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Abstract--This work describes an expert system for synthesis and design of control systems fur chemical 

processing plants. We also outline the knowledge representation schemes fur the expert system with object 
or iented  programming  concepts cn control system design, control  object ives  and their relationships to 
the knuwledge structure shaped in Ibis study --  Task Frame Net Model. 

Based upon various control objectives, shortcut calculations, and several heuristics including col]trol 
idioms~ lntell ite 3 --  lhe expert system deveMped in this study --  synthesizes mteractively Ihe plausible con- 
trol structures for a specified distdlatiun column and screens effectively thuse alternatives to find out the most 
reasondble one in lhe cup.texl of overall control objectives, operability, and other operational requirements. 

I N T R O D U C T I O N  

In today's  highly integrated process plants  with the 
push for t ighter operat ing cop.ditior.,s, greater  demamJs  
are being placed ul~. Ihe princess cemtm) systems De- 
signing proces.~ cuf:trul syslenls is a complex,  opera  
ended co[labora.live activity. If we c,.mk:l character ize it 
cumplelely, we could probably also write an alguridml 
fl..,r il. But we ca[:DJl, so we ha,,e tu look to h~>w de.si.qE~ 
is perfurmed by experienced designers, trying Io m~- 
dersland how fl~ey solve desigT! pr~blems 

The ob'r e.xplai!aliul~ an h; why experiemed 
designers are g, Jod al desist! is thai the;' lave exp,t,~ - 
enc~:.,s u.r] what l,,J rely, a basic tluderstamling ,:J Ihu 
sulu:iun process, ill I)],t" abse lwe uf {)IC, fOLll]d Ihe<;ries 
uf [n.rr design? is du[te, file desJgl~ am.l ai!aiysis ~,f o.n- 
trol systems eal~ be gread} benefiled lr{mi the use ul 
cumpule~ aided design packaw.,, a~M dw ~,~1,,' ',:,,a,, 
computers ca1! be utilized t~ efu de,.,igl! is bv i lupk-  
ment iug  ruudels uf hr c, xper ienced desigm,rs (Iw it, 
using same infuqnati~>r~ in a similar way. T~, Ihe exh'[d 
we ~_a[! emtllale experiem:ed desigm~rs, cu~nputerized 
models  <,f desigu ma~, cc, utribute built to a [x.q[ur 
understai~ding and t~ au JlliDrt]velliLei]l of t i l t  d( 'sigl!  

process. 
h~. reco;l  years, significa~?l research ,:*,'~n k has ~., ~:- 

ce[!lrated ,hi! l[le ratioI!alizalJ,.u] uf Ihe (Jesiglt prr 
and the uutl i [w of o.miprehepsive models fur j{. e.g., 
especially a kiu,wledge based experl svsleu/ vehit h 1:4 

capable  of deal ing with chemical  processing sys lems 
ra ther  thap. simply I;,emg an adaplaliuu from ufller 
o.mtrol fields. Since artificial intelligence addresses file 
n~echal]izatiun of large', and cunJplex, km;wledge in- 
tensive tasks, l)loSl of the cr have  c~un,., 
fru[ll works h: lhJs area. Hence, il is expecled Ihal Ihe 
M:owledge based expert systems cuntamil]g Ihu 
knowledge in process control desiD~ ',,,'ill I)romc,/e ef- 
feciive transfer of the specialized and iutuili,.'e heu- 
rislic knowledge lu general process engiT~.eers, lnlel- 
l i t e  3 r e p r e s e n t s  s u c h  a n  e x p e r t  s y s t e m .  

In this wL, rk. the general specificatiu~.s and stru,..- 
ture of a kr]o,,vledge based control syslen] analvsis  aJ~,.l 
design em:iroi!lnel~t suitable' fur d ienl ical  ira,cuss 
Co[!{r(.,l are, ~tltllRed ,:I[]d a specific realizatu,[], the 
expert  systel l n t e l l i t e  3, is discussed. 

E X P E R T  SYSTEM A P P R O A C H  T O  C O N T R O L  
S T R U C T U R E  SYNTHESIS  

Chemicai prt,oesses are large scale slructured s)s- 
tel]IS ~.',;iiq)used (,f [llat]v i[]tercu[:m:cted LiP.its tkrr 
which pro,.ess sm:,ams fi,.,w. The mai~ task ~;f ,~hemi- 
cai pr, x ess C*Jl!troi syl]lhesJs is lu structLlrc, a SV:-;telIl {Jr 
l]]easuremerds am.] malfiptl laled ~ariabies s{> Ihal cer- 
h~ih'~ c,.~l!/r,.I d3l,ectives ate s;.ilisfied il! the pres.elt,.e u{ 
dislurbal]ces "['he cumrul slrtlCItlre syulhesis will I lw[, 
explure tile questhm ~;t which vatiabies shr I~e 
measiired, vvhich variables s[nmld be n]ai]iF.ul;.lted 
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lntellltea: A Knowledge Based Expert System for Control Structure Synthesis 199 

ap.d how these twu sets of variables should be inter- 
connected to furn/the col'trol loops. 

The configuration uf cot~.trol systems for a com[)lete 
chemical process is required to satisfy a multitude of 
diversified c(~ntruI tasks such as regulatil!g produclion 
and pn+<luct quality at the specified levels, ensuring 
safe operatiun, acquiring oplimun] economic ol)er- 
ating cot~.diti(,ns, satisfying eHvirotm/ental regulatio[~s, 
and allowing fur smoulh Iransferring between opvr- 
ating conditions and emergency shutdowns or start- 

ups, etc. 
Since this diversity cd several requirements makes 

tile prucess uf designir~g cot,.trul system.++ fur cumplele 
chemical plants quite informal a,'!d the pr,.>cess desigt: 
engineer is usually guided by his u.r her experie[:ce t,,; 
design such a complex systems u,r Ihese desist! prtKe- 
dotes have tong been relying on experience and Jnttu- 
li,:m. (Jr some special control en:,~ineers. Those few 
experts have a large body of kur which they 
use to design control systems, but which is tn,t readily 
available to others. 

It: the past two decades, research t,i! deveiu!)il~g 
lo:gical procedures for the sv[!thesis (~f prHcess c:uHIr~,l 
systems hawe been carried out hv several COl!trt,I 
engineers. Although their efforts have t)een contrib- 
uted to deeper insights into process o,ntrol system 
synthesis as well as t(, tit(+' de'..el,:o[)t]/elH tff ~ejRtlal 
process synthesis procedures, but still now. m> unified 
ai:d well defined Iheory is available for tile svstema+tic 
designing and s!,'nthesizing uf .:untrut structure fiJr tt~e 
ccJmpMe ph:mts with several ,:lesign and operatitJual 
i e q l l i r e H  te l ! I s  

Pr,m Ihe late +70s some altelnl)tS hawse bee~ marly 
t~, tele,+ale process (OlTlrt i [  slr/lclllrt' desist! fr~qti tile 
ultil uperathJi!s level h, the lligher let. el ~,f [)lanl c~,i~- 
Jr, ,! desist+ ((;, ,rind at ld [)~ l~v{ ' rs.  [ f)Tg. 1982 : { Jllieda (,l 
al.. 1978: Blislt~l. 1980: Xhn'ari. !\rklH!. Stct)ha]!(> 
pl tilt><+,. ] fJg()a: M~>rari. Slel)hal!l,l)<,tll<Js. 19,~()t). 198bc: 
.\tk/ll)+ ~ic'phal!tq)(,tlh~s. 198(). tg~l : Stc,tdlan~q)~41h.:+>. 
1983/ 

R(,,_{,l!i adva;!tx!s ii~ arlificial iiHelligtq!ce a]~ci ex- 
])('Y{ SVSIL'IllS l ) lDgr iHI1] l l i l !~  !echiqqttes IJernfit fl/u ei,- 
u,,clil~g ~,f svlJil)<J/ic reasol!il]g al!d :i/ako [)ussitflt, l i p  
(reation of (op.lroi svstenls where algorilhl]lic klecJwl- 
edge aim ht]itlail expedeiwe uat~ ilderucl [1! a ~+.Iil- 
I)hw<l ill!(! unified el!vill+t~tilel!l. 

Tliu [)let. i{ ,tlS v+,!H-kers ii! (,xperl s\s[('li] hased u< q,- 
tn.d StluCltlre synthesis fields were Niida and I lmeda 
(19,"q;). ghii!sl,;ev (1986). gtt,l)lial!<,p+4ii, Js c'l al. (19~71 
al!d Birkv el 41. {1988. 1989)..Alnol!g lilt 'Il l. Niida aitd 
{ t l ic '( la ( l ' : !Sl ;)  I.isc,d t'+\'(; levels al) i ) i ( !aCl l  ([ ln l t ,da .  KIJII 
V<lllid. ilt+d lchikawa. 11)7,';) as a slelll f(,t Ihe Hvt.iall 
s~+]Hhesis t)rtJ, t,dtlre. Nhil!skev (19~t;)]Ht,sel!led al, 

expert systetn for distillation control system design. II 
selects the besl control corffiguration for a dislillatiun 
column using relative gain analysis, criteria d 
integrated error in relative units, and his heuristic 
knowledge i[1 control area. This work is mainly based 
on analytical tools and can be used for offline ccmtrol 
purposes in very small, well confined units, ie.,  some 
special types of distiNation columns. Birky et al. (1988, 
1989) presenled an expert system, DICODE, which 
configures the control structures on a distillation 
co[utl]p.. [t uses GTST model (Modarres, M.. T. Cad- 
man, 1986) and some control idioms for buihling 
knowledge structures in the expert system and it 
mainly uses a heuristic knowledge for control cut!- 

figurations. 
Stephanop(:,uh)s el al. (1987) proposed a soft,:,\ are 

suppcJrt envir(,rmtep.t developed to aid prt;c:ess el> 
gineering activities such as: synthesis of process 
flowsheets, ctmfiguration of control loops for cotllplele 
plants, ldanning and schedulil~g of plant wide <q)er- 
afiol! and <;perafi(Jnal analysis: il '~as i:ame(I DES1G:,,- 
KIT. It is still under de',eh.pmei~.t. 

ln te l l i t e  a DEVELOPMENTS 

1. O v e r v i e w  of ln te l l i te  3 
The in te l l i te  3 is a general purpose intelligem 

s,cslem, especially desigHed for supporting tmified em 
vir(nu i]( I)tS t;f COl !l rol structtlre synthesis for f:u, liq)i{.:le 
chemical processing ph:tnts. 

Based tipol~ various coHtrd objectives, shorlctl{ 
calculati.ns, and several heuristics includip.g culztro[ 
idiuum, l n te l l i t e  a inieracfively synlhesizes the plausi- 
I)le c~,ntrol sm~ctures for a sl)ecified chemical prouess- 
iHg plal!l (steady stale process fh;v,'sheet t,) lead a 
specific P&I diagranl} aud effeclively screens [hose 
alterl:alives hJ [iHd ]']lust reasot>d)le (me in thL. COldeXl 
. f  .,verall pla~!t control objectives, operability aim 
tJth+,'r <qJerali(~ual rcquireluei]ts 

.,\ls<~ i[ aIMws easy and hansparetq ct.,nstruuti~,H 
al!d mal!il)ulali+m, of graphical engJneeriiLg obie(ls 
thrt,ugh acti\e linage, process mo, dels describiP.g these 
t,bjects, kr!L, wh<lge acquNitioi! facility for the get!era- 
liu[! ~d Iwurtstic andk~r m.(lel based (rigorous) rules 
fl,r aH e x p e r l  svstenl+ {t w a s  itHeitd,,.+d t~; sl ipl)~,rt  l l l e  
m,eds (,f lit(' new iJtlelligei]l svslem which is i ecessw,, 
fur lhe (lesigI! +4 c(,ntr,.,l svstelllS [i,r chenfical !.)lanls 
+uM the ,,.(llu_alJt~[tal aids f.,Jr fro,tess el!Sit!eels. 

F{~ t,ffecli',.,:, replvseiHatiun ~,! ptt,cess kl!t.,wledge 
an(] transparent go01 setti>g fi,r {'tmtrt.d s\Slelll s,,l!- 
thesis, ln te l l i te  a has a specially designed kl~ov,ledge 
slrtlchlrr - -  I h e T a s k  F r a m e  Net Mode l .  Its a n~,r 
fc>r dee l) kl~cJwle(tge rel)reset!lahoi! cut!sistii+g ~d a Pet- 
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200 J.J. SON(3 and S.W. PARK 

work of Task Frames. 
Each Task Frame has a specific goal. The goal is de- 

composed into a set of necessary and sufficient sub- 
goals; lhe satisfaction of all subgoals guarantees Ihe 
success of the root goal. 

Based on the Object Oriented Programming 
concept ,  the Task Frame Net provides structured and 
systematic approach to overall goal --  a reasonable 
plant-wide control system design. More detailed char- 
acteristics of the Task Frame Net are discussed in Ihe 
later section, 

Knowledge base structures are also logically struc- 
tured in an obiect oriented manner. The "object 
oriented structure" of process knowledge representa- 
tion ]hakes it easy to trace f)rocesses wi:h recycle 
streams; arm it assures the consistency of the recont- 
mep.dalion.s on Ihe overall control structure to syslem 
users. 

Currently ln te l l i te  3 can configure 25 major pru- 
cessir!g units including binary distillation colunms, 
several complex distillation columns, reactors, heat ex- 
changers, compressors, furnaces, and several general 
types of columns, vessels, mixers and splitters. We can 
cover complex process flowsheets with these major 
processing units by assembling them and modifying 
pertinently with active images. 

We can modify each unit with active images, which 
are kinds of interactive graphic objects that interad 
with parameters in knowledge base frames a[~d the 
system user while consultation; active images have 
the ahility of self modification and adaptat on in the 
reasoning process. 

Though the expert system maip.ly uses the sym- 
bolic manipulation, numerical computations are also 
ip.dispei~sable in works like control structure syn- 
thesis. [ntell i te a has several built-in ~!umerical rou- 
lines for shortcu~ calculations including a RGA ct,m- 
putati,.m routin.e and an external steady slate sinlulatur 
for distillation columns. The computatiorral resulls are 
associated with tkeir parameters and used during rea- 
soning processes or directly support his or her deci- 
.sinus .:m synthesis strategies. 

Originally lntell i te 3 was developed to meet [tie 
twin demands of education and practical impleme[~ta- 
tion. Thus emphasis was [)laced both on ease of use 
and on incorporation of the most modern tec'hniqL~es. 

Several neat graphical forms uf proce.~;s coI~lrol 
loops are displayed and they are easily lurned iJ~t~ 
screet~ hardcopies. The object oriel!ted kuowledge 
structures allows the students to easily orgauize their 
various knowledge and experiences ou comrol struc- 
ture synthesis for achieving the goal -- desiguing cvlu- 
plele control slructure for the overall plan.  Several 

PC Frames { Hybrid 
Rules / Inference 
Frames Engine 
Process- 
Related 
Objects 

TI PC ,Series 

ActMe I Ext, 
lnlages [ Config. 

[ Process . j 
Objecls 

f l 
User ] Shortcut. 1 
Inteface Heuristics 

Fig. 1. Overall implementation structure of Intei. 
lite 3. 

heuristic recommendations on designing and control- 
ling the processing units are also provided at tile end 
of consultation. In the next section, we examine more 
detailed struclural aspects of ln te l l i te  3. 
2. Structural aspects  of  Intellite 3 

Up to p.ow, we have explored the general overview 
of ln te l l i te  ~. [[~. this section, we can inquire into the 
detailed structure of Intel i te 3. Major dMsions of ln- 
tel l i te 3 structure are o v e r a l l  i m p l e m e n t a t i o n ,  
k n o w l e d g e  base, and roadmap to goal satisfac- 
tion. 
2-1. Overall  implementat ion  

The expert system, lntellite 3, t~as been developed 
usir~g Texas Instrument's Personal  Consultant 
Plus Series  (PC Plus, PC Image, and PC Online; an- 
nou[wed al 1988 June, PC Plus version 4.0) and PC 
Scheme --  a dialect of LISP. It runs under IBM AT 
(or AT compatible) computers with protected mem-  
ory m o d e  up to 4 mega bytes and a graphic support 
--VGA card. 

Figure I shows the overall implementation of ln- 
tellite~ F-ames, Parameters (object-attribute-value trip- 
let form), and Variables in Tls PC Plus enable us to 
establish the struclure in Figure l. 

As show[! in Figure 1, process heurislics and deep 
t,:nowledge, Task Frame Net and process related ob- 
jects represented with parameters and variables are 
designed ol~ Tl's PC Plus main system. Using forward- 
and backward-(hah~ing, versatile frame initialing 
strategies, the inference engii~e ,,~,as designed as a 
h y b r i d  type. Active images, shudcu/ calcu}aliol! and 
heurislics routines, user interface and external co~> 
figurator consist the modular structural environment 
and interact Wilh pnJcess objects in PC Plus' kl~owl- 
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lntellite:l: A Knowledge Based Expert System for Control Structure Synthesis 201 

edge base. 
Act ive  images ,  supported in PC Image, are used 

for reasoning and tracing process parameter values 
and attributes; they provide effective representatk_,n of 
control idioms on the specified flowsheet with self ad- 
dition, abstraction and modifications. 

,Some shortcut  ca lcu lat ion  and  heur i s t i c s  
rout ines  are programmed in PC Scheme to be built-in 
purpose on tire PC Plus main system and others are 
programmed in external languages such as FORTRAN 
or C to be external numerical routines which interacl 
with process objects through XLI, the external lan- 
guage interface facility in PC Plus. 

User  interface  m o d u l e  consists of active input 
image screens and buili-in pull-down-menu screens. 
System users can input some initial data for consulta- 
lion which are either generated by the external sleady 
state simulator or known values, e.g., colurm: speci- 
ficalions fur distillation column cunfiguralion. System 
users can choose the design strategy by selecting an 
appropriate path based on plant wide G,ntro[ objec- 
tives through active images. The built-in pull-down- 
menu provides various reasoning statuses to the sys- 
tem user through the options: HOW, WHY, TRACE, 
REVIEW, GET PLAYBACK FILE, SAVE PLAY- 
BACK FILE, PRINT CONCLUSIONS,  NEW 

START, QUIT, CONTINUE, and etc. 
2-2. K n o w l e d g e  b a s e  s t ruc ture  

The knowledge base of Inte l l i te  3 adr hierar- 
chical structures. Thus, hierarchical and mult iple i~- 
heritance of process objects (through parameters al~d 
their properties), and structured design of pnJcess 
knowledge base are available. Undoubtedly any initia- 
tion ur inheritance of parameters across the whuie 
knowledge base is also available using var iab le s  in 
PC Plus. 

Current version of ln te l l i te  3 has 25 major  pro- 
c e s s i n g  uni ts  as ch i ld  f r a m e s  in the PROCESS 
flame. In addition to them, frame MAIN (root frame) 
and frame START for specifying process flowsheet 
and frame S T R E A M ~ A Y O U T  consist the overall 
knowledge base. Figure 2 shows the overall knr 
edge base structure of lnte l l i te  a. 

Logical (and mmlerical) methods and several heu- 
ristics (and cG~trol idioms) existing in the knowledge 
base are widely used for process conlrol design. 

The difficullies in determining the sui:able pair of 
manipulated and controlled variable grow exl)onen- 
fially as the nulnber of process variables ir~creases. For 
a system with N controlled and N manipulated vari- 
ables, there are N! different fully decentralized k~c,p 
COl~.figuratiuns. As the number uf N in,:'reases, the 
i!m ~ber uf different loop configurations increases very 

�9 ~JSuper Fractionator 

I Petroleum 
Fracti(~nah)r 

High K Column 

I Stripper 

Side Stream 
__Stripper 

--I G Column I----'--P'-IWater Strippert 
' ' ] 'r ~ I - - ~  General__Type Ft ' Y-T~ ! 

Flasher 

/ - - [  Decanter ] 

~ ' ~  Preheater Type ] 

H Fu rn ace__Boiler__T'/pe] 

Fig. 2. Knowledge base slrueture of Intel|ile 3. 

rapidly; often they cause the combinatorial explosion. 
Thus variable pairing in control syslem design is also 
very structured in nature. The selection of ",.ariable 
pairing is usually accomplished by using some interac- 
lion measures as well as some heuristic rules at the ini- 

Korean J. Ch. E. (Vol. 7, No. 3) 



202 J.J. SONG and S.W. PARK 

! 
Divide the process [ 

1 into separate blocks. 

J, 
Determine the degrees of freedom & 

the number of controlled/manipulated 
~ariables for each block. 

4, 
Determine all feasible loop configurations - - ] ' l  

for each [:,lock and retain the best. / 
J, 

I 

Recombine the blocks I 

I with their loop configurations. 

4, I 

Eliminate conflicts among d~e [ 
control loops of various bkx;ks, 1 

Improve the control configuration ] 

Fig. 3. Multi-level approach to control system syn- 
thesis. 

tial stage of process design. For example, in configur- 
ing colttrol structure for binary distillatior columns, 
the user can select the pairing methods: pairing by  
ca lcu la t ion  (steady state simulation and F.G. Shin- 
skey's computed RGA criterion; Shinskey, 1984) or 
pairing by contro l  ob jec t i ve s  and heur i s t i c s .  Ad- 
ditional options for pairing methods like Page Buck- 
ley's criterion (Buckely P.S., W.L. Luyben, and J.P. 
Shunta, 1985), frequency-dependent RC.A analysis 
proposed by S. Skogestad (Skogestad S. e: al., 1989), 
and etc. can be included in ln te i l i te  3. We feel that for 
the more precise and proper pairing, more demands 
are being placed on the dynamic sirnulation of the pro- 
cess under consideration. 
2-3. R o a d m a p  to goa l  sat i s fact ion  

Our final goal is to find a reasonable control struc- 
ture for a process flowsheel. There are many alter- 
natives that often form a combinatorial search space. 
To effectively screen those alternatives and find rea- 
sonable one fast, we adopt the multi-level approach 
first proposed by Umeda et al. (Umeda et al., 1978) 
and refined by Stephanopoulos (Stephanopoulos G., 
1984). Figure 3 shows such a Fuulti-level approach and 
Figure 4 represents a "Roadmap" ~o goat salisfactiun i~t 
lnte l l i te  3. 

In Figure 4, the large block at the top of the figure 
represents the conceptual Task Frame Net which is 
discussed in the next section]. The overall goal is tr 
find a reasonable control structure of the prop~,sed 
plant:. Each unit frame generally has four child task 
frames: regulatory-control frame; suppor!we-conhol 
frame; conslraint-cop.trul frame; and conflict resolu- 

Overall Goat J 

I 
[ I 

Process ] ~ l Conflict 
Frames ~" Resolution 

i unit l  Unit ] 
Goals Goals 

I T ~ - - - - - ~  ]- Shortcut, Calc. Control idioms 
User & Objectives Heuristics 

Fig. 4. Roadmap to the goals of Intellite 3. 

lion frame. This Task Frame Net interacts with user in- 
terface module and another module consisting of 
shortcut calculations, control idioms, control objec- 
tives, and heuristics. 

3. Task  F r ~ e  Net Model  
3-1. D i v i d e  and  c o n q u e r  ! 

This is a prevalent heuristic in our daily life If we 
have a certain problem too large to handle at a time, 
we naturally decompose it into several smaller and 
more understandable parts; we find sub solutions and 
then recombine them, This kind of intellectual be- 
havior is unique to humans and some other intelligent 
animals. In artificial intelligence, we characterize 
creative behaviors as: representation (abstraction), in- 
ference (reasoning), search (control of combinatorial 
explosion), indexing (knowledge retrieval), prediction 
& recovery (adaptation), dynamic modification (self 
organization), and generalization (learning). 

ht process control and synthesis fields, there are 
several examples of solving problems by decompo- 
sition and recombination procedure(Douglas JM., 
1985; Modarres VI. e ta l . ,  1986; Fusillo R.H. etal . ,  
1987; l~kshmanan R. et al. 1988a, 1988b: etc.). 

The Task  Frame Net m o d e l  developed in. Intel- 
l i te 3 projed is a hierarchical knowledge representa- 
tion scheme for representing deep knowledge. The 
root frame uf the Task Frame Net has the overall goal: 
finding a reason.able control structure over a complete 
plant. Each of the frame m the network represerds sub 
goals (usually one or more) to be satisfied at each step 
in each level of whole configurational working pro- 
cess. Similar to a goal-driven strategy in the inference 
process, each Task Frame set its subgoals; the salisfac- 
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- -  Ln: Task Frame Level 
o [  Overall Goal ] Sn: Task Frame Step 

Task Frame STeps 

-] I -] 
$2 $3 SI $2 ~ _~ 

1- 1 J =l ] / 

is, I = l  --].. 

I - $1 

[ Subgoal 1 

IS1 

Fig. 5. Structure of Task Frame Net. 

s2 

] ~[ Subgoal 2 I ~ [  

tic, n of all subgoals ensures the satisfacti, m of the root 
goal. 

The Task Frame Levels are aligned vertically 
with hierarchy of specific conlml structure design 
goals and Task  Frame Steps  are aligned horizontally 
in a level of each hierarchical task. The vertical path, 
i.e., Task Frame Levels, provides the method how 
each subgoal is satisfied and usually terminates with 
actual implementation of each actuator to each manip- 
ulated variable. Thus for the lowest goal setting, there 
exist several alternatives and we can handle them as 
pairing problems. Task Frame Steps in each level 
provide necessary conditkms for satisfying their parent 
Frame's goal. 

This separate goal setting on each "fask Frame is 
largely due to Bristul's idiomatic cuntro[ methodology. 
Idiomatic control analysis is an attempt for structural 
analysis and synthesis of control systems. Since idio- 
matic control synthesis is a structured procedure in 
which control objectives or goals are unambiguously 
defined, it is highly likely that a knowledge represep.ta- 
tion for the structured knowledge exists. 

Unit goals of a processing unit are generally de- 
composed into subtasks: regulatory, supportive, and 
constraint control tasks. In the Task Frame Net mode[, 
the goals are determined according to their priorilies, 
i.e., regulatory first, then constraint second, and finally 
supportive. Some conflicting situations can occur 
when certain constraints are imposed on the process 
under consideration. Conflicts generally exist between 
regulatory controls and constraint controls or in the 
regulatory controls themselves. In the former case, we 
can handle it with some advanced conlrol schemes 

like selective control systems (override and auctioneer- 
ins) or split-range controls (with coordinate control 
scheme). The latter situation requires some (economic) 
trade-offs between conflicted goals. [n the case uf 
distillation cohmms and reactors, we generally gNe 
higher priority to inventory controls than to ,:on,posi- 
tion controls. The composition controls must be 
sacrificed when constraints are imposed on inventc~,ry 
controls. Figure 5 shows general s~ructure of the Task 
Frame Net. 

The Task Frame Net model is also convenient for 
establishing whole knowledge bases with object 
oriented structure. It clarifies what goals should be 
satisfied and how can we achieve them to satisfy our 
final goal. Thus the Task Frame Net clearly reveals the 
overall knowledge structure and provides transparent 
reasoning path during congultation. 
3-2. Cons truct ing  the  Task  Frame Net 

To describe the construction of the Task Frame 
Net we will use the sample Task Frame Net taken 
from binary distillatk)n column knowledge bases in 
lntellite 3. Figure 6 shows the Task Frame Net struc- 
ture of binary distillation column, in Intellite 3. 

The main goal of the root frame in Task Frame Net 
is to find reasonable control corffiguratwns for a given 
dislillation column. This root Task Frame is divided m- 
to three sub "Fa,~k Frames:determining regulalory con- 
trols, constraint controls, and supportive controls. As 
shown in Figure 6, the regulatory controI Frame is 
broken into sub Task Frames again to satisfy each 
necessa~ goals such as composition controls and in- 
ventory controls which guarantee the successful sat- 
isfaction of regulatory Task Frame goals. The Task 
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I 
Determine 
Regulato D' 
Controls 

1 
I 

Determine [ 
Composition . 

Controls j 

I 

I 
Determine L 
Inventory 
Controls 

I 

Finding Overall I 
Control Configurations 
for Distillatioo Column 

Determine 
Conslraint 
Controls 

. { I I 1 
Distillate [ Reflux Drum Bottom [ Column Base 

Composition Compnsitior! ] Le'v el Level 
Control Conlrol Contro Contru J 

Manipulative Variable Alternatives Manip 

I 
Determine 
Supportive 
Controls 

Fig. 6. Task Frame Net of distillation column. 

afire 

~,djLIsting 

n ,w I I flea~ I 
 psets J ps~ 1 

g gt A 
Manipulative Variable Alternatives 

Frames of composition and inventory controls are 
decomposed in a similar way to the lowest ]'ask Frame 
which finds specific manipulative variables Thus, the 
lowe,,'t Frame of each Task Frame, i.e., the end node o[ 
each Task Frame Level, ger, erally has several com- 
peting alternatives of manipulative variables. 

fine manipulative variable alternatives for distillate 
composition control are the reflux flow [., distillate 
flow D, or reflux ratio L/D; and tho~ for bottom cunl- 
position control are the bottom flow B, steam inpul V, 
or the ratios V/B or L/B, etc. 

The pairing problem (assigning one of Ihose wtri- 
ables to each goat, i.e., the conlrulled variable, of Ihe 
lowest Task Frame) is resolved either by shortcut 
calculations (e.g., RGA computation) or by direcl pair- 
ing based on several heuristics. 

Once ln te l l l te  3 finds the pairings of c(mlpusiliun 
controls, then it determines invep.tory control pairings 
automatically based on heuristics. 

Constraint controls are tht,se which take over COl~- 
trol of the process when it approaches the limits uf nor- 
mal operation. These controls are often process spe- 
cific, such as controlling the vapor rate in a distillation 
column between the flooding and weeping constrait~ts. 
We can easily take up these conslrain.t goals by c,Jm- 
bining standard process idioms with control objectives 
of each operation. Subgoals uf the constrai]:t c~ntn.ds 
are determining overrides for level control al con- 
straint, overrides to avoid flooding and weeping, and 

~ l I l{l l l l i  i-" ~OeIPLEX CH 

L I~CC UNIT 

EflT E• 
1 

lllfll'~ : :ll71"i'iJlN,,'ll 
PNK~I6~)llp :: Q COLLI~-PNR~ 

RULEGROUP$ : : g_COLUt~I-RULES 

re~l  or eb~trect protlee~ arcel In the kno~tedqe h~;e domeln 

Fig. 7. Task Frame Net structure of process in KB. 

overrides tu cun!rul t'OlUlHlt pressure. 
Ip. ma[~y processes, rite regulatory and constraint 

controls can be improved by usi[~g some SUl)p:)rlive 
controls such as cascade, feedfurward, etc. Task 
Frames of supportive controls are decuntix,sed inh, 
sub Task Fidutes: feedfurward control to reduce lag il~ 
reflux drum level response, feedfurward contrul cunt- 
pensating feed flow changes, cascade conlrol to reduce 
the effecls of heat upsets at!d flow upsets. 

Each process in l n te l l i t e  3 has certain Task Fraute 
Nets sintilar t(; th~se of distillations, culumn me~.tiuned 
above. But, there are some processes that do nut re- 
quire complex Task Frames in configuring Iheir con- 
trol structures. They are rather simple processing units 
such as Slream-Mixer or Stream-Splitter, Heat-Ex- 
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Francs:-. 

BIH~BY :~:l',llii:llll r -REGULATORY 
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P~RM;ROUP : : BY C ~ L C - ~ R ~  

RULE~ROOP~ : : 8Y~C~LC-~ULES 

real e.r abitract p rob l~arca in the kno~ledqe bsse domln. 

Fig. 8. Task Frame Net structure of binary__CN in 

KB. 
~ra~e proper t las :BY C.J~C 

II~ll~ll.,ll : :  PfllRSET ?S~ OR COItST 7TAG [ALCIJL~TIOIt GO~i. 
I/tlTIAL6~T~ :'. LK[YIOP LXEYDI]T]~II LKEYFEEO T I ~  EFFICI[/I(.~' 

REFLIJ~TIO 
P F ~ I P T ~ R  :: :LIHE Z . . . .  :r {H~GE/sm HIGH 9LIft,K) 

" l n te l l l t r  : ~  (WHILE HIGH) :RTIX (Y~LIDM HIGH] " 
Blrmrq OISTILL~TION COLUI~" :LIHE " 

BY EP~CUL~TiOtl F&QME" :~IITR {MtlI~ HIGH) :n]Tg ( 
CYPdt-HIGH) " l n i t l ~ t ~ l  f ! / "  :LIME 3 :I~TTR ( . .  

I~E~TIFIER : :  BY_C.~C- 

P~rematers ~4~ose ~ lues Pcrzo,ml CDnsultant Plus tries tD find. 

Fig. 9. Task Frame properties of BY CALC. 

~ r ~ :  
Frsee: BY C~LC 

Focus Para~ter: '/T~G 

tnf luenccd bq: Inf lucnccs : 
I~L[Zl6 

?SUP_OR COROT CHLCULfiTIOi~ fiO~L 
P~ IP~ET CF~518 

RULEZI3 CTr 
T$UP_OR_COIIS T C;~G6 
P~ I RSE T C T~G 7 

RULEZ14 C T~F_~I 
?r OR_COfGT CT~G9 
PHIRSET RULEZ17 

CQLCULQT I OM GHflL 
CI~IQ 
CT~,5 
CmGH 
CTflG7 

]~atelllte 3 

press ENTER to continue. 
Fig. 11. lntellite 3 initial title screen  1. 

Curron| ob je~t ;~ :  

IHTELLIT[ 3 

The expert Syste~ iHT[LEITE 3 r "DEBT" reco~endabie 

~ocentr~llzed Control S t ruc tu re  for Chemical Proc~saincj S~Ite~, 

IHTELLITE 3 uses Hybrid infere~e sche~ 
and ~ai  i r l t t e n  In 

Obj~t  Oriented Progra~ieg, 
I t  u ie l  le~sral heurlst ici  and logical proce~res durlr~ confl9urtt ion. 

r,,opyright {c) U]BY, JEOIIG dl~l SOFIG , KAIST , KOREA 

XI~ End - p r e s s  [HTER to continue. 

Fig. 12. Intellite 3 initial title screen 2. 

In te l l l t r  starts with loee USEI]'OEFIHED CHfiRCTERISTRICS 
or PROCESSlH~ UNITS. 

This s~ct Ion specifies 

I .  The rmmher or UHITS, 
Z. The kind of UNITS, 
3. The pROCESS IOEHTITY ind, 
4. The PI~]CEgS FL~I R[LOTI~. 

NN~F~MK~4~ ~MNt~N H~MNM~ ~XXKN NNMXX~MNX~N~M~ 
then, l o | ' a  start  wlth the nuebor of units 111 

Xou Mny processiog uoit~ are in yo~r P/I ? 

Fig. I0. Taske Frame pa rame te r  b rowse r  of B Y  
CALC. 

changer, etc. In this work, control configurations of 
those units were dot!e by intuitive and careful observa- 
tions on the several existing process fluwsheets. 

Figures 7-10 show the Task Frame Net structures, 
their properties and parameter browser. 

WORKING EXAMPLE OF Intel l i te  3 

1. Dis t i l la t ion  c o l u m n  c o n t r o l  
Figures l 1-24 show how ln te l l i t e  3 is used to de- 

sign binary distillation column controls. Here, we 

Fig. 13. Inputting the number of units. 

cat~ use two methods for variable pairing: (I) RGA 
method and (2) direct pairing based on the clmtrot 

heuristics, 
In the former case, we need some initia] dala for 

culunin s[Jecifications such as product quality specs, 
feed composition, number  of trays, column efficierwy, 
and reflux ratio. These numerical data can be acquired 
from steady state simulation.s or from process descrip- 
lions. 

Expert systems can ntaximize the utilization of lhe 
existing available inforuiations, thai is, the results fruui 
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'~+t'; the + ? 
I [ !~Ki] l l l l~l l~ 
G_COLUMN 

G_VESSEL 

G_STREAM 

REACTOR 

FURNACE 

HEAT_EX 

COMPRESSOR 

p~OCESS I/NIT IDD~TI~r'a' 

o , , , + , ,  0 + , , , _ ~ . 0 .  + o . , , . + ,  

t lo~zss  s t e z ~ w  r L o ~  Looe  

PRQ~ESS $ I ~ 1 N  FJ~(~ TO CURJEMT ON]I 

t~op~ Fifo #~ - -  =m, ut ~opu 

LOOp2 ~ I pistil t ~#Op [2 

LOOTS ~ I I~llT 140}() 

LOOP4 ~ I rIPUT ~00(4 

+ r e ~  FIB to c o n t l ~ e +  

Fig. 14. Unit & stream specification. 

~o~, Joe are enterJnq t i c  g i s t i t t s t i o n  Col~sm F ~ " [ ,  
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~ | ~ c t  desired colu=m tQpr . . . . . . . . .  

I=[ K~];s ~dl~j~l] I l f l l l l l~ l l l lZ  Ill~ ; l  
COMPt EX_CULUt'fl 

1. l is t  arrow kaq or f i r s t  l e t te r  of  i tem to Fo~ i t ion  t i c  c o ' � 9  
t .  press EMTER to contlnu~+ 

Fig. 15. Selecting distillation column type. 

Fig. 16. Pairing method selection.  

Initial Datr for Column ConJigura.tion 

. , . oL  r . .  uo .~  ~EY , .  ao .~  , . ~  . O,OCO1 

eeL. re. L[~+  ~F.+ , .  rEE~ ~. '  O,C 

NVHI[I o~ ~ T r  TRayS (n) ~ 0  

RELATIVE GAINS 
! x~"~ v D L L / D  

V .966 94.539 14,93: 

L ~ , , B  968 1+,6?~9 9.292 

F/B +++ i+.++ :+, ,  

]Pr~cz ~ny key to  c o n t l r l J e .  

Fig. 18. Computed RGA. 

Best pa i r i ng  I~=ed on REU~TIUE GAIN INFORRATIOH 
i l l  as fOI Ious:  

For Top cou~;tion r...~nlrol: 

Use O i l t i l l a t e  f l o ~  rate �9 a ~ n i p u l a t e d  va r i ab le  i .  c o n t r o l l i n q  Top 
COSlpOl I t ion,  

For Botto~ c o ~ p o l l t l o n  con t ro l  : 

Use Steam to Bottoal no~  ra te  Rat io ill l �9 M n i p u l z t e d  u l l r l l b l e  [n c ~ t r o l l l n g  
i Bot tom co �9  t Ion. 

I 
[ xm Rore - pres= [HT[R to cont inue+ 

Fig, 19. Pairing recommendation based on RGA. 

Prmss any key to  cont 1 ~ + .  

Fig. 20. Regulatory controls.  

Fig. 17. Distillation column spec.  

~:: rT 

L Pre=~ any key to  e o n t l ~ e .  

Fig. 21. Constraint & supportive controls.  
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l l ~ t  the leve l  In the  r  I~tle and reflox l e t U l ~ l l l t o r  � 9 1 4 9  l l u a y l  Inder 
con t ro l  n ~ n  ~uHng ~ n ~ t r d n t  o ~ r a t l o n ,  

~. For T ~  ~ o e ~ l t ; ~ =  r  
u s e  D i s t i l l a t e  FIo,~ l a te  i s  �9 m e l ~ l l a t e d  v l r l l h l e .  

To con t ro l  Boftn~ co~poe l t lum 
u s e  Imll,ap to b o l l s  r a t i o  
�9 l �9 l e e t p u h t e d  v l rh l l+ le ,  

x To con t ro l  top Orua l e ~ l ,  
use the r e f l u x  r l ~  rate 
as e m n h m h t e d  vzr ieb le .  

x TO tom, ro t  coh l lm l i l l e  l eve l ,  
u s e  b o t t l ~  p~o&Jct r lo~ r~to~ , �9 e~= l lm la lo  va r i ab le .  

Z. ! ;ugport lue Control  loops i r e  ; 

N~ More - prate EN1(R to con1 l e e .  

Fig. 22. Recommendations on regulatory controls. 

S d e  o p o r i t l o n  I t  c o n s t r t l n t l  Is l i t l s f l e d  by the I'ollO'iLflng gD t l t  : 

J x To Orcuent f i o o d l N  In column. 
u s e  pressure dUgmence as i n  t e l l + l t D ,  
and l m l t d  ooerr lde con t ro l  = l t h  6TD c o n t r o l l e r .  

[ F l 0 o d i n g  can occur i f  cotu~n thtouDhput ;~ increased r e s u l t i n g  i n  �9 k i l h e r  
UOIu~ Of u~lor bo l l up .  
lhe h igh  vapor rate c~n c~use l i q u i d  backup on the t r a y s  a s  the vapo I+ 
I t t e e D t i  to f [o~ t l ~ h  do~ncomerLFIoodln 9 c~n he 10olded by t l ~ l t l n g  the 
heat Input to ualue~ belou the f l ood l r~  ~o ln t .  
Pressure drop acras~ t M  column is  normsny used as  s m e . s u r e  of apvo~ch In  
f l ood ing ,  As f lood ing  I= apDroacheds the pressure drop &cross the column 
increase~ dramat icat l  9 . 
The con t ro l  loop l~ple~ent~t ton I I  as fo l lo~r  : J using a d i f f e r e n t l M  pressure ~ n h o l l e r  to ouerrld~ the heat input It) t h e  

I~ ~ r e  - press [Nr[R to cont inue,  
I 

Fig. 24. Recommendations on constraint controls. 

r~le M i l e  f e i u | + t o r y  l e d  ce f l l t r ~ l n t  c o n t r o k  c a t  ~ l ~p ro~d  by ~chR r  
i ~ p p , o l t * ~  c o n t r o l  I ~ e * ,  
D e f e r r a l . l i o n  el' the a~r con t ru l s  for  I ~ l r o ~ d  ~ r f o r m r f ~  l~; i ldo.~ 
u t~  el IR~s and FE[O[OR~RIO c e n h o l  I ~ p t ,  
T ~  a p p l o l l r l l t e  ore of t M l e  ~ u p ~ t l u e  ~r cecoldt r~ r  r  I t  
~ te r  large( t by HEURISTICS or < 9~JtES OF ~IEliql ) ,  
One C l ~ l ~ l  l U C p o r t l m  r loop fr the f i o v  r loop used at the inner 
loop e l  + �9 c e e c s l  &rra~Jemeol l o t  + l i e d e r  loop sack  a l  c m p o m t t l o m .  
T I~o +,r~o+e el" a t i m  l+op 18 In  Imro+so !=~rPOlmlll~g of' I M  ~Jt+r loop +y 
r+JmO l~g d is turbance In t~e Inner" I ~ p ,  ll+e r l ou  I o ~  can C~mp+nt l t l  ++rp 
quick y for  up le ' t l  In [ Iou o~+ to pr~murm e M n ; e l .  

z Te r e , e o ~  t~ l  In tk~ r e , D o m e  of top  I r i s  level  c o n t r o l ,  
b~ l Id cssca~  co. t  re, +o~pa 
ullrV~ f low rz tex  of re t l~x  &rid d i t t l l l = t e  & l re~+  

Fig. 23. Recommendations on supportive controls. 

the systems can be degraded gradually front the: ex- 
cellent results when all information such as steady 
state informatkm, steady/dynamic models, heuristics 
are avaitable, t~ the acceptable results when the only 
soume of knovvledge is heuristics l)ased cm tile process 
desigr~. The direct pairing melho(] based ort ccmtr,ul 
heuristics may give only acceptable result. We feel that 
the results front both pairing rnelhuds shuHld be lested 
by ~igoruus dynanlic simulal ion l)el~ ,re w~, can kl !~,~x if 
they are really good. 

CONCLUSIONS 

An expert system for designing o,l~tr,,I :-,trtldtll,.:s 
for distillali,on columns have beel~ imph'u~v~tud m,,I 
useful tecimiques oP+ buildil~g i(!dtNt[d[IV ti~+.t[)[w 
expert syslems for other applicatiul~ field,, t',a~.c, }~,~,i~ 
obtained. 

The expert system, ln te l l i te  a, for cumr~,i sl~tli{tltt, 
synthesis ~m chemical processip.g :.)]ant ca~; ser\t, as a 
useful aid to process engineers, plal'.t u,oeratms +it>{] as 
an efteclive educational aid to studet}ts wht, sea~{l~ t,,, 
till.'-, area al!d who are wil l ing to orgam2c' his ~,{ Iwt 
ide,J mtu kE.,v, ledge based expert systems. 

"['he Task  Frame Net mode l  was fully us~+d u+ ~t 
basic bac:kbc~tte of the kv+owledge represent,l~,t~ 

scheme in the expert system. The Objec t  O r i e n t e d  
P r o g r a m m i n g  is implemented on Task Frame Net 
model using Frames and idiomatic control n'~ethudol- 
ugy. Due to the Task Frame Net, the whole knowledge 
structure is clearly organized and the system user cart 
"grab fast" the nmctiot-tal objects, goals, and reasoni1~g 
p recesses. 

The major features of | n t e l l i t e  3 are as follows: 
1. It can co / igure  control systems for binary distil- 

lation colunms based on either bv the RGA method or 
by direct pairing based on omt rd  objectives. 

2. It has highly modular structures with object ori- 
ented programming on the 1"ask Frame Net. 

3. Well structured knowledge bases reveal trans- 
parent reasonin!{ process and provide refined explana- 
tion to tile u.ser through several user friet~dly 
in.terfaces. 

4. Current version of ln te l l i te  3 has open sl:ructure 
for further expansiot'~s, ln te l l i te  a will conlinLLe to be 
improved and sapp{0r*ed by additional works. We are 
currently expar),::iing it to cop.figure control system f,,r 
whole chemical processing plat~ts and plantfing the 
extensions of the system like dynamic simulation fa- 
cility, active animation" of overall process flowsheets, 
and more precise and lugical iJ:teraction nleasures 

Aulun~atmg the desiglz ~,f plat;t wide co~ltrol system 
is a prujetl operating in multiple phases with a series 
uf km~vvledge intensive tasks. 

The ba.-,ic scr ot the meth,.~dc,lugy, established lo.,,/ 
expert systems, is complemet~ted and enlarged by 
/echp.iques from knowledge bast:d expert systems aEt 
rigoruus analytical tools offered by tile adval~<ed c<m- 
trut theory, Thus the perfurrliance uf resulting; expert 
system is very close to Ihe qualily t,f gathered i>)cess 
km,wledge at)d its slruclure 

"[u achieve the fiua[ gt~al u[ kmJwledge based ex- 
pert systems f,.~; culfln.,I structurc Syl~thesis arid {~,r 
~fl)er fields s),rll as process sy /hes is ,  tault di;~gm,sis. 
ar!d online mtetligem cormuls it iS important to 
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expand the framework of the research area and to 
stimulate research in new areas. 

Basic and renewed analysis of problems and prob- 
lem solving methods in control structure synthesis 
and whole process engineering are required to estab- 
lish a new paradigm leading to useful expert system 
development. Eventually through these  process-  
es,  the result ing expert  sys tems  can provide  
more  convenient  and safe working  environ- 
ments  for human be ings  ! 
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