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Abstract. A compositionalgenericprocesscontrol modelis presentedvhich hasbeen applied to
control enzymatic biochemical processéle modelhasbeendesignedat a conceptuabndformal
level using the compositionaldevelopmentnethodDESIRE, andincludesprocessegor analysis,

planning and simulation. It integratesqualitative and quantitativetechniques.lts application to
enzymaticchemical processes is described.
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1 Introduction

Processcontrol is a task that has many application domains, like production processesn
industry (e.g., chemicalindustry, car industry), any automatedorocessthat usesa conveyor
belt or assembly-lineput also in hospitals(e.g., brain-scannersintensive-careand remote
robot control (e.g., spaceshuttles,the docking of space-craftsnuclear reactors,deep-sea
exploratoryvessels)for environmentshat are hostile for humanbeingsor for situationsin
which humans are not capable of receiving and interpreting sensory information guicltyh
to make the right decisions.

Applicationsfor processcontrol often are developedn an ad hoc manner,with no explicit
specification at @onceptualevel or built in facilities for reuseor verification. In this paper,a
reusable model for process control is describedwhich has been designed using the
compositionaldevelopmentmethod DESIRE; see (Brazier, Jonkerand Treur, 1998) for the
underlying principles, and (Brazier, Dunin-Keplicz, Jennings and Treur, 1995) éxtamsive
casestudy. The modelcoversanalysisof the currentstate(and history) andthe possibility to
simulate a possible plan before actually selecting and executing it.

The model is generic in two senses: it is generic with respect to the procetssks @nd it
is generic with respect tihe information structuresand knowledge.Genericitywith respecto
processe®r tasksrefersto the level of processabstraction:a genericmodel abstractsfrom
processesit lower levels. A more specificmodel with respectto processess a model within
which a number of more specific processesat a lower level of processabstractionare
distinguished.This type of refinementis called specialisation Genericity with respectto
knowledgerefersto levels of knowledgeabstraction:a generic model abstractsfrom more

* A preliminary, shorter version of this paper was presented at the IEA/AIE’99 conference: (Jonker and Treur,
1999)



specific information structuresand knowledge. Refinementof a model with respectto the
knowledgein specific domainsof application,is refinementin which knowledgeat a lower
level of knowledge abstractionis explicitly included. This type of refinementis called
instantiation Reuse of such a generic model can take place by

» adding domain-specific information structures and knowledge (instantiation)

» addingmore specific sub-processewithin the processeslefinedby the genericmodel
(specialisation)

e adding or deleting components (reconfiguration)
In addition to the possibility teeconfigure also verification is supportedoy the compositional
structure of the design.

The process control model presentesgbeenreusedin the domainof enzymaticreactions,
in particular for penicillin production processes.The prototype implementationdeveloped
integratesqualitative methodsacquiredin the form of expert knowledge, and quantitative
techniques (a numerical simulation model)n Section2 the problem of processcontrol is
discussed, and the example domain of application addressed is presented. In Stobogh 3
5 the processes in the genanodel are presentedtogetherwith their compositionrelation. In
Section6 the genericinformationtypesare presentedin Sections7 and8 it is shownhow it
has been instantiatedby information structuresand knowledge on the specific application
domain.

2 Problem description: process control and biochemical
production processes

For effective control of a process, a good understanafitige currentsituationof that process
is vital. Furthermore, most often it is also important to have atogsgvioussituationsof the
processso that a prediction can be madeof future situationsof the processif no actionis
undertakenKnowing, for instance the previousfour valuesof the temperatureof a chemical
process,makesit possiblerecognisethat the temperatureis rising. Using this knowledge,
actioncan be undertakerto regulatethe temperatureat a stagebeforethe situationgets out of
hand. Thust might be possibleto preventundesiredsituations.Furthermorethe processcan
be kept closerto an optimal situation.Processcontrol canbe usedto keepthe processwithin
acceptable bounds, but also to optimize a process.

The two basic generic information elements for process control are obseraaiitatgions.
Observationinformation (for example,acquiredby sensors)is neededto assesghe current
situation. Based on thessessmerntf the situation(but also previoussituations),actionsmust
be performed to control the process.

Process control can be performed with or wittsarulationof the planghat are determined
to control the process. For example, in environmental policy matkiagessentiato be ableto
simulate the effects giroposedplansto reducethe emissionof polluting elementsThe effect
of environmental policies can often only be measured after years. By then, it might be too late tc
undotheseeffects.A simulation enablesthe policy makersto have a reasonablaedea of the
effects of a proposed plan before a definite choice for a policy is made.



2.1 Domain of application: enzymatic reactions

In chemical industry more and more production procefssasedicinsare basedon enzymatic
reactions. For example, benzylpenicillin is an antibiotic that is directly asadnedicin.It can

be producedfrom 6-aminopenicillin acid (6-APA) and phenyl acetate Also, benzylpenicillin
can be broken down to 6-amino penicillin acid and phenyl acetate. This is an intenesstiian

as well, as 6-amino penicillin acid is a precursor voor several antibiotics. So, both
benzylpenicillin and 6-amino penicillin acid are products that have commercial value. Temgive
impression: The company Gist Brocadesproducedin 1984 about 15-20 % of the world
production of benzylpenicillin. The world production is about 12.500.000yaaa Biological
processedake place in huge kettles of thousendsof liters. In this applicationwe restrict
ourselves to the production of benzylpenicillin. The reaction is described by the following:

benzylpenicillin - 6-amino penicillin acid + phenyl acetate

The reactionis a balancereaction,wherethe balanceis determinedoy the pH of the mixture.
The reaction takes plade water until an equilibrium is reachedat a certainpH, dependingon
the starting concentrationsSinceit is an enzymaticreaction, the mixture needsto contain
penicillin amidase for the reaction to take place.

To producebenzylpenicillinthe mixture needsto containthe sameamountof 6-APA as it
containsphenylacetate Furthermore the mixture must containso much phenylacetatethat it
has a pH-degree lower than 5. An exampleHt4.4, then88% of the 6-APA is transformed
into benzylpenicillin. Because the mixture will contain less lesdacetateby this reaction,the
pH will rise (i.e., the mixture will becomeless acid). Therefore,if the productionis to
continue,the pH mustbe keptlow, so phenylacetatds to be added.Furthermore,if phenyl
acetate is added, the same amount of 6-APA must be added as well.

enzyme acid

:

kettle temperature

!-' °C % F
m surroundings

pH electrode dial

usual

moderate‘@' extra

Figure 1 Formation



The enzymeis very sensitiveto acids, it deteriorategapidly if the pH drops below 4.3.
Furthermore, the enzyme only functions good if the temperature is close to 25°C.

To monitor and control the production processcorrectly, see Figure 1, there are two
thermometerqone for the temperaturein the kettle, and one for the temperatureof the
surroundings), one pH-electrode (to measure the pH in the kettle), a dial to set the heating of th
kettle, four smallerkettlescontaining6-APA, enzyme acetateand sodiumhydroxide (NaOH)
respectively.The sodium hydroxideis a base,and can thereforebe usedto raisethe pH if
necessary. Each of these kettles can be made to release a standard amount of material.

2.2 The requirements

The processcontrol systemhasto be able to analysethe stateof a processin termsof the
assessmentspecifiedfor the domainof application.On the basisof these assessmentthe
system is to determine a plan of actions with which the prasdésde controlled. Theseplans
mustbe testedfirst beforebeingappliedto the processin the externalworld. Therefore,the
process control system has to contain a simulation of the world process.

The task of analysing (or monitoring) tpeocessmustbe exercisedon the processunning
in the external world as well as time simulatedprocess.The analysishasto be performedon
the process in the real world in order to determine afplathat process.The planis testedon
the simulation, and the simulatioesultshaveto be analysedn orderto adaptthe plan before
executingit on the processan the externalworld. Dependingon the domain of applicationit
might be importantto store information on observationresults over time. Given that for
complex processe®bservationmight be costly and/or time consuming,the systemhas to
determine when and which observations are to be performed both mrotessn the external
world as well as on the simulated process.

The taskof determiningwhich planis to be executeddependsentirely on the domain of
application. For some domains it suffices if a plan consistsselectechumberof actionsthat
canbe performedsimultaneouslythe resultsof executingsucha plan becomeknown quite
quickly. In otherdomainsof application(like environmentatcontrol) a plan hasto be a long
term plan consistingof setsof actionsthat haveto executedafter eachother and pendingthe
right circumstances.

The simulationof the processhasto be quick enoughso that the planis still usefulfor the
process in the real world. On the other hand it has to give a reasonable prognosis of the effect «
the plan on the processrunning in the external world. A problem is that very accurate
simulationsare (often) time consuming.Thesetwo constraintshaveto be balancedwithin the
process control system.



3 Process control processes at different levels of abstraction

Within the generic model the following levels of process abstraction are considered.

top level

process control
task

2xternal world

process plan simulated
analysis determination world processes

process
evaluation

observation simulation state simulated execution
determination management management

simulated action simulated observation
management mangement

Figure 2 Levels of process abstraction

The informationthat can be obtainedfrom observationsisingthe sensorsis modelledby the
informationtype observation result info (in the example:observationinformation on temperature
and pressure). The informatidype observation result info IS usedboth in the outputinterfaceof
the componenixternal world and in the input interface of the compongtidess control task.

process

input information types
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process control task

observation result info

observation info
action info

external world

observation info
action info

observation result info

Figure 3

Interface information types: top level




The informationtypesobservation info and action info model information on the observations
and actions to be performed in #xermal world. Theseinformationtypesare usedin the output

interface Ofprocess control task and the input interface ekternal world.

process

input information types

output information types

process analysis

observation result info
simulation result info
plan descriptions

assessments
observation info
simulation observation info

plan determination

assessments

plan descriptions

action info
simulation action info

simulation action info simulation result info
simulation observation info

observation result info

simulated external world

Figure 4 Interface information types. process control task

Within the componenbrocess control task informationtypesare definedthat are usedby its
threeinternalcomponentsThe informationtype assessments is usedin the outputinterface of
the componentprocess analysis and in the input interface of plan determination. Assessments
representnformation on the stateof the process.The informationtype observation result info IS
used as an input einulated external world to callibrate the simulation models used.

process input information types output information types

plan evaluation observation result info assessments
simulation result info

plan descriptions

observation determination observation result info observation info
simulation result info

plan descriptions

simulation observation info

Figure 5 Interface information types: process analysis

Within simulated world two sub-processes are consideirghited execution management, where
the actualsimulationstepsare calculated,and simulation state management, where the simulated
state is maintained and updated after each simulation step. The actual sichdatedtionsare
executedby this component,whereasthe managemenbf simulated observations(e.g.,
determing whether a simulatetbservatiorshouldonly be performedonceor continuously)is
performed bysimulated execution management. The execution of simulated actions (i@lculating
their effects) is performed kymulated execution management.



process input information types output information types

simulated execution simulation action info next simulation state description
management simulation observation info continuous simulation observation info

observation result info incidental simulation observation info
simulation state management current simulation state info current simulation state

continuous sim obs focus info
incidental sim obs focus info

Figure 6 Interface information types: simulated external world

Note that two types of observations can be performediental observationghatreturnan
observationresult for only the current point in time, and continuous observations that
continuously return all updated observation results as soon as changes in the world occur.

process input information types output information types

simulated action management simulation action info next simulation state description

simulated observation simulation observation info simulation result info

management observation result info continuous simulation observation info
simulation result info incidental simulation observation info

Figure 7 Interface information types: simulated execution managment

4 Process composition relation: information links

The process composition relation defines hbabehaviourof a componenemergedrom the
behaviours of its sub-components. The definitbdra processcompositionrelation consistsof
a static part (the information links) and a dynamic part (task control). Information links are
discussed in two sections: all information links on the top level, and all informiztksnwithin
componenprocess control task and all sub-components thereof.

4.1 Information links: top level

At the top level, two componentsare modelled,seeFigure 8: process control task and external
world. They interactwith eachotherin a bidirectionalmanner.The informationon observation
results is transferred fromhe external world t0 the process control task by the link world observation
information. The information on the observations and actionsetperformedis transferredrom
the process control task to the world by the &&écted actions and observations.



process contrc selected actions and observe external

task D world

world observation informat

Figure 8 Information links: top level

4.2 Information links: process control task

The componenirocess control task IS composed of the componepisess analysis, simulated world
processes, andplan determination, See Figure 9.
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Figure 9 Information links: process control task

The componentrocess analysis Within the process control task is composetial components:
process evaluation anNddetermine observations, see Figure 10.
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Figure 10 Information links: process analysis



The componentsimulated world processes Within process control task iS composedof two
componentssimulated execution management andsimulation state management, See Figure 11.

4 A
( simulated world processes kasontro )
retract required sim actic
retract required sim ol
actions and " simulated ol
abservations simulated — info to analys
:0 be simulated execution _—
management
updated simulation ir —|
incidental sim o
continuous sim ol
simulation ’ |
state
management
curren
world state
primary simulation observation informa
\ J

Figure 11 Information links: simulated world processes

The componentsimulated execution management iS composedof two components:simulated
observation management andsimulated action management, SE€e Figure 12.
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Figure 12 Information links: simulation management



5 Process composition relation: task control

Task control within the processcontrol systemis discussedglobally. It is sketchedwhen
components are processing information.

5.1 Task control: top level

All processes and information links at the top level are awake both the externalworld and
the processcontrol task processnformationas soonit arrives. This enableshe process control
task t0 interpret new observation result information as soon as possible. Furthgrtaosean
be determinedas quickly as possible,and long term effects can be predictedby use of the
simulation task.

5.2 Task control: process control task

Within process control task a cycle of processactivationstakesplace continuously.Each cycle
starts with an activation @focess analysis with task control focusnalysis of current plans, thatis,
process analysis first checks theeffectson the processrunningin the externalworld of the plan
that is currently being executedand determineswhich incidental observationshave to be
performed.If this checkis satisfactorythe simulationis activated to give a prognosisof the
rest of the current plawith respecto the last observatiorresultinformationfrom the external
world, after which a new cycleegins.If, however,the currentplanis no longersatisfactory,
componentplan determination IS activatedwith task control focus new plan. Componentplan
determination comes up with a new plan, sends ithe simulationand the analysiscomponents.
If plan determination finished determinatiorof a new plan, process analysis is activatedwith task
control focus pre-analysis new plan. Componenfprocessanalysisdeterminesvhich observations
have to be performed on the simulation that are relevant for the new plan. Then the sinsulation
activatedwith the new plan and the latest observationresults. Componentsimulated world
processes providessimulationresultsafter which componenbprocess analysis iS activatedagain,
but now with task control focus analysis new plan. Componentprocess analysis checkthe new
plan, if it is satisfactoryit makesthe new plan the currentplan andallows it to be executedn
the externalworld and a new cycle begins. If the checkis unsatisfactory,componentplan
determination IS activatedwith task control focus new plan, startinga new sub-cyclefor the
production of a satisfactory neplan. Informationlinks are activatedas relevantfor the above
cycle. However,the mediatinginformationlink world obs info t0 componentprocess analysis IS
made awake to enable the component to react directly to the latest information (to be able to reas
to emergency situations at any time).

The processeswvithin process analysis are activatedin a row, first proces evaluation, then
observation determination. All informationlinks are awake.Componentswithin simulatedworld
processesreactivatedin a cycle aslong asis necessaryto provide the necessarsimulation
observation result information. The components witiolated execution management are awake
during the activation period of their parent component.



6 Knowledge composition: generic infor mation types

In this sectionthe genericinformation typesusedin the processcontrol model are briefly
discussed. In Figure 3 the interface information types at the top level were namediBteed
observationresult information the processcontroller is to decide which actionsare to be
performed. Th@rocess controller receives statements about what has been observedaté the
of the process.Th@enericinformation type observation results IS usedto expressobservation
result information, see Figure 13. Thmphicalrepresentatiofiorm of informationtypesis an
extensionof a variant of the conceptualgraph representatiodanguage(Sowa, 1984). This
representation format can be translated into order-sorted predicate logic.

/ observation results \

observation result

| INFO ELEMENT |

AN

Figure 13 Generic information type: observation results

The aim is to be able to express statementstlik@bservation result ithat it is true that the pressure
is low” and “the observationresultis that it is false that the pressureis high”. The information type

observation results includes the sortsiFo ELEMENT andsiGN. The sorsIGN is also specified ithe

information type tuth indication. By referencing the information types truth indication and
observation results Within the information type observation result info the objectspos and neg are
availablein informationtype observation result info. Similarly, termsare neededf the sort INFO

ELEMENT in order to express statements about statemettis ianguagedefinedby the domain
specificinformationtype domain info. Theseterms are availablein information type observation

result info by referencingthe information type domain meta-info. In the generic model the
information type domain info remainsempty. If the modelis appliedthis information type is

instantiated with domain-specific information structures.

The information typection info makes use of the generic nformation tygens to be performed
and is meant to enable the reasoning about actions. In the informygostions to be performed
the sortacTioN is introduced and theelationto be performed IS addedto be ableto reasonabout
actions, see Figure 14. This information type is generic; no reference is made to domain specifi
information types. The information typeion info iS composed of thigenericinformationtype
andthe domainspecificinformationtype domain actions. In the genericmodel this information
type remainsempty. If the modelis applied, this information type is instantiatedwith the
domain-specific action namesor example the atomto_be_performed(add(enzyme)) refersto one
of the actions used in the application domain addressed in Section 7.
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Figure 14 Generic information type: actions to be performed

Similarly the other information types, namiedFigures3, 4, 5, 6, 7 havebeenspecified.For

example, the information typesessments defines the relatiosssessment that is usedo express
outputof the analysisprocess For instancesf the useof thesegenericinformation typesin

knowledge bases, see Section 7.

7 Application domain specific knowledge

In this sectionthe relevantknowledgein the application domain of enzymaticreactionsis
described, and related to the generic model.

7.1 Domain specific knowledge used in analysis

In enzymatic reactions the following observations can be made:

pH

T, the (internal) kettle temperature
Tlab, the temperature of the laboratory
heater

Given this observation information from the comporesinal world the task of the component
process_analysis IS t0 analyse the proced$or the domainof benzylpenicillina knowledgebase
has been acquired from the domakpertwhich providesassessmentsf the processn terms
of:

kettle temperature is too high

kettle temperature is high, but not too high
kettle temperature is optimal

kettle temperature is too low

kettle temperature is low, but not too low
pH is too high

pH is high, but not too high

pH is optimal

pH is too low

pH is low, but not too low

no enzyme in the mixture

enzyme in the mixture

no reaction is taking place

reaction is taking place

not enough 6-APA in the mixture
enough 6-APA in the mixture

The following knowledge base (acquired from the domain expert) determines whether or not a
reaction is taking place:
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if observation_result(kettle_temp(too_high_kettle), pos) then assessment(kettle_temp_too_high)
and assessment(no_enzyme_present);

if observation_result(kettle_temp(too_low_kettle), pos) then assessment(kettle_temp_too_low)
and assessment(no_enzyme_present);

if observation_result(pH<4.3, pos) then assessment(no_enzyme_present)
and assessment(pH_too_low);

if assessment(no_enzyme_present) then assessment(no_reaction_going);

if observation_result(pH>4.6, pos) then assessment(no_reaction_going)
and assessment(pH_too_high);

if observation_result(pH=4.3, pos) then assessment(pH_low);

if observation_result(pH=4.4, pos) then assessment(pH_optimal);

if observation_result(pH=4.5, pos) then assessment(pH_high);

if observation_result(pH=4.6, pos) then assessment(pH_high);

if observation_result(kettle_temp(high_kettle), pos) then assessment(kettle_temp_high);

if observation_result(kettle_temp(normal_kettle), pos) then assessment(kettle_temp_optimal);

if observation_result(kettle_temp(low_kettle), pos) then assessment(kettle_temp_low);

if assessment(kettle_temp_optimal)
and assessment(pH_optimal)
and previous_assessment(no_enzyme_present)
and not previous_action(add(enzyme)) then assessment(no_enzyme_present);

if assessment(kettle_temp_optimal)
and assessment(pH_optimal)
and previous_assessment(no_enzyme_present)
and previous_action(add(enzyme)) then assessment(enzyme_present);

if previous_assessment(enzyme_present)
and not observation_result(kettle_temp(too_high_kettle))
and not observation_result(pH(less_than_4_3))
and previous_action(add(enzyme)) then assessment(enzyme_present);

if assessment(kettle_temp_optimal)
and assessment(pH_optimal)
and previous_assessment(enzyme_present)
and not previous_action(add(APA)) then assessment(no_reaction_going)
and assessment(APA_shortage);

12



7.2 Domain specific knowledge used in planning

The process can be influenced in the following manners:

« addition of: acid, base, 6-APA, or enzyme
« changing the heater.

Given the information from the componenicess_analysis the componemlan_determination iS t0
producea plan to correctthe process.For the domain of benzylpenicillin the component
plan_determination can have to correct the following situations:

kettle temperature above optimum but not too high
kettle temperature too high

kettle temperature below optimum but not too low
kettle temperature too low

pH above optimum but not too high

pH too high

pH below optimum but not too low

pH too low

no enzyme in the mixture

no reaction is taking place

not enough 6-APA in the mixture

The following table (acquired from the domain expert) represents the knowledge used for action
selection (see next page).
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reacti | enzy | kettle temp pH action type
on me
temp pH enzyme apa
+ + above above decrease acid naught naught
optimum optimum
ok decrease naught naught naught
below decrease base naught naught
optimum
ok above nil acid naught naught
optimum
ok nil naught naught naught
below nil base naught naught
optimum
below above increase acid naught naught
optimum optimum
ok increase naught naught naught
below increase base naught naught
optimum
- + above above decrease acid naught naught
optimum optimum
ok decrease naught naught naught
below decrease base naught naught
optimum
ok above nil acid naught naught
optimum
ok nil naught naught add
below nil base naught naught
optimum
below above increase acid naught naught
optimum optimum
ok increase naught naught naught
below increase base naught naught
optimum
- - above above decrease acid naught naught
optimum optimum
ok decrease naught naught naught
below decrease base naught naught
optimum
ok above nil acid naught naught
optimum
ok nil naught add naught
below nil base naught naught
optimum
below above increase acid naught naught
optimum optimum
ok increase naught naught naught
below increase base naught naught
optimum

The combination reaction + and enzyme - is impossible.

Based on this table, the following knowledge base was specified.

14




knowledge base plan_determination_kb
if assessment(kettle_temp_too_high)

if assessment(kettle_temp_high)

if assessment(kettle_temp_too_low)

if assessment(kettle_temp_low)

if assessment(kettle_temp_optimal)

if assessment(pH_too_high)

if assessment(pH_high)

if assessment(pH_too_low)

if assessment(pH_low)

if assessment(pH_optimal)

if assessment(reaction_going)
if assessment(enzyme_present)

if assessment(no_reaction_going)
and assessment(enzyme_present)
and not assessment(kettle_temp_optimal)

if assessment(no_reaction_going)
and assessment(enzyme_present)
and not assessment(pH_optimal)

if assessment(no_reaction_going)
and assessment(enzyme_present)
and assessment(pH_optimal)
and assessment(kettle_temp_optimal)

if assessment(no_reaction_going)
and assessment(no_enzyme_present)
and not assessment(kettle_temp_optimal)

if assessment(no_reaction_going)
and assessment(no_enzyme_present)
and not assessment(pH_optimal)

if assessment(no_reaction_going)
and assessment(no_enzyme_present)
and assessment(pH_optimal)
and assessment(kettle_temp_optimal)

then
then
then
then
then
then
then
then
then

then
and

then

then

then

then

then

then

then

then

1t

to_be_performed(set_temperature(moderate));
to_be_performed(set_temperature(moderate));
to_be_performed(set_temperature(extra));
to_be_performed(set_temperature(extra));
to_be_performed(set_temperature(usual));
to_be_performed(add(acid));
to_be_performed(add(acid));
to_be_performed(pH, add_base);
to_be_performed(add(base));

not to_be_performed(add(base))
not to_be_performed(add(acid)) ;

not to_be_performed(add(apa));
not to_be_performed(add(enzyme));

not to_be_performed(add(apa));

not to_be_performed(add(apa));

to_be_performed(add(apa));

not to_be_performed(add(enzyme));

not to_be_performed(add(enzyme));

to_be_performed(add(enzyme));



8 Thesmulation mode

In Figure 16 the enzymatic reaction for the production of benzylpenicillin is given.

K1 k 2

E+A _>‘ EA _>‘ E+P+Q
k1

k2

Figure 16 Enzymatic Reaction

Notation Entity Measure

E enzym: penicillin amidase mol / liter (concentration)
A benzylpenicillin mol / liter

EA intermediate result mol / liter

P phenyl acetic acid mol / liter

Q 6-APA mol / liter

k reaction rate constant / sec

From the reactionspecificationin Figure 16 it is clearthatfour reactionrate constantsplay a
role. However, aradditionaldeactivatiornrate constank, playsa role, dueto the deterioration
of the enzyme according to temperature and pH.

For the computationof the concentrationof the different substancesn the solution, the
following differential equations hold:

- kicgca + k.1CEA

- k-2ocecpeq + koCEa

- k-2cgcpeq + koCEa

k1CECA - K-1CEA + K-2CECPCQ - K2CEA

-k1CECA + K-1CEA - k-2CECPCQ + K2CEA - K3CE

o _|la _|a
QL% QE‘ QLS’ 9|_g QL;’
— —

N

Figure 17 Differential equations

Make these differential equations discrete, the concentrations of the substanceslutitheat
timet+ dt (time in minutes) can be approximated by:

Ca(t+dt) = ca(t) + (- kpcgea + k.1cpa)dt

cp(t+dt) = cp(t) + (- koCECpCQ + koCEA)dt

cQ(t+dy) = cQ(t) + (- k-ocecpcq + koCcga)dt

CEA(t+dt) = cga(t) + (kiCECA - K-1CEA + k-2CECPCQ - koCEA)dt
CE(t+dt) = cg(t) + (-kiceca + K-1CEA - k-2CECPCQ + K2CEA - K3CE)dt
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where dt is the duration of 1 step measured in minutes.

Experimental results show that, if the temperature is betw&2arkd 30C, the reactiomate
constantdehaveapproximatelhinear with respecto temperatureThe reactionratesare O at
0°C, asthe mixture in the kettle thenfreezes.Therefore we choseto usethe following linear
equations for the reaction rate constants:

K, = 0.04 *c * (T - 273)
K, = 5000 *c * (T - 273)
K, = 6*c  *(T-273)
K, = 1*c *(T-273)

wherethe ratescorrespondo reactionratesper minute. Although it seemsas if k, is much
higherthanthe others,it's effectis lessthanthatof k,. Both havemore effectthank, andk,,
which is as one would hope if penicilline is to be produced.

The case i = 3 is specidhe enzymdeterioratesrapidly if the pH leavesthe vicinity of 4.4

and if the temperature within the kettle rises abov€2%his was modelled by:

_ 1 LT3
T+z2pH-44)2 )1C 7 J(1+(T-303)2)

k3 = c (1

The parameter z determines how fast the deterioration goes. For this application the f@lue 25
the parameter z was estimated.
The current pH is given by:

pH = - log( V( cpl.7x10-5))

Computing backwardsfrom the optimum pH of 4.4, we see that then ¢, should be
0.000093229mol/liter. Sincetheseare unpleasanfigures to work with, we normalize the
computation of pH in such a way that if we chogse 00, then pH = 4.4:

pH = - log( ¥( 0.00000093229 x cp x 1.7x10-5))

The change in the kettle temperattirper dt depend=on the temperaturef the laboratoryand
the state of the heater:

AT /dt = c*B*heater-c *a * (T - Tlab)
In the current model we estimat@do be 300000, ana to be 50000.

The heatercanhavethe following values:1, 2, and 3. The temperatureof the laboratory
fluctuates, but is assumed to be somewhere betwééndlt® 30C.
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9 Conclusions

The genericmodelfor processcontrol presentedn this paperwas designedon the basisof

earlier experiences in the control of ship building processes (Brkek, Langenand Treur,

1994). On the basis of the genemodel, the applicationto the control of enzymaticreactions,

in particular in antibiotics production was desigmea relatively shorttime; mostof the effort

was spentin building the simulation model. The application integratesqualitative methods
(acquired from oudomainexpert)and quantitativetechniquegthe simulationmodel basedon
differential equations). The prototype implementation that was automatically created on the basis
of the design, using the DESIRE software environment, has been testedin a simulated
environment, but not yet in the real environment.

This project hashownthat the genericmodelfor processcontrol indeedprovidesa strong
form of reusability, and improves the efficiency of the development protegsplicationsto a
large extent. The generic and compositionalnature of the processcontrol model supports
reusability of the model as a whole, but also of separate components within the model.

To prove thatn applicationwith this modelworks properly, the compositionalverification
methodintroducedin (Jonkerand Treur, 1998) canbe used,in a similar manneras how this
hasbeendonefor a genericmodelof diagnosis;see(CornelissenJonkerand Treur, 1997).
This compositionalverification methodrelatesdynamic propertiesof a systemas a whole to
properties of system components, and properties of components to sub-components, and so ¢
Finally the dynamics of the systesms a whole canrelatedto propertiesof the knowledgeused
to specify the primitive components,and environmentaland domain assumptions.The
formulation of thesepropertiesandthe proofs of their relationscan be performedin a generic
manner.The genericand compositionalstructure of the model presentedhere provides an
appropriatebasisfor this, in additionto existingtechniquesfor examplein specificationand
verification of reactivesystemsgf. (Mannaand Pnueli, 1995; Pnueli,1986). A differenceof
our approach with the references mentioned is that our model has a compositional stvecture
anumberof processabstractionlevels. Behaviouralpropertiesof the compositionalprocess
control model such as reactivenes@and pro-activenessan also be studiedin the context of
intelligent agents; cf. (Jonker and Treur, 1998; Wooldrige and Jennings, 1995a,b).
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