput; ) S

{

RNy
py
AN

(‘
LW
ﬂ.
.}
d//‘
/-"’j
o

»

i

EN




" dovkle gliui_rﬁtp:'
Toime

. o
2T

grin

ouzput = 0.0;

{

'.}
}

L2

mid !rltn w_’lm (vnu)

Fig

0

A

in

convaxter :\ﬂt.

*/
{

il

for(;
{

ir
{

 uriteteves d{conpenyated oot mt);

}

gui.l

. mﬁpn_m. 1mm.z R ﬂ.mtq,,:kml).
o meple commtarsd; - .

S dinsuriss zinsxete(};

U ekt sariables . last seaplie. tm s uuti
Lo pla, vardedlesilevel, astpoiny, output, fi .rete, gain);

* doublc cmu%ajm's; :

yieldl);

- m =
(..)

24 antwm_c@iu().'u ™08 )

L

o '_'_hul = plﬂt%.mm.l.aﬂﬁ. .
' “‘P‘m » plant, raxriabies.setpoint X

Lo

Cowrats o pIast.variaiise. flovrass;

. £’

surpme # plant yaristdes. contraller_ mp'lt.

- gain « gvata ot Fieat.gaia;
| Sask flagn.sev.send tlag ¥ OF;

nm{) i

o

This sask writes he mm sigaal fxom the controllex (-nmcé

& global wvarisbls) te t!u phnt uetnm using the B/A

I

R
i

i)

o

{ task ﬂa.;s.mn write nnq DN )

compensated ﬂ%pﬂ‘. o 1nm-1u vllu(pllnt variable
controllar_outpuail;

taak_Tlags .nov, Vrite tlag = OFF;

ft

&
. ’,y'

u)mmmm ;

il

&

,,

a
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'ﬁ_u-cripti_o::: Noza primivive functione wsnd by actions and tasks,

wraston ty: - A, Kerpala - 3/61 ' .

0 -

void 1inmm flwrats(vom)
I
Change tha actual flosrate to the rmp 0 - 10 and linearize.
The voltags from the flowrate ieasor (pressure tyansdacer) reflects
& square of the aztual tlowrate snd the mpproximate yange is 0 - ¥, o
nu:hozuanﬁin;uube:toz{affuto?oi),;_" .
Ly . - A =

dbubie offaet flowrsts;
: ! ' N
- gfitaet fiovxate » plimt verinbiss.flowrate - 0.1
32 { otiset flowrats <= 0 )
cfisst_flewrate = 0.041; R
wlant -variables. tlowrate = sqri{oitger_ flmau) * 10/3;

sl

] . ’
4«&10 Lisearige. Mtofcont:ca.hr outpat)
doublas mtml.cr output,

-+ Rswghly. naurin the Teaponse’ of ﬁépﬂmﬂc valva for siguels
.' ‘atween 0'end 10 Volts. Ths 7alve is extremely sonline-; { stictiom,
- volagity limited wotion etc.) wmd this is w roug} -4, based on
- tserved devistions.

double -oq;r;*'anyﬂl#g

' Iodiﬁul_aﬂ' z ccn.rolltr o.z-pnt +1.0;
1llez_ontput < 6.0 ) )
nodified -gathat ¢ omtrcller_ocutput + 1€
alee if mtt}bhet output < 1.0 ) o
modified_outjput = coutroller ~oRtput 4 1. 0;
slse if.{ comty>ller sutput < 8.0 } oo
, Modified outiut = comtralier_output 4 U.5;
slag .
modified_ cutput = controllar_ aytput;

15
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il
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}I. £

ratarai{moditied cutpur); ' o

tiI..,,‘.lp.(Iﬁtmm) )
chay acticn_sams;

Is

s/

'

Yss siming tunctions providﬂod by BIOS (mitk ESmess clock res.) %o

deternine it Che next smpling time is spproachisg and if ,w ) -

returs 4, otherwise Taturn 0. I

a9

. flont curyent_sine;

fleat tims_pasted;

"float time lefs;

b4

nysichronige_swepling(void)

i

s/

" float time_passsd:

fleat ciccution_tm ;
iy { plant. vﬁzmlu.lut tmp].c il tw ﬂ:& ) ;
{
current tixe o Mmltiufﬂ.ﬂ.) « CLOCK WIDI 7\
time pasesd = ouTest tine - prant variadles. lus su]glo timel
time_left » SANPLING_PEAICH - timu_passed;
it ( stremp{sciion. bamm, “¥lur™) ~ TRUK )
. efecation time = TYNE_MARGIN Y

7 alse L. __ y
© aRecation o = ‘ruu_ll.ucll. -t _ _ ' \ _

if { time lett < execation_tims )

ut.m(i}. ' : o ) _ | \

} - 0
retwnio); e

t

Uss tining tunctiocaws provided by Bi0S (witk Efmsec clock res.) to
dysmmicaily adjust the .acc’ation tine of suparvising actions, thus
snasring that sampling oceurs at comstant time intervals as regquired
by the digital controllexa. IY it is ast tims yet, return 0.

fioar curzent_time;

float tims _left;

unsignad duration; . - : 6 .
if { plaut variables.lust_sample_time iz 0.0 )
{ : ' . ‘
curxent_time = bicstine(0,0L) ¢ CLOCK .RESOLUTIOR;
ti- ceased = current_ time - plamt_variables last _eanple_tioe;
i+ . L
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time loft = SAWPLYWG _PERIGD -~ time_passed; '
12 { time_datt > { TINE NARGIN ¢ 1) )
returalld);"

alse
{ _

atiok = tiwe_left * 1000;

y{duration};
3} _
} _
return(i);
}

void display_alars messege(void) . 74
/e ' o

' Display alerm message on the scresa.
“ ) _ .

L GE e : ; ' '

colour_ viewbors; (X4,Y1,X5,Y2-2, SPECTAL, OOLOUL) ; .
settertatyle{SPECILL, FONT,NORIX _DIR, SPECIAL _SIZE};
setoelor(TRLT_OULOUR) ;

euﬂmxytﬂo 4.*w cosnITION” ).

e

v w

vold dupl.ty_l\'.lw,lun{mu)

e
Display o nessage on the ecresn isformiag that s ntuny £tate
. gunditicn has bewn raached by the piaat. . \l . _
* . . . _ ' o
{" “ o R .
.auwt(u ts.n,m.mrm), L }
settestatyle{SPECTAL_FOST, HERIK_DIR, mu...ana}, R oo

setcolor(TEYT_COLOURY; .
uumm(lan,*l. s'mnf $TaTe mmu mm ¥

void, dinrm..lhm‘.dm.nu@(wid) L

I : }
: Disgplay a message on the acress that the plaut hap bsad simt down.
. {’ ' St

colour_viswport(21,Y:,X6,Y2-3, SPROIAL COLODE);
aattextutyle{SPRCIAL_FONY,NORTZ DIR, WIMI!B)
satcolor{TSXT_COLEBUR); . : ) o
onttextxy(19C, 4, EMERGRECY smm 9; A

1
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void display_states(pcessut_adr, goul sdr) A
char vpreasat_adr; . 4
char sgoal _adr; €
P2 o o .
Skow the present and goal siates im full..

*f ) .
{

r-gtltcr i;

%

A
olour, viwpm{!:l Yi.I5,Y2-3,TRIT BKG): o
ssttextatyle(TEET_PONT AORIZ. OTR, TEIT_SIZE);
setcolor (TRET_COLOUR); . )
outtextsy (230,18, "Spacial messige arse™); 3

cElour_riswport{11,Y2,23-2,73-2,TEXT, BKG), )
ssttaxtasylie{TRIT FONT NORIZ_DIR, TEAT. SI'ZE)
asteolor{TEIT COLOVR); )
pﬂm: state(present _vdr, "snv.nla STATE: “);

colux_v!wport{!?.n. xa—z,va-z.nn'_m) :
sétsextatyla(TELT PONT,BOAIZ_DIR,TEXT_SIZE);
swtcoior (TEIT COLOUR);
print_state(goul adr, "GOAL STATS: “¥;

. o \\ .

3

vaid mw(z_wo ;,.poh
iat r pos;- :

int y..;u

Je

»/
{
lm(:_;n. ¥ poa+TEXT_CHAR NEIGHT/2-1, X_postis, %
¥.DOR+TRET_CEAR_HBYGET/3-1);
line(x postil, y posei~1, x_pos+l6, y. postTRIY, CEAR_EEIGRT/2-1);
Yiaa(z postll, y_postTEXT_CEAR_EEICET-1-1, x post+is, /
7. ponsTERY_CRAR EEYGHT/2-1); : ,ff
nu{:_pom-u, ,,p«ﬂ-i x.,pas*h y._ pow+TEXT PMREIGHT-I.%}

Hras s arrow st tha givem positiom.

}
- T 2

void shaw_nest_astion(woid) . ¢ .
Bore the location of the aryow to point to the next action on the
BCTRIB.

»/ ' :

< . | )

setriowport(X4.v2,15,Y3-2,1);
U L ’ : 0
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»
{

‘1% ( mext_action > 1 ) »

{

_aetcolor {TELT _BXG};

arrow(3, (moxt_action) & TEXT_CEAR_HEIGHT);
¥ : : .
if { noxt_action < stack_top )-
Fal o

satcolor (ARRDY_COLOUR); .

arxow(3, {1+cext_action) . + TEXT_CBAR SEIGET);
}

&

Gisplay the solaution plan generated by the planner snd the expscted
final state, sp Che 3ame screszn ap the pressnt and poal states,
9]

void display.plan{void}

chax wtrieg[303;

Tegiyter i;

eolour_viewport(X3,Y2,14-2,Y3-2, TRIT 2MG);

sattextstyle(TEIT_FOST HORIZ_DIR, TEXT SIZE);

satcalor (YRXT_COLOUR) ; .

pri:t_-tatt(plu.stack[auck,top}ﬁ .intermedinte_stats,
"RIPECTED STATE:") Zr//

colovx_viewport{X4,v2,1E,¥3-2,TEXT_BKG);

settextatyle(TEXY FOYT,HONIZ_DIX,TEXT SIZE); ) .
seteolor (THXT_COLOUR) ; '
outtaxtzy (22,3, "SOLUTION . X:");

for{ i = 1 ; i < stack_top ; ies )

{
spriacf{string, %d¥%s %s”,i,":",plan_stack[i].operator_zams);
suttextxy (22, (1+1) + TEIT CHAR NEIGHT, string);

Yy .

setcolor {ARROW COLOVR);

srrew{3, R ¢ TEXT_CHAM HEIGHT); .
kevtextstyle(SHALL FG¥T,BORIZ DIR,1);

metzolor (TEXT_COLOUR);

estviswport (Xi Y1, X6 ,Y4,1); .
outtextxy(GRAPEL_ X + sample_counter, GRAPH1I Y - 6, "PY);

void ploélvtluc(x_origin. yﬂoritin. y.span, y.range, y valuel, y_valua2, .

ealionr) A

int x_origin;

]| o



double y_valuaZ; N

\
\

int y_ origin;
int y_apan;

int y_range; . BN
double y_valnei; _ S

jat golonr;
FL . .
Plot the next point of a graph locatad at x 2wl y orvigin, with the y
axis y span pizeis long, zorresponding to the artual rangs y _range.
Ty snsurs continuous plots use the lins{) function, alsc use the given
colour, iddvance by 1 pixs) along the X azis.
I/ o :

int x pos;

int y_posl;

int y_pos2;

int yi;

int y2;

x_pos * z_origin + sample_counter;

yl = y_valuef # y_apan/y.range + 0.5;
y.post = y origia - yi;:

¥2 = y_vaineZ * y_span/y_range + ¢.5;
y.poe2 = y_origin ~ ¥2;
astcolor{coloux);

live(x_pus-1, y_posl, X_por, y.posd};

void plot_vaviables{leval, setpoint, outpus, flowrate, gain)
double leval; '
deuble ctetpoing;

double utput;

doubls {ijurate;

int gairg

Mmoo

Plot the setpoint, lavel, flovrate, conirnllexr output and contyeller
gain on the thres sete of axes prepared by setup control_screen().

*/
{

char string(3cl;

int mivnutes;

int seconds;

int combined_time;

int x_pos;

int y_peal;

int y.poal; .

combined_time = sample_counter * SAMPLING PERIOD;

ainutes = combined_tiae / 80;
socondn = aon\?nad_tinc ~ {minutea * 60);
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Fatviewport(15,Y3+1,200,¥3+10,1);
clesarviewport(); .
settextutyle(TEIT_FUNT,HORIZ DIR TELT_SIZE);
setcolor (TEXT, COLOUR) ;

~gprintf(atring, "Yakdls¥Xd". "Tine (mm:as) > ”.Iinutil v, uaconds);

outtaxtxy(C,2,atring);
sstriawport(220,73+1,420,Y3+10,1);
clearviewport{};

sprint!{string, Nsid", "Sanplo countsr = ", sample_sounter);

onttextxy(D, 2,string);

h

Vnatviewporu(Xi,v1,X5,Y4,1);

Plot_value(GRAPHI_X, GRAPH1.Y, 80, 100, swtpoint,

{double} plant_vatiables.sétpoint, PLOT2_COLDUR);"
plot_walval(GRAPEL X, GRAPHI Y, €0 410 love}, plant _variables. level,

PLOTL_COLAOUR ;
n . plot_wvalua(GRAPA2 X, GRAPRY )Y, 60, 10, flowrate,
plant_variables.flowrare, PLOT2_COLAUR);
_plot_valun(ﬁll?ﬂ2_x. GRAPH2 Y, 80, 10, output,

plast_varialles.controller output, PLOT1_COLOUR);

it ( state_of_plant.active != STANGARD_CONTROL )
{ .
x_pos = GRAPHI X + ssmpie_counter;
it ( gain == LOW )
¥y.posi = GHAPE3_T;
alae it ( gain == HIGH )
y.pasl = CRAPHI Y - 1R;
it ( state_of_plant.gair == LGW )
y.pos2 = GRAPHER T;
elae if ( sztate_of_plant.gain - HICH)
y.poad % GRAPRIY - 18;
4 setcolor (PLOT3_COLOURY;
Lins{x_pos-3, y_post, x_poa, y_posl);

B.3 Sup-ifac.c

i

- - et ke e e PP S,

filename: SUP-IVEC.C

u

desg¢ription: Torbto € (2.0) 2pecific, scyeen input apd output

for the user intarface of the euphrvigor.

sxisten by: 4. Korpala - 3/81

b

il S A - - - -
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Q.

#iacluda <graphjce.h>
#include <conio.h>

void colear_window(left, top, right, hotton, bkg_.olou:, txt_colvur)-
int lsft, top, right, bottom;

iut bl;_coloux. txt, colonn.
/¥

Dafin: a window on the scresn end fi15 it with ths inan welour
»/ _
{

taxthackground{bkg. colour);
tezteolor{txt_cilour);

window{laft top, right bottom);
clrucr(};

void colour vxouporﬁ(lnic top. right, hotton. bixg _cclong)
iot left; -

int top;

irt right;

int bottoms;

in* akg _colour;

Fi

Dufine a viewport with the given coordinates, clenr it, 7ill

» 1ill eish
the given colvar and draw & border around it.
=/
{

. astvievport{left, top, right bottos,1);
tlearviesaport(};

setcolor{GRAAPE_CCL. .K); -

ractangle(d,(,right-laft, bottom—top);

setfillatyie(SOLID _FILL, bkg colour)

fisod?ili(1,1 ,GRAPH _COLOVR) R
i o '

void print_state{state _adr, state_name)
char *eatate_adr:

char satate_name;

Frinte the given state relative to tho cnrronF viewport im
graphica gode.

M

char #ntate_term[TERKS];

152 ) ' '
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{

*/

“window(10,5,40,20); é

o

ragistar i;

= 0; :'i
stata _temmio] = natd adr;
entteaxtxy{TELT CEAR_MIDTH,3 state_nems);
ngtmcsyh(u‘ng.,mu, HORIZ_DIR, SCALF_SIZE); 0

while { ratats tom[ﬂ 'z BN } i '(,-,;.

{ 7
uéutux'axyfm‘f Cﬂl#l WIDTH, (i+2) & r:;xr L‘h’ih !’EIGHT stata_term{il};
iee; - .
ntate_term{i] = Btlhto adr + {i = LETTERS); -
} . L ) L

i
it

'J

void resd_statsistate_ atlt)
chixr *state adr. .r
i* : :

Allow entry of a siat't. i.e., group cf torys, given the address
of the baginning ot a 24 arvsy. . .

p . 1\
register i; W)
char *stute fherm!TERNS];

i=D;
taxtbackground (BLUE) jo
taxtcoler(TELLOW) ;
vindowl{{,1,40,26); . .
gotoxy(&,§); . |
cprintg{"%ste", “gnter the tersc ons by one.”, )
* isrminating the.stats witd the *0° term.");
texthackgsound(WHITE) ;. '
textcolor (BLUE); P
do
{
if {i<USEK_TEENS)
1 . T . {
gotexy(2,143); ‘ )
. Atate_tarm{i] - state adr + Go» 1.51‘;3&5)
scenf( "Yer, state tesm{i}’);’

¥ :
alse S
estato_term{i] ~ EED; e i
it4; I
} while ( estata_tecmii-i] i= EED); J?; I3
selovr_window(1,1,80,25 ELACK ,WEITE}; Ef
_ i
3
. 4
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Eal

[

s ﬁs’?‘ﬁ‘iﬁ‘é\ 'é{:.‘.";%"r;-' 'Mﬂ -

2
void gat_goal(goal_state udzr)
char #goal state_adr;
/=

Promt the H#eT To ¢nter a goal mtate.

./
{f }
colour_window(1i,1,80,25 BLUE, YELLOW};
aclour. windowti0,5,40,20 WIITE,8LUE);
~epristf (" GOAL STATE:“);
read_state{goal state_adr};

void ‘draw_graph_axes(x_crigin, r origim,
int x_ origin; _a

int y orvigin;

int x_span;

int y_span;

i* .

Draw x and ¥ axes for ylottin; pu:posnl, strrting at the ovigin I
point and extending for x_span ard y.span, cespacvively.

./
{
setcoler {GRAFH_COLOUR);

1ine(x_origin, y_origirz, x_origin'+ z_apan, y_crigin);
line(x_origin, y_crigir, X_origin, y_origin - y_span);

}

z.span, y_span)

.//j
;

void sc:lu_ raph_axes{ x_origin, y_origin, x -pan,’};fﬁbq. x,u;n givisicen, "
. y.min division, x_gumberveZ divisio

z.origin;
y.criging
X_span;

y._span;
x_min_divizioh;
y_min_civiaijon;
x_numbered _divigion:
v.nuebered_divisiosn;

int x_sumber; ' o
int y_number; a

’ "

int
int
ing
int
int
nt
int
iat

y.ounberad division, x_namber, y_nuubnr 3 -

w

Prdvide scaling on a st of ax-+ drawa wifh dvaw_graph_sxez(},
by marking off each axis every ain divirion, ind numhering sach
axis evary rumboroed division (thase numbarz are caliniated Irow

the givan basic numbers).
t/ T ¢ -

2t
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Ca ‘

ragistex i, j;
int valne; N
char valne _stringlsl; s R,
nnaiguad lengta; ' : o

&.
v

lsttaxtltflo(wzl. FONT, HORIZ. DIR, S"ll..B S1ZE); :
astcelor{GRAFE_COLOUR); . - : . . .
. 5 3 3 J._' C
¢ for (i s x,pr:giu. i«= x,origzn +x LBpen; i = 1 + £ ain division) - qa _}*
putpixel(i, y_originti, SRARD cunpun) _ = o .
§ ) S " _
for { & = x_origik, § = 0; i <= z_origin + x_span; . | ,
i = i+ x_ rumbersd_div en, jH+ )

i o ‘ o
valaos = j * x_number; : v
itoa{valze, valus_string, i0j, -z
length = strien{value_atring); [ .

R outttxt:y{i—(SCILE,CﬂiRgUIDTﬂ/?*lgugth);’yjbri51n+9.. ffwngriﬁg); )

} i ) vt L - ’ o o

1 o5,

i~ y.mia, division) ' .

Lo

T
o

For £ 1 = y_crigin; i »= y_origin - y_span; i =

putpm:ol(x“oxigin- 4, GREPH _CULOUR); 2 Y o

tor { i = y erigin, 3 = 0; i >= y origis - y_sﬁan, - @ -
i = 1~ y_gusbezsd divinion, j++ } :

i ) .
valus = § * ¥ _puabar; ' T " A 5
itoa(value, valuw_string, 10}; . - : .
iength ¥ atTien{wslne_stxing}: s
cuttextxy{x_oxigin—{SCALE_CHAR GIDTHtlongth)-S . P ) o

!  i~5CALE_CHAR {TIGET/2, talu._strin%?, S
} | . W e

] iy

. ' N [ - _— ’ ) ' * "
R . . E' it e . . :>C-r=

L v{ld labuu_graph axee(x origin, y.origin, x_spun, y.span, x. label, w
y_labelt, y_labell) o
4dnt x origin; v ) : N o
Mthuun;$ ' . _ . )
"int ¥_spanh; r,] v . ’ i
iat y.apsa: : s
snar ax ]nbcx,- :
daar 5y_labell; . . _ o
char »y_label?; ki ‘ s
P . , ) ]
Label & set of axas drawn with draw_graph avea(), with a s:ngLs
lael for the x‘&x:a and { or 2 labels for the ¥ azi:.

w/
{

. {4

Tapt lengthi;

iﬁt-longth2; o
int length,

11

1

L BN P S I, A TP 1

-
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Y

sestextatyle(LABES VOXT, HORYY IR, LABEL_SIZE):

“iengthl = strlsn(y lsbelt:;

laageh2 = strien(y_labei2);

ength.= Jengthi; '

if { length2 > length )
Jength = lengthlZ;

satoclor (FLOTI COLOUR); -

outtextxy{ x_ovigin ~ 2 - (LABEL CRARWIUTH = (length} + 28},
y.origin ~ y_span + LABEL _CKAR _ETIGBT/Z, ¥ iabeli);

if { lengzh2 > 0 )

1.5 ¢ 2, y looellt);

A
{ |
swtcolor (PLOTZ COLOUR}
cuttextry( r origia ~ 2 - (ARLL_CHAR WIDIF » {iengeh) + 28), ¢
y.origin ~ v_spen + LABEL CHAR_BEIGHT ¢
}

Llength = strien{x_label}; ®
aetcolor (EXAPR_COLOUR)

outtavtyyl x_origin + ¥_spar - (LADEL _CHAR WIDTH * length),

y.oorigin « 2, x_label};

void digatal axis(x origin, y origin, y_apan, y iabell. y. lakel2)
int x_origin;
wnt y arigin;
int y_span;
rhar #y_laball,
char sy, 1a'nfit3.2;

FL

wse.

{

i

Draw 2 #ingls short vevticml axis with only twe markings lakelled
vith two dedcriptive ualusz, for plotting a digits: {2 valued)
variacble; L

int langthi: ; o

int leugsnZ;

aatteztitylo{LlBELmFO!T.HURIZﬁDiR,SCILE_SIZE);
setcotor{GRAPH_COLOURY ;

Tire{x_origin, y.oripin, z_srigin, y_ origin - y_apan);

putpized{e_vrigin-1, y origin, SHAPI_COLGIA);

petPixelis_oxigin-1, y.origin - y span, GRAPH CJLOUR}Y,

lengthl = »rtisn(y_labeli):
lengthz = si: ran{y_label2};

1]

chttextxy{ x crigin - 2 - (SCALE_CHAR WIDTH * lengthi},

e o s m—— v sk s bt P . i a4 L e e, LR SR,
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" eheck. ﬁd_.ﬂm.(owltnt:.ﬂr, predsat_ady, goal wir)

struct n-paratur koperator. ady; : :
char epmut m s ? ’ -
char t;oai._ . N .
/e '
Chaok if ny of the u.dd,,«ﬂ-ctc of the operator considured is - .

absent from she present ssate, bat prchnt in ths goal state, if
a8 vetura i, if ne nmn o

»f

{

<any present, term{TERME]; ' Y

char tgul,tmmms:]; . ) ’ o
int : +tehl Ting; - : . oY

int mavch flag: RES

ragistar &, 3; ' ’

i= o; i : N Py
matchi fiag « O; : - “ : : '
aatchz_mh a 0 ’
chile { * opmoar adr-:bdd_oﬂuct)[ﬂ fo KED )
{ " B
j LI :
goal_tare{0) = goal adr;
s whils { spoal_toru{j) 1= 2K u utcha -flag == OFF ) :
t"“‘,—.‘*_‘__{ a
I 1 | ( compara,; tcm( operator_sdr->add_sffect g, gosl, tcnl[j] )
a= 'TRUE ] = - K
metchi_flug = OF; - - .
 at .
, Roall t@t:ﬂ(j'j ® gou_u!x + L Lmnr"‘- @ -
¥ ) _ .
1! ( o i@h!__fl.s a» CE ) = B . 2
{ . o e
=0 o . “ 7 .
procent. ur-to;* 2 present_adr: \e :
: ehile { surdssnc_texmii]l !s ElD"*\n?atch?. tlu; == OFF } _ ]
{ S d :
if {compare_ tom(opnatot adi-dagd_effecti], praunt urn[j]}
_ o TRUR }
o _ ntch2 LIlLg - QI; )
J*e; i - & _—
g progept. tereljl = p"annt. adx --l(j - L!'I"'IRS]
¥ . o
@ it 0 natch? g == OFF ) tcmn:ﬂ 1);
v . b ) _
o (e 3] - : N ' 3
3 . * w “
veturaf); P

Q . i

&

[ Y . ’ K . ) « . o

s o ‘69 l;

"
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e e el Y e At B o a w1

S

1
’
i
‘

yljerigia -4 y_apan, y._labe] 1).
on’e’oxt’.xy( xjjorigia - 2 - {SCALR_ Clll[ VIDIE » ling!;hzj.
origin ~ SCALE_CHAR _BEIGHT, y_ label2);
0 : Lo
) |

char stringlfiic]; :
char string2[10], :

culour, viswpert(X1, ¥3, 15, Y4, auim

- metyiewport(Xt Y1, X5,Y4,1); .

|
driw_graph, axee(RRAPHI_Z, GRAPELY, |§qo 80);

“‘seale_graph_ sxec{GUAFRL_X, GRAPEL.Y| &40, 8C, 12, 6, 120, 30, i9, 50'},'('

IR} ;

iabel graph axes{GRAPEL_ Y, GRAPELY, 540, 80, “time", "lovel"™, “sotpt”;

Caccaw_greph sxes(URAPIY_X, CRAPHZ_Y, B40, 80},

Jis grn;m axes(GRAPEZ X, GRAPH2 ¥, 540, 80, 37, 8, 170, 30, 10, 53);

...n‘b‘_-. A0 axes(URAPHZ X, GRAPHZ Y, 540, 60, "time", “output", “flow");

n;;rmt.! ipingd, “Y%s ¥d”, “HIGH“, EIGR_CAIN): Y
wprint  EkxingZ, “"Za Xd“, “LONY, LON_GAIR),
digite. -»i: (ARAPE3 X, GRAPRAY, 18, stringl, stnng‘l)

o

setviewport{433S,Y1+1,630,Y3+10,1);
sprint?{string,"%c7d4" "Sanpling period (e} = ¥, SAMPLING_PERIODY;
sottextstyre{TEAT_iONT,AORIZ DIK, TRXT_SIZE);

mttquy(o, 2,.8tringly
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#

u

a

chack opc:ator(op&atar adr, prasent_sdr, goal_ ade }
atrect operator superater adr; >

char spresent_adr;

char tgou!. adr;

Fe

Chack M tho procopditiops Al)  the aopexutor to b+ applied ani

1f the §2£§Tta make it more Prouising; return O if praconditions
wiclasud, 3 if preconditions satisfied but affects mot helping,

<2 1if sither one of add or del sffsecta holping, i if both.

} : -

"

iy

. weld Py, an(mnﬂ ulr. opsraterd_adr} f
AETUCE OPOTEENY DOPATALOX] iy
srreck aporat-er Solaratord wdr;

Y,

\o atrcpy(wtﬂi adr->
dopy_state{opaatort,

SOPRTALOER_Ady->name) |

7
L
int walge = 0;
] .
42 ( creck _reg conditions{operator adr, present_adr} =x TRUE )
- if. { check _pos_conditions{operatox_air, pressnt_sdr) == TRUE }
A o .
- walue = §; a
12 {chesk_del_aftects(opexator_ady, pressat adr, goal_ adz) aw TIUE}
walae—;
it {check add_stfects{operator_sdr, prasmt_ ld.r goal_adr) == TRUE)
- nho---
} \
} . . ) . ~ o i &
return(valas); : )

" ) =4

w & -l

/e
Copy the mtutn of, the stiyctuxe at anddrasg uporatorz adr m*.a
the ncmtwe at aidnal oparatoxi adr

{ ’ . L ® o]

iv

fvl

cendition, operaterd adr->pos. condition);
copystate{sparator adr->aag condition, oparaturd_ady->neg. vondition);
opy.state{aparatori_sir-Sudi_stiect,operator2_adr->add_sffect);

pp,_mtn{oporatwi A2l _etfazt opuawrz ul.r-mel tﬂecs), T
} = P ]
o . .
LT o
void pash_ m_hmt(npctasc*m. state, adr) i )
. char SYopmrater nsme; - " "
citax WrTate ndr) ¢ “ .
/ #* [
Puah the givoa itea em;e top 91 the search ztuck ard r.*-x "
 place above.
*/ i f\' L & " P : )
;}
Y A,
i .
L ' i o ].7“ -
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. Appendix C
: L ] . ) u
Planning task
\\«} :
. i
LA |
. |
The source code for the Al- based part of tha gystem is listed in this appendix. It
includes the pla.nnmg task and the lowor level futnctions used by it. |
; - Cul Sl!p‘plﬂ.ﬂnc ) B . : A i
2 R ‘
i |
filename; SUP-PLAY.C |
dsscription: The planning task. ' o _ .
_ _ " 7
.. #ritten by: A. Korpala - 3/9%1 . i
*; . - e i ik Il
g o #inclede “plan-def.c” v _ s
#invinds 'pl-co-dt.c" )
#include “plan-fon.c™ . ]
a #include "pl-co-fe.c” - o ’ _ s = .
O #include “pl-su-fe. " - . . K
Sk I ’ < ’ ’ . T " d
= Y &
. - N
" . . . \
- {._ . i ] . B S
“poid plaanwold} ' ’ _ o .
B . < [
shar tcruma] lute'(z] [LETTER3] =
t r P‘mt da‘nll Iln!' . 5
shar presest._ statm_m!ls]u.ﬂ y A}
char goal wtate[TERNS] [LETTERS)
o
P . . 158 LI
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D . ) - " | .
if { stuck_top < STACKSIZE ) S o

.—, { . -
~ strcpylplan_stackistack top] lopsrator_nass, operztor neme); )
copy_state{plan stackietack, top].intarmedinte_ntats, stato_adr); ! :
*(plaa_swtackistack _top] . inhihited oporutaxu [03) wGHD ; ; :
an:k..to}wi-' R .
) “ .
alne L. . N
printf{™\aStack full.\z");
o &y 7 5 ) ¥
.\\ o
.

void pop__eﬂ stackicparator rame, atn'u adr)
~char toywutur 710 H

] char sstase miy; s
= . FL . : i . @
: Pop off the item from tup of the stack. o i
o - _ . ;
) \ C 3 stack sop > 1) '
y {
etack_top » svack_tof ~ 2
~ - wergpyloperator_ueme,plan_stack [tack topj. opara.tar nume)
g cop;._mn{wnc.,ldr.plm_sucx[-eack.,snpj iuternediate_ luis-)
T atee bapte; < aia :
) a . !:‘? - .
3 - alve . .
o i pti.ut!{”\asmch wapty.\at); :
: o 3 \
ks " \4;/ W ) . ‘ [
’ void put ou,ncorﬁ(opoutor,,aun, opecAtor, ranng)
chay voparstor_name; . 3 T
Hiat opuatcr_,nth;. . - . ;
. /e & _ . . !
@ " Pay tho xivex iton on the record.’ § ¢ 5 i‘
¢ ., i - ’ 5 i
s 17 ( record_top < RECORDSIZE ) N . )
” . S . : 4 - :
- strepy (record{racord_top) .opé’:atg:?;,ma, dporator_nume); - 3 1
recrrd{recdrd_topl .operatur_rating = cpardtor ratiig; B :
- reccTd_Sophé; Q. . ) SR
) "y ] ) ], | . . o \
P . - _ \ ’
o '\I K ' -
2 4 “ i
3 a ®
b - ) y ! =
® {2 \
.- 171 ‘._\_‘\. a
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int driver;
iat mode;

got_goad{goal _state;;

driver » BGA
mnde = BEGAEY; n
initgraph{kdriver, dmods, ""};

setup_control_screwsl);

tor (GO) ' W S
o -
17 ( vask_flags.plan_viag == OF &k time_up("Plan") = FRLSE )«
{ i
stﬂck_t.op a M )
current _bottom = U; S
make_abstract state(pressni_state);, LI
display_states{prasent state, goal state); f
initialize_ocperazore(presant_state, gonl_state}; .
search{present_stats, xodl_state, tersinal_star-dy K v
digplay plan();- ,‘J;’{: ) .
asxt. action = §; : SR
tash_ flage joian_slag = OFF;
} K : ;
gield{}; . .

i

>.2 Plan-fen.c ' o - k'

ri

— m——— e -

filename:  PLAN-PCH.C ' : .

dascriptisu: Problam indepeadent functions used by tlie plainning task.

srittan by: A Xorpala - 11/90 - .

&/ E

char *pressnt_state; Lo

char sgoal state;

char *terminal_state;

I+ : ¢
feturns 1 if the sesrch should be teyminated, O if mot. .

end_of_search(pressnt_stats, goal state, terminsi_state) .

o

‘ : 159




; chock 1nhibiteu opira.ori(op.rntor_nlu.t
' cher voperator, neme;

Z -- ,\ -
o Check if tho ;ivon oparztor Mas beer tried aand faiied betore,
retuzn 1 if yes, O if mat. .
L F) e
{ ' : u :
K ragiater i; ' ’
# . i=0;
’ vhile{ *(plan_stackistack top-‘.,inhibitod,apor;tcrl[i}) 1= BEED &&
. eiplan _stack(stack tep-1]. inhibitéd_operators(il) != '\’ &&
. 4<IEE_OPERATORS ) =,
i ' ' . N

iz (. compare. torme (oparator. pame,plan_stack{atack top-1].
l in ;bitcdloptratoruii] } == TRUE )
. Totuxyi1);

. S44; o
3 o _
w ratarn{t) - _ h " 3
'}

void i!.hibig _operator(veid) ' ' .
. i ’. "w .
! tm hmnctm memorize the Dpsrator hich has just failed,

*, &5 . ' Lr’»’ . )

{

4

register i; : ’ s
= for{ist; s{pilan_stack[stack_pop-2].iakibited operbtcrsi ) 1= EMD &
*{plan_stach{stack_taop-2].inhibited operaturs; ]} t= '\0’' &k

<100 _ npmmns ied);

) #
Vs gtxepy(plun_stackistack_top-2).iahidited oparatorsiil,
pian_stack{steck top-1).operator name);
1*" ’ o
t(plan stack[etack_ top*!] 1nhih1to¢_cp.rltor‘{i]) = RiD;
} K o ) . T

wridl un1nhibit_dbarlturl(voi&}
/t ' 4 & ) o,
Claazr 81l irhibited operators fran the st¥rting nodse.

@ ») »
{ - . ]
s(pian-atack{stack top-1].inhidbited oparatore{0]) = END;
} . . _ -
= : . . &'

L+

2

i




!r ¢

R

e T

}

int :ut :h.t'gi;e;

uatch_type = compare_statss{presenc_scute, gosl_state);

12 {( match. type == 1 i| mateh typs == 2 || (Aastch_type =23 &Xk
sacond_mude fleg == OF) ) 1 (cnpato stator (prasent_states;
taxminel_state) z# 2 )) .

raturn(1); : !

oiss rsturn{0)};

> - o

"

It

compure statas(syper_stute_ nd.r sut_stato_ adr) ' ) i
<bar ssub_state adr; g "

char ssuper_state_adr; o © .

fe

caknru the two stmtes and xeruras 7 if identictl, 2 if super_state
containe sub state, 3 if 17 super_stats coztains the sssontial subset
af the wh__n:.to and O otherwiss. .

cknz duub_state_term TERNS], ssuper_state ters[TEWNS];
int pareial Janteh_fleg, nnsutiu ﬂ.u. match ﬂu.

rogister 3, j; ’ ' ' o
N :

i=g; \\\% o

partial mateh £lap = OFF; o .

sub_otate termC] » sub state adr: o . i\ :

" CN R . " o

waile ( saud_stasa_torm(il 1= BSD )
{ . . '
j = U; " e
satch_flag » OFF; '
unajgential_ flag = OFF; .
- = Aaper_stete taxra[0] = saper_state_adr; . .
while { *anper_state_term{j] != XND && match_flag == OFF ) B

=

{ .
it { compars_terns{ sub_stute émti] supas_stace tornl{] ) =x 1)
satch flag » OF;
if { conpaxe_terw#( sub_state, ton[zl supar_state tm[j] J == Q)
unasantial_flag = €F;
jeb)
supar_stats, tm[j] > lﬁpcr state. adr + l'j » LE‘!TERS).
} ‘
it ( astch f:m; we OFF &4 waessentinl_glag == OFF) "
return{0); o

42 ( match_flasg == USF &% unessential_flag == ON)
partial_satch_flag = OX;
ith]. . .
sob_atats_tars{il - sud_stats_adr ? {i » LETTERS):

)




o

N

[

void nuch(prount atate, gonl tate, temiml sxate’ ( i
& char sprecent_state;
whuxr sgoal_stats;
2" char wieoyminai estate; o : N
3 VL u .
Parfors a d:.!foriﬁnca/dna driven, dapth-first sasarch by o . :,"
~iteslt ucnrsinly &nd -taring tha’ cmut asrch-path on the
o plan stack,
L 74

%

- "

¢ : int index, rating: .
int searchk_type; S
char name{LBTTRRS}; ) o . _
int fniled fieg;
L Tegister §; T {3
(it ( svack vop < STACKSIZE ) ' . .
{
P & A ¢ cnd ot seu':h(yru.nt sTALe, gOAT sTate, tersminal_stata)
== FALSE ) . . |
L . A\
it {svack_top == 0)
push_on_ stack(“lnitiul state” present._ atnte}. : v .
failed_flag = OFF;
= . rating = &; (! '
ssarch typs = ) . C o
‘.'qu = 0; :
is0;

B

LN

a

.

ululo{ t(opnuter_bg -<r[i] .anme) [ E¥D &k rating 1= 1 ) .I !
{ :

|
- 12 {chack_ivhivited_sperators{opsrater_bufter(i]. mo) =z FALSE) i
LK - |
? rating=check_oparator(koparstor butfer{il ,pressnt_state, i
* _ gork. state}; +
i€ ( Tating e 1) Coe ~
¢ i -
seaxch_type = 1;
apdex = i; o
elee if ( rating »= 2 &k peavch_typs ! 2 )
{ - '_‘I."::'.:' - o L
| asxuev type = 2; )
" ' imdex = §;
¥
. slie if { rating 2= 3 X¥ search_type == 0 }
ssaxrch_type =
index = i;

o)
ite;

173
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. char sstatel_adx, detatel_adr;
/e :

3 =0;

supar ostate_ternil] = supar_stats_adr;
vhile ( ssuper_stats_terulj] 1= END ) .
{ .

j+;
super_state ters(j] = super_stite_adr + {j ¢ LETTERS):

} .

i2 ( partial match_flag »= ON )  retvrn(d);
else if (i 27 ] ) rxetorn{l);

slse  rpetura{i);

«

void copy_scate(atatsi_adr, state?_sir)

[T R S L A

Copy stats At sdirees u_utoé,_adk £o state at ldlka;n Atatel _wdr,

of ' . .

{ " . - " n
chaxr *stadel tmm eatated terwITRANSS ; . : .
register §; : a

b ‘ B o Lo : —
im0 ' L u )
do
{ [=]

atatel texmi) = sﬂtana_m + (i » LETTERS):
stated_termli] ~ asate2 adx + (i ¢ LETIRRS);
stropy{ ltatal -termli}, state2_terali] );

. i*.‘.-

}  white( ntuttz_tmti*ﬁ to BiD );

o

void compress, zta.tahnqr adr) « - -
char sstets _adr; : '

/*
» Elimimate a1l empty torms (i.&., -tﬂhp starting ?th \0 ) from
the 31wu anto. . .
*_./ ) Ll N
{

. char sterm{TEAKS]; : ,
register 1, j; .

N 1:3‘&0_; "
zerm{0] = svate_ adr; : ' -~ o

whilel sterm(i} != E¥D }
{
it { stexali] 1= "\0? )

{ . . . [T

i61




<@

} -
s -
it ¢ naarch_tiéb 1= Q)
{
wpdate_ prc'ong_state(toporator buifnr{indox;.prcient“ltata),
push_on scucttbparator bntfer[;ndax} neme, preseni_giate);
¥ -
slse if { stack_top » Gurrent bottos } &
C\{ . . .
“inkibis_operator();
pop_otf_stack{name, pressnt_stats}:
}
else.if { stack_top == current.bottom &k second mode_flag ==
{. ; :
recond_ands_flag = O,
aninhibit_sperators(); .
} -
slna e .
{ ¥
tailad § = OX; .
printf{"¥n\n Ssarch unsuccesafnl - ne splution found.");
getchs(}; . '
)} ' Toop

ir { failed flag == CFF 7}
_ mearch(praieat state, goal statw, terminul _Staté);

OFF )

o
current. huttou = Stlau,tﬂp. -
¥ . _ : -
L 'v._.\l o i a
C.3 Pl-co-fc.c L
AR
filename:  PL-CU-FC.C

[

dascription: nitislization routines for opesratots specific to the

. ) control problex (case study; and other probluu s#pecitic

P functionn.

Ehel "

written by: A, Karpaln - 11/%6 .

o
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3

X [{ . . ¥ ' fla\. 5

void azpnnd_utatu(:tatowadr§.“ e

- char *ctate_odr; -

;*’_"

74 :

b L LTRER)



. ,#

I‘iLJ." ;

12 (4 ey 3 ' :
ezzepy( tan[f} zm[i]).
jos; .
}
ml . .r‘
tarnli] ~ state_ndy + {1 * urrms).
_ teoralj] » statc_ndz + (j + LETIERS); 4
3 E
"hll'lfj] - ma . " :
H Bl i\ .
' ) g . ?
uu m !:ﬂ._um(mor adr, punnt ndx) ' 7 %
ptruct uperater soperator edx; A
thar Omlut adr: : o :
Dﬁlﬁo,,dd.ﬂtun a! tM givan quan*.ar !m tht g:hu wumt
“m o . ;i
aar Wuﬂ mm» ' - | . o ¥
"r‘sm“ L : : o o -
dnt msteh flag; o - ¢ - i
ITT | | ° ;
presams tun(0) « prereat. ndy; ;
nut{ !'Ptuut emm 1= Y¥D ) S
{ . II oo :
Sy . :
masch _flag » OFF; ’
while { *(operatox_adr->del stfact){jI = EBD & utch ﬂng“s?! ) ?
' it { compare. terms{prasant q»fﬂs:mli‘.it} tor_adr->del_stfestiil))
- == TRUR ) _ _ ,
{ - ’ 1]
N sprasent_sermiil = "\0'; . :
- . matek.flag » B . >
e -!*.*: oo S "
o } N .o “. Lo . P I n X
. irey . . .
© - preseat, tf"cﬂ mnnt “r s (4 v df‘m)
¥ & . _
' muluzau(ptunt adr); N
"
o
= M
. ' . n ‘."rl o
- ._ 13| . . L n : Lo ) . » ’ )
. | : : .
182 '
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h

_’i,_‘:..:\

idd certain terms which the usar doag neot hAnve to enter, hwut
are resdad by the plauner.

char *etate_toaxalTEKNS]:

char term{LETTERS]; e L
char welua[LETTERS]; L T

int satch _flag;
ragister i;

i 1

i= 0
match_flag = DFF;
state_term(0] = state _adr;

shile{ +atate_term{i] != END && sutch_1l:g =3 OFF )}

{

=l Bl

match_flag = chack term sts {state _varmii], “nebpgiﬁk“};
ive; o

state tern{i) = state.adr + (i » LTTTRES);
{ match_flag == OFF )

i =0;
stste_tera{0] = utate edr:
while{ ®stave_term[i] !~ END )

i : : '
© 3f { check_term start(state_tUraiil, “level") == TRUE )
{
copy.tern_end{value,atate_termizil; 5
satch flag = ON:
}
i . }\
state tarn[i] = statekadr + {i * LETTERS); §
} # '
it { mytch_flag == O }
( by
strepy{tern, satpaint ");
strcat{term,valua};
strepy(atate_terali] jtera):
i++; . - -
state_tere{il = state_ade + {i » LETTERS);
sgtate_term{i]l = BND;
}

void reaet_operators(void)

*/
{
e
, .\
i
o
il
. 1
r]
i
*/
i
Yo
J g
,'J . - |
o

Copy operators fror tha oparator definitiep structure o the
opéiratoy betfer siructure.

o

§75
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rvoid add_to_stats{oparator wmir, p:‘us*\: ady .
ntmt wntu' omtam.m, ' : s _ ' o
i u . L.

e/
{

rogister &, 31 - . .
int “ﬂﬂ_fl‘s i

1e0; - ' . o
provent_teralo) « mansw: S R

mu{ m.ecnm i- D ha s.cm ) A S

| m { t(m u:—na_mm) Ijl re. m n -uﬁ.ﬂqnm 3,
{

}

cuuyrill-stngt(pr.oant_aﬁrl: . : #
pressnt_tarml0l * prascat_adr; :

i

{

-

¥

b

Md aﬂ__sttdou of tha gives dperater txn givem present otete.

mudpemesent) wB) 0

T

e g et st Al R pbio o oanlto Tu o an el kit

thay spresent. uu[ﬂllsl.

P

el

}"1.
atch, Z1ag * OFF;

zz { c-mn m(]milent cml:ﬂ qnntor ndr->m-ﬂut£3}) .
== mos ) SR
ot S ._~”.~ig;:ﬂ,”

3 U_'..*"‘- . . . ) - ) PO R B

:’é-; . - " "" ' " . Loa - - i 5 . : ToF
tob; o S R
wm tm[i] = punnt sdr + (i o mm;,

*

s

it+; ' ) ' o | - o _ i
prasons_tazmlil o pragest sdr + (i » LETTERS); : o c _ o
s {;

while( t(opormr dr«)ﬁd,«!«t) (41 = BiD x& 1+3m 1)

{

} .
epreseat. vucnliti] = BOD; - .

st ymu-t tmthj] opexRion. slr->udd ~ettectlyl); . | o
W j&'&‘ B .
preseat_termlis]] = pruont adr 4+ {i+j} . me . s

) B ) : T s




RS

T

&

o

, ¥ D

I - . : R-r .
23
Tegister i, '
iz 0;
while{ */cpersvor_dafinition[i).name} != EUD &k E<UPERATORS )
{

copy _operator (koperator_brifer[il,koperstor_definision{il};
ie¥; .
1 : '
, ¥(aperator_buffer{i].ceme} = END;
}

void initialize_ operators(presc.i_sdr, goal adr}
char spreaent_adr;
char *goalﬁadr;

i

P
Substitute values for thosw praconditicns and effectsa which take
arguRants .
“f
1 S

. registex i;

rasat opexatoral};

expand_atata{present_advr);

sxpsnd_stute(goal adr};

ie 0 .

waile{ *(operator_butfexr{il.asme} i= END k& i<OPERATORS )

{ i I
initializt,pou,;onditiong(toparator_hutfﬂr{i].pronent,adr.gonl-adr);
initialize_neg_conditions{koperator buiferiil,present. ady,goal_adr);
initialize_odd_effecis(Roperstor_bufferiil,present_sdr,goal adr);
initialize_del_stfscts(koperator Bnffer{i],pressnt_adr,goal adr};
jnitiaiize_opernter_name{foparator_bufyerfi],goal adsd;

h T2 34 : :

void"suﬁsticnta,tsrns{cperatcx_tnrn_ldr, atate_adr
char *atate_ady; g
char scpexator Term _adr;

S . .
Given the addréax of an nninitialized operator term find the
cosyosponding teérm in the given state and subatigute it for
the first term. If no corxesponding tarm in the state is foynd,
initiaiize to symbol ’#’, i.e., a wildcwrd. Galls check_ters_stayt.
*/
{

char rxtate_term{TERMSH
chax string busfar{i515-)
register j;

. 176
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»

void update_presext nuu(upontur LMAT, pressnt_ ulr)
struct operater sopsrator adr; :

chax mm‘b,_a&x. I . §
/o ) . . o &
Apply tho apu'uar to the wanm state.
*f .
{ : : c

m_,:m.nut-(opmznx;.m,muut_m}; .
add, to otave{operator_adr,resent adr);
¥ ' .

! L/
motmtmuat. mrhpll\ : {?
m*ﬂﬂuﬂ; )
' mmzm ‘Toturs L4 sqmal, zumtmmm
Mnmmmuaoummmuuu Ths ‘et
_ mmnmmamum :
*;"
£
' m nm;.

| a..m; - GW. o

ﬂ iwum e n) - _ ’ ,
m GI' I . ) _

. ;tﬂn‘i«-

‘12 (wm-is) -

toarc; *tt!‘ht‘l wr -stril;‘. stringiey, aeru;ﬂﬂ 3

{ .

u ( vmmzu *\o' j
ammtn. :
it { nmuz- 154} estringles '«p*) ronn(!);
3% { mb_ flag == OFF ) vevura(d);
ales - retuxm(0); :

il

}

L \\ - ¥ ~>.=.

" void cop!_tm_atut(ntringz. strh.;z) ' ) T W

char wptringi;
chat snbying?;

e ) S , o
Copy the charactecs from the degiaairg of striagd up fo the
= .. ) .fj' - ) .

164




. match flag;

i=9

match _flag = COFF;

state_tarniC] = state_adr;

shile ( *state_term(j] 1= END & J<TERNS &% match_flag == OFF )

{ .

ii ( check_term_start{opsra -_term_adr,xtate_serm[j]) == TRUE )

{ S .
17 { estave_termii) == NB ) atate term l++;
strepy{operator_ term_adr,state_term{il};

. match_flag = OF;

}

J++:

state_tefwlj]l = state_adr + {j = LETTERS);

} a
o if (match _flag == OFF)

{ - .
copy.tezm_start{string.bufter,opsrator ters adz);
atrcat(string_butfer,”e");
strepy(operator_term_sdr,string bmffer); .

3 ;

} o

initislige_ opsrator name(cparaior_sdr, state_adr)
" struct operator *cperator.sdx; ' .
char s»stata_adr; .

i
| Substitute & valus for arjument in those opexater snames whic: take
; R gUMents . v . .
. ./ *

{

chazr +*atate_tsxm[TERNS), -alus(LETTERS];
register i; ’ _ £
int match_flog; h

match_flag = OFF;
) state_terri0] = state adr;
ti wvhile{ sztate_tezmlil ¢~ EHD Rk i<TERNS &k math_ flag == OFF )
. p ; _

if { check_eara__utaxt(ltat;,tm[i]."ietpoint") == TRYE }

T ST R I R

{

copy_tarm_end(valuve mtate_ternii]};

match_flag = ON; _
} n
ivd; ¢

177

ot

h;\\ it ( lheck_teru_snd/operator_ adr-rname,“geal") == TAUE }
{ _
\\\\\ Lit o chack_tarn_ttart(oparator_udr-ina-a,"Sci_sotpoint“) == TRUE )
L @ i o
i=0; ’




N

underscore imtes stringl.

tor {; tnﬂm te ¥ 0 u)ntrim to N\O* ; stringlee. st&ﬁ;aﬂ ) Co E
{ ' : ;
uuin;‘ = nu-im
}

satringt © ' '3
eringlee:
satringl » \O';

\ I:.‘- .

"

“¥atd copy terv. «u{mmi mu;:}

ehax ¢sorin 2 o | A ! s
"_' Gmmmtmimﬂlﬂmcmwhmuotm _
{ |
) fox (.ltmp 1o F_t B% sntying2 '= '\n- : seYiagae+ );
:.'IL' W Ll | N ' _ _ .
{ : " ’ ' :
, - etxingdes; : LV
tor {; satxing2 Is \0'; sty +, stringl+s ) : . |
. estriggl = tnr{ﬁﬁ; ' T _':
«  eptpimgl % \g?; - J
} o " by . L
N ’ . - i ) . [ |f\
ehnck.tm.ad{nriul ltrin;?) S
char sptringl; _ - .
char eatyrisgd; o : :
. /% o
. " Chamek 12 seTing? sols mmm (1.0., at leasrt NIF last charastsrs
of mmz are equal to strisg? ), if yes vevwrm i if up retwra 0.
i . iy S
{ g _ . o
chax 9stri, *strd; ' : _
register 1; :
strl = stringl; i
{ : ' . ..
st12 = atringd; .
] forl ; watrl !s *3tx2; mtritt ) A
. Il "‘.. . . . . i )
iz ( eenylox 2\Q' |{ satxle= \Q’ } ' . o
el .
‘ 165 . s
o . . . |




#

rtate_term[i} = state_adr + (3 » LEITERSY;

}
it { match _flag == 0F ) _ e
L] { . )
strepy{nparetor_adr->oame, "Set_satpoint _at_ “); T
atrcat{operator_ adr->name,value}; i
}

} o

28

@

initialize_neg_coniitions(cpsrator_adr, pressnt_ adr. gosl_adr)
atruct opuarator ¢operator adr, _

' char Apresent.adr;

char *goal_ m i . ) e
/.
Find Ill uninitialized aeg <coaditions of the given sperater and
inizialice them by calling substitutoe_terss. Calls .heck _texrm_end
and sehatitate_terms.

regintexr i;

i=219; :

uhilt{ 1{oparater adr->no;_rand£t1cuifzi t= ERD &k i<TERMS )

{
if { chevk, tcr-banﬁ{optzator adr->neg_congitionfy] " _pres”) == TRUE )
substitute torla{oporator adr->pag._conditionli], prszsntdadr)

elze _ %

{ S ) L

it (sheck_sexm _end{operstor_adr->neg comdivioniil,”_gval®) == TRUE)
substitote_terme(opsratol_adr->neg conditien[il,geal adr};

¥
14+ N q ;
3 i }
}
\k

initialize pos_conditions{cperator ad:

struct cperater woperater adr;

char spresent_adr;

chax *godl adv; '

/¥ . o
Find all uninitializéd pos_comditions of the given operatsx and |
initializs them by calling substitute isrws, Calls dheck_tsrm_snd
and substituts torms. '

+/ = e

{

wnt_ddr, goal adr)

"

e

?egiitﬁf i;

l

prge

3 178




retare{0): O ,
S )
for{ i = oﬁ; PELXL ma eaty?; sTYitd, strdee, e )
{ '
it { ewtxl oo *\Q’ k& { >= NIN )

retarn{i); '
if ( wetxf == '\0* A% & < WIF )

ntm(ﬂ}: '

o

”Jb} ) :
} while( setei i= nor J: N
» returnl(d;; . . . ‘ .

}

o
[

chcck_nn.nm(stﬂagi. ntrni:) R
cm eptringl;) R .
mmsﬁ R S

poit %

- "turatmc . .

=2

_n‘f-;htc. & H
A2 (- isgl ws NI} atringiid; :

for( & = 0 ; estringl = wwtringd ; stringied, seriagive, in

t . N
"ie (L e NMIN ) O
retuxa(l); - ‘
return(0};

. o . }\?
chock_nqg_couu: m(aparnoz Mz, state, _aiT )

ATIUCE Oparator Sopars m,
char satate_wdr;

/e . '
Check if sny of the neg ~onditions of the sperater comsidered
saiches any of the terms of the pressust state, . f yes returmn 0 te - %
abandcn the operator, if no retorn 1 to carry om with ths oparator.
./ . :
{ . a ‘.I St
char eatate_carm{TERNS]; ' i
rogistar i.ji: . 3 _
o} \ =
1 = 0, . - - ) . - ‘\.‘
viile ( *(o-uﬂ&ot adr*?ne;,}wyfltiw)t;] = mm ) '
| . ) ‘f ) o . 5 . . i ) .
- - C> 2 TS
& ] 1% - .

;
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N

i

_)i\i

i=0; L v
while{ #(ojerator_adr->pos_condition){il ¢= END k& i<TERMS )
Lo -
if { check_term.end{operator adr->pos_zendition(il,”_pres”} == TRUE )
substitute_terms{operator adv->pos_ cond:tion[i],nroscut adr}‘;\ "
() alge £
£ . i 5 a‘ e
i? {check. term_send(operator_adr->pos_conditionf{il," goal") == TAUE}
substitute téxrma{operator, adr->pos_condition[il,gonl_adr);

ite;

} Py

3 (3

N n

At
=
T e
o

Ly

iritislize_del ottetts(opcratcr adr, pressot_adr, goal adr)

struct operaftor foparator_adr;

char *present_adr;

char “goal_adr; .

/v : A
Find all:uninitialize. del_sffects of the given cperator and -
initializa them by calling substitute terms. Calls check_tery _and

and substitute_terms. }
o/ oo
{
g Fegister 1;
1= 0; ) . ,
while( s{opesator_adri->dal _effactiii i= END A& ig%ElHS ) §74? p
{

it { chack_ term tnd(opﬂrator adx-rdel_ 9‘£oct{1j,"*pr-z")J2i TRUE )
aubstituta _tesrma{operator_adr->del effect[il,presenf ¥
clee (

{ = \

‘azbetitute_teras(operztor_adr->dei_sffect{i],geal_adr);

144,

[ )
[ ]

initialize add_effscta{opsrator_gdr, present_adr, goal_adr)
struct ocporatoy -apcratiy,adr;

char spressnt_zdr;

char #*goal adr;

e
Fiad all unirmitielized add »ffects of the given opsTator and
initialize thes Sy calling subrtlmuto tsrmg. Calls check term_eng
and subatitute _texms.

»/

179 R
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it ¢ cbect_tsru“end(oper&tor_adrw?ds}ETIfoctEi},"‘ganl") =3ﬂIRUE Yy
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t . slna ) e e vi
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. 8 if ( m:ck__tm cnd{opcnzor acy-radi.. sfty L:.J *_goul"; == TRUE )
' Lo substitute tom\opontor sdr->add s18dct (2] .;ou,.mr) -
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: .. sescription: P‘m.ctiau ugsd by the plannar te csoporata with thq‘ @
: e \ supervimor. ‘_ .
R ) \: TR ) 8] o o
" Cwritten by:  A. Korpala - 3/83 . )y .
: _ i ) L .
e '
é - - & . i -
g o i ~ j
E ’ void make_abstract_stats{prasent_ nd:) S
¥ char spresest adr; -
§ s : . -
& D ) Crunte an abatract lﬂtc. i, in the Torx which cam bhe proceasod
g g : by the phnner, from the ‘aﬂntn contained in the stati ,ja:f_plm‘_t
1 structirse. ){ N ,t./ @ [
H » 4 f i : ' : \} .
L ) el . a .
i { &y e
B char *present_tarm{TERKS]; N /
; char valuaf3]; * T e L
E int setpoint; " AN .
. register i; T )
4 . o i o,
Ii. .fﬂa_j_ ] Dok s 0 . : S H L
¥ T why e - . ’ . o il
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cher *presant,:
e&lu:: 039:1_:::.

o _J..f_'. : - i
- o s A A . 5
2 T } mu it uy ol the dal sffacts of the operator cousidoroﬂ. is 1
“of s o pragest 33 5he present ftate, dut sbuont ofrvom the goal utass, 1f 2 _
: : : yo: rotarfi 1, if no retuxa 0. ) . o L
. LY B oo " i ; o .. . -
. 4 {f S . i | ) e / iy o " ‘) l -
o ' char epresent_toxn{TERAS]; \K e
_ . chexr -pn_eun% : : SR
K/j- | . iav mateki flag: ) . o _ S _
B it satchd. flag; | T S &
\ r.‘utw i, 1 Wy . o
. o . . ‘:t . " .’.-' - R . . )
. i - 0' | . o . )
© maschi 21 u - 0, . o .F_‘.n.\ “
o b > . matckl m * 0. ’ Yo _ . i{: :
¢ while { v(epu‘aeor adr-»del nt!ost)fi] R!D Y S j o by
1. i ) 3 e o, ’ . . ) ’ .."' R <-‘ ] 4 E] A
pnnnt mto} - pﬂmt n&r. S ¥ B / . )
o enide { qn:u-nt teralj) s WD, 8 aatch flag == OF ) - L P
* { (L o
- u ( cm tarms( operator. a.e'-"'um.,a@""n:t[i] pregent tezn[J‘I }
. ¥ . m } M U_ « "
. o ‘*mtcm flag = OF; 7 " : e :
* 2 . Jee Y i " P « ]
" Presan_ tmlj] a present.ndr « (i » Llﬂm). e S C.
. b " i . . i
X it ¢ matchi_tlag == 0K ) oy o . N .
jeb; & i - P )
w..tm[ﬁ] goal_ldr ; Lot )
" vhils ( sgoni versj} != EED n ..tgn_n.‘ ui m Y’ S
: ) { ¢
' : S ﬂqnn Sezigr( ogaru.tox m—ma tﬂot.t fil, ponl temm@y} 3 = .
. , == TRUR ) - _ L
mytchd_flag = OF; ) 3% I :
L TR S o ’ [T _ :
goal _terml{] < goal adr + (§ & LSTTERS); _ {’-}_ -
) ) , ' o ¢ . . ) a o \C';'\

it ( metchl _flag e OFF Y retwrn{1); ARSI N
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. present,, toﬂ[ﬂ = pxount. ady ¢ {iw lmmﬁ)
. -7 strepyfpresest. veralil, "hrge,..duﬁa.rba,nm"]
e i LA . .
if { state ot_plaxit.omgrload == TRUE )
i ¢ presezt_temmii] = prlsont ade v (L e LI.TI'EIS). &
s ) ntrcpy(prouutd.t.qrs{ﬂ.“onrload“\ S k.
R e S T oo
y = | AN
Tir g stau f’_glut valve failure == mm H
) prosent_te:n{i] = present_sdr + {4 e LETIERS); . .~
strepy{present rorm[il ."valu failure"}; .. ]
T i
-y 1“. = " : :
{‘\_._:} : } 2 ) N . 1 . . \'E
ir ¢ lt:to_otu_'plmt.a.dnncad_failp == TRUE )
Wz § ‘ o { -
i
B : - pressnt_termlil » @rumﬁ hmﬁ‘é,f;i * LETTERS); |
oo stropy(preseat_texe[il;“ndvanced failyre”); f
] R -g” T 9. 1+’; . o o ZZ ) .' . ) i i
\ o VTN mmi o!_plnnt backnp_tailud x FRUE ) .
n g ) Ao t . R ] ‘_
B R y  -predent_tarsil = fresant_ ndr +{iw u‘h‘@n.
strepy(prosent_ urn{i] "hackup_{ailum" :
; o e o= _ 1) o doo
| _. y T . .’ : .
£ it ( snt._o-:,p:git.uun,aonditipn" ~==¢-_mus ) ¢
' Pt { ' : -
a0 o “present term{i) = praunt‘r ady + {,;\ * LB“I“‘EP.S),
5 ’ % strcpy(present_termii] “alasm_copditio: "J‘ .
k o iy 3 , ) . . .o
: o ¥ o ’
E P . . . . <|. . s
' s . if ( gtate_of plant.sersor_Zaildive =2 'mm y oS
‘ s ) { Y b
" L pzeaong tera[i] = prtunt ady + (i . ..E‘!TERS),
Tl ctzep](pnunt serniil."sensor_ flil\ua"} :
o A e
| } -7 :
4277 Stata of plait Letal_fnutare s TRUEL) S
o f Y o . .
= = A £k . ' -
;. . o prassnc_tuim(4] ¥ present_adr' « (i ¥ LETTERS),
o ST, . #tx ny{pragent _ sexmwli], el failurs®);
L . ;++ e
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: . } ' W
+ (%) .o ‘/I_.
I ; j <= - o . [\u\ . 4 .
e | ,\\:\_ 2 N o .
l / _ ‘ < n -_ \] .
i = : (O . 31 T E
I \ v

MR A A T
Fl
¥
s
W or
41
4
-
-
S
N—




Il ) 5;17 | h . ' R ]
. -:‘ ) . ] '/// . o —i i o .
._:'i o E " KQ E B o
. e it ( prate_of_plant.active == ADVAKCED CONTROL ) .
N { . a . .
) . pEeent. tcr:[i] = present_andr + (i * LETYERS); . '
. strcp) present tcrl[i].“acgivo sdvanced”); N
*1 1++°
- preseni_tara[i] = prexant_sdr + (i » wmns;
- . strcpy(preasat_termiil,"supervisory control*);
ide; a " ; I
iy ' '
Y. it ( state_of plant.activa == BiCKUP_CONTHOL ) ) Y
O . L _ : o _ .
piAmnt_taral’] = prusent_adr + {1 + LETTERS); . 4
strd)y(prasmmt_termli], "active backup’): : ) T *
Y f4e;
i asresent_term[i] = prasent_adr + {3 » LBTTﬁﬁsj
PR stxcpy (prewont_vermlil, " uxplryilery_controi“)
. N S A e
} _
. P 4 ﬁ.tta{i,uﬁ,plamt}glin za HIGE )
S ' proyaps teraty] = proneat_sdr + {5 ¢ LETTLRS);
strepy(prosentiterm{il,"high_gain"}; “ '
. it 2 - : A
. i . ' : i 1y g
| |I " } :{.'J i L ' N n o "_.\‘ g L
T A ( state_of plaat. intsgral >x LUV 31 : " A o
{ - . o L v
yromsat_tarm{il = present_adx + (1 » UETTRRS); L o |
strepy(present_teralil, " low_ intogral ¥; T L :
e+ . ) . : . Ceie P
: ! ¥ o _ S " ‘ |
I, o . . VL )
if { state_ oi_plant.derivativs == NIGE ) ) p
ry . ) . . e !
ﬁr:sent,tern[i] = presant_adr + (i » LETIERS);
. wircpy{pressat_term(i],"derivatire_sction™};
B S ' .

it { tmek_flage.monitor_flag u= (N )

preseat_ tora[i] = prolont sdyr + (i * IGTTERS);
atrepy(present _term{i} uonitor;ngf\-
" L+ ' .

it ( asate_of_plant.active == 0 K&
state_of_plant.levge distprbance =20 #%,
SR stuta .of_plant. prcxllity t -
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Appendix D '
Additional code -
| Q.-
=

-

Lae”

a

P
W

This apperdix includes the list of the coxmnrem ta&is, the file containing the main’

“funciion and the fanctions used for reultitasking, snd the so

are ased for driving

dencription: Tnie'is where the slements of uu eitcular liat ot taske
and their order are defined. THis list forms the basis o?
the round-robia non-prsesptive scheduling. '

[

./

zur("nm“.plu). _ v -

IIIT{"M ntpﬂint", et tﬂ;put). " _
\m(“zucrmc_gnu incresso_gain);, e
ITTT{ " Decrense, gain®, ohu-mt,gain). ’
INIT{"Incrense, intogrdl”, increwss_istagral);
IEI7{"DacTense_iutegral”, docressu, integrai);

TR 3 c;gnr_iuuu“-. tara_on_derivative);
IIT("Twrn_o2f_derivative”, turm_ itf.l._gnringiu) :

IHIT(“Uait_for_proximity", wait fdy_proximity):

' le'r(“ynit_tcx.,:touy_nuu“. wail fox_stenvly_staia);

=8

A 184

—




IEIT("Abert_ad)”, shorfall);

e mum STD.STE

. \\ |

\ . e

tlI'l'( ‘"‘Som_uua“ a&'fm _aiars};
. Iarr( "!uzgucy_mmom" aeer geacy shutdowp);

I!I'r(“lm_pllnt", rud.,pmt., :

- IFIT("activuts advanced”, activate, mucd),

IRIT( Activata, backup”, activate backup);
INIT("Activata_stondexd PIY,
IWIT("Wrise_to_plant”, uriu..to_plut).
IFIT("Monitor™, meniter)

D.3 Sgp—k@rn.c >

e

arkivate atm&l—?n:.g B

[\

SUP-KERE.C

- A
erd Tor
\' b

r ) «

dascription: This tile ceauninu ths functione enabling non-preemptive
scheduling of the supervisory tasks uader DOS It alno
contains the main fusction whick activates il

Mtitaskm ¥arnel, hmnu t.hil is tte oonp

N

able file.

This coda is a"wodified versica of the lnlti%uking

h"ml uxitt bg J.Coben,

&/ o

@

sizclnde <alloc > -

#inciude <mea.i> ' - ' @
finciuds <setimp.h> #
Binclude vdoa, k>

#incivde <stdio.l>

#incivde <string. > -
Sdetine UWOMD unsigoed inv - 3
#de¥ine UORD int :

Sdefine BYJE char

sdafine LONG ansigned lonyg int

M-ﬁne BOCLEAR int

(21024}
mut\\ MAITASKS - 60

#define IlIT(task_:nle task_addr}’ !nitulizoftuk Lame, t./ﬁ,_addr 5 STE}
/A

§
a'erﬁcﬁ nd_cats
{
. 185 -

\\{\ .

/% Standard task stack size _
/¢ Waxiwos number of tut.: allowsd o/

]

gt

*/

\\ 1,

a

ft

I

o il i it o i v




o N | : : :r:::? S e
=3 ‘ a h
N \ " .
k' o s
"i) . i - cos -
char name (351 ; _ T i
AYIE »stk pir; o . '
WD stk om; . ; .
| void {vep){(): e . o4
: m.w ‘m.m L W . i \{.\? . N .
struct u,..uu susxt, sprev; I o R : L.
‘ ) }:.. " N % ..ﬁ i ) e 4
- . \ o L o . ) L - .
- W typedet stroct Bd_dats mode date; | ST .
node,_ daty u‘clf:‘.__f:mt;' _ C _ . : ; T )}
o int wem_itens; ' o - o )
. . . L - o @ 1
o . ¥olk insert_isem(nods_date *item) . o
g N N A
: 1: (aub_ssems == JAZTASXS) . . °
_ _ . ° "print?(*The List fa Full \u“): t
< 4t Cemrrens = W -
I . \ { . _, . \\:' )
: 'itcﬁ-!bam - :L..n;__ I . : _
- itmedpwer = itam; R - -
cuireat » L%aR; - . - ’
}' R - o . o ]
o m‘ . . T > B .I o : L : 1
’ { - . N - = N . N |
. N iten-Inert o carrsnt->mext; . o “ .
e current-snéxt = item; ' T '
' un-lwn = currewt; Lo _ . |
:ttc-)m fprli = itam; a - o B ) ¢
) . T § \ o
. “ ln.itmﬁ° 2 N o < by
curgeatwcarzsut->next; Cf : € '
} : ' Ry
* - E] b . ?
void ?J}tmu_a(czu snamg, void (staskneme)(void), WORL stk_size)
{ ! . a Lo ’ ) .
BYTR #stck; ' a0 ) ] 4,
. BYTE sap; _ :
: - ande_dath vtaskitam; : : T -, -
u-kitd. (mdh data.*) nlloe(simﬂ{m-_ln_dnu)). -
R (stadgitem) prictf{"Cannot' iritialize mew tnk Wt); e
stek = (NYIR »)malloc(atk _sixs); ' o
17 (tatcx} princf (“Caumot allscate asy an:uc.k.\.n");
taskitom->fp = tumno-; v .
tuskiten->atk _pir = stck; . .
tasKitem-dovk_sz » stk_size; . - o
strepy{taskitan->aame, name); ’ W ; i
. Abbrma .
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T

' ﬁ.nﬁmh “sup-plaa. e"

. D.3 | "qu-adhc.c

LC

D

" att_sm + ek -1;
‘zhjnp(muwntnem) ; " -
sasicitom-dutatezBe->y ip = FP arr(mkmo), '
| tuskitem->statezBe->j_cs = FP_SEG(tesknasie); -
taskitm->etatedds->) by = PP OFF(op); Sy,
tankiten->atute208-2j op o TF LrF(ep); "
_.mxitn-muom s-j_n - n_m(q:«).

nm_.u-n&w:lnh

feill ﬂdﬁﬁiﬂ

i .
i Clmjm(mm-ntmu})
f « :

cREYeat = mm—m, S S _

E.e:g jmpl emut-mn o288, 2) ) i

[}
©

wi.t=¢!&i3°(M,daea scarrest; .‘
{_. . _ : "

AL (;mt} '
© legiuplenrmt-oatats®l, 1;

£ S
.$laclude "sup-deta.c”
Sinclzde “supracte.c”

f\ ) o
weid ﬁ.hl() S )
{ A )
T ouxyent = NULYL:.
’ ‘1".“{); - 1)

s dvems = Q; o ' e -

Sincleda “oup-list.ct

cytyaat = currant- »adrt; : o

syateslgoicharent); ’
} o,

In .

“,J A
(f'\u)
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{ilsnane ; HP-ADAC .C - . . S
) . 52 P

description: This is a aligkely nﬁtiuﬁ uﬂ!.on of & progTas dwipoa
W) . fex” interfecing with an lnnlog—sr-!)iginl and
N Eigital-to-Asalog converter (7rre  hakding of the origimal

B ' codc“ is mnlgnpd velow. "
o ' } )
. o, e
1 omenl s
i o & L S
o, This softsare is ussd to drive the 112801~} DAC/ADC: Pt
. Urivten by Shaxa Zagnoev :
Dats r 80 dpril 1900 o e
Uziversity of tie Vitvatersrasd '
- . - . " Q s/
T g - : o/
( )
i Miaiziu ot Wu uﬁ cnﬂ ro;h‘cnstf ©u L
_ sletine mnmrm Ox2RS _lt Data register midréas */
Sdefine  CONRANDAEGISTER oUx2%D /4 4 register zddress of
Sdefixe STATURRSGISTRR  o0x2RD /4 Staths yegister adaress o
‘Sdetine - CTLEaE - Ozt I% Clear erraxr #/
fdetine = VALTEWAIT ox2 /* Status zuhtu chsck *f
< #datize | COROEK T 0x3 . /+ Set clowk period 8/ a *
fde¢fine | COMRATDNALT Oxd /¢ Bacos vegister check ¥/
~ fdativy | READWAIT - OxB /% Statre register check ®/
Sdefina’]| COADUT Ox8.  ° /4 Write /A fwmodauta’ef
Adefine | €504 0z /e Six:DfA pazemeters &)
_Ndefixe | CSAD [ 2] /v 8¢ A/D parametexs &/ -
“sdetine | CRAD o2k /% Read AD o
#define | CBTOP . OxF f* iMorts precest command s/
sduiine | DACSELECT o /* 3slecsas DAC chaxmal 0 o/
/s _‘/
/+ piocE [ CRECK ~ This procedvire is nasd €0 snsur's that &
prtxgeter chosen or the card fxils betwess tho limits that are
asceptoble by the card. If mocessary, the valua is adjnsted to
+/

\

* comply #ith the limits and is xeturnad to the calling procedura.
D .

- _chack(vilua, owes, upper,

int talvae, lower, nppu'
char *a2ens;

i
u

{
- 12 fvalzes & Yloder)
{

{7

' ;oia)
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