AL IN MANUFACTURING

Knowledge-Based Assistance
for the Development of Drugs

Jurgen Frank, Birgit Rupprecht, and Veit Schmelmer, University of Heidelberg

D EVELOPING A NEW DRUG PROD-
uct is a time-consuming and costly affair.
From the chemical synthesis of a new sub-
stance to the entrance of the product into the
market, the process typically takes 12 years
and costs $400 million. But, because patent
rights last only 20 years, drug developers
must cover the lion’s share of the cost of
developing their products within eight years.

So, as these numbers show, it is highly
desirable to reduce R&D costs and save
time during the development process. Also,
extensive drug quality and safety standards
sharply increase documentation efforts—
for example, for justifying a drug’s com-
position. Finally, the rapid increase of
expert knowledge that must be incorporated
into the process, but that is not readily
available or easily accessible, aggravates
the situation.

This article describes the development of
the Galenical Development System Heidel-
berg (GSH), which aims at giving knowledge-
based assistance in one phase of the pharma-
ceutical development process—namely, the
galenical routine development of dosage
forms. Galenical development deals with the
development of a recipe for a certain drug and
its manufacturing technology. The project to
develop such as system began in 1990 and is
directed by Herbert Stricker, head of the

THE KNOWLEDGE-BASED SYSTEM GSH PROVIDES
ASSISTANCE FOR ONE PHASE OF THE DEVELOPMENT
PROCESS OF A DRUG. IT IS DESIGNED TO BE USED AND
MAINTAINED BY PHARMACISTS IN DAILY ROUTINE WORK.
THE SYSTEM CAN SAVE DEVELOPMENT TIME, PRESERVE
EXPERT KNOWLEDGE, AND AID THE TEACHING OF THE
GALENICAL DEVELOPMENT OF DRUGS.

Department of Pharmaceutical Technology
and Biopharmaceutics at the University of
Heidelberg. It runs in cooperation with the
university’s Department of Medical Infor-
matics.! The GSH system can save pharma-
ceutical companies considerable time, pre-
serves expert knowledge, and is easy to use
for people who are not experts in AL In addi-
tion, the GSH can be used as a training tool
for disseminating galenical expertise.

Galenical product formulation

As Figure 1 shows, the development
process of a drug product can be divided into
several phases: chemical synthesis of a drug
substance, chemical and physical character-

ization of the substance, galenical product
formulation for a certain dosage form, pre-
clinical and clinical trials, certification, and
product marketing. Galenical product for-
mulation involves adding appropriate excip-
ients and applying procedures to transform
a drug substance into a certain dosage form
that meets specified properties. Table 1 and
Figures 2 and 3 give examples of excipients,
procedures, product specifications, and a
drug substance. The result of this process is
arecipe like the one in Figure 4.

Dosage forms represent different ways of
administering and delivering a certain drug
substance at its respective target. Well-
known dosage forms include aerosols, cap-
sules, granulates, injection solutions, and
tablets. In our work, we assume that a cer-
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Figure 1. The development process of a drug product.

tain dosage form is already determined at the
beginning of the galenical development
process (see sidebar “Stages in galenical
development™).

The galenical product formulation process
exhibits the typical characteristics of a con-
figuration task (sometimes called routine
design): Given are a fixed set of elements
(parts) and the specification of a goal (con-
straints). Then we must choose a subset of
the available elements, so that the resulting
composition of the selected elements meets
the specification. One problem of configura-
tion tasks is the huge number of possible
solutions, which is exponential in the size of
the set of elements. Another problem is that
the elements interact—that is, we cannot
choose elements independently. 2

Galenical product formulation is also a
weakly structured domain: established meth-
ods indicating how to proceed in a certain sit-
uation rarely exist. Empirical and heuristic
knowledge and the use of qualitative terms
prevail over exact models.

Current practice in galenical
product formulation

Galenical product formulation is a highly
multivariate problem. There are many depen-
dencies between drug substance, excipients,
and procedures. Most of them are still in-

Table 1. Examples of excipients and procedures used in different dosage forms.

Excipients

Procepures

Ethanol (solubilizer)

Hydrochloric acid, 1 mole (pH corrigent)
Lactose (diluent)

Magnesium stearate (lubricant)
Microcrystalline cellulose (diluent)
Sodium hydroxide, 1 mole (pH corrigent)
Sodium lauryl sulfate (wetting agent)
Sodium starch glycolate (disintegrant)

Capsule filling machine, intermittent compression filling
Screw mixer, 30 minutes

Sieving

Steam sterilization

Sterilization by filtration

Planetary mixer (3 minutes, 12 rpm, for lubricant)
Tumbling mixer (cubic mixer) (1545 minutes, 12 rpm)
Tumbling mixer (Turbula mixer)

sufficiently (or at best only qualitatively)
described, which prevents reliable predic-
tions of a composition’s properties.

This might be one reason that nowadays
galenical development frequently proceeds
as follows. To develop the formulation for a
new drug substance and a certain dosage
form, designers try some standard cookbook
recipes and determine their performance:
they conduct laboratory experiments and
measure the product’s relevant properties.

* Flow properties (angle of rep
Compressnbullty (Hausner ratio)

These experimental results serve as a start-
ing point for further modifications of the for-
mulations until one recipe has the desired
properties. This is a fairly unsystematic pro-
cedure and can lead to suboptimal formula-
tions. A product might contain unnecessary
components, or the drug product’s proper-
ties might be close to the given limits, which
can cause problems—with long-term stabil-
ity, for example.

This policy harnesses only a small frac-

Figure 2. Examples of product specifications for the dosage form powder mixture in hard gelatine capsule. The produdt
specifications impose constraints on the admissible drug products.

“Hausner ratio ¥
-~ Water conter}t &

,for
-~ -Packing material: foil (PVC + aluminum)

Figure 4. Example of a recipe resulting from a run of the GSH with the knowledge base for powder mixture in hard

gelatine capsule.
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tion of the existing galenical knowledge. The
literature describes many partial, low-order
dependencies. However, it is not feasible to
keep up with the current state of relevant
knowledge—be it due to shortage of time or
because the published results are only little
pieces of a big puzzle and cannot immedi-
ately be used.

Another problem—rooted in galenical
formulation being a weakly structured
domain—is the empirical, heuristic knowl-
edge of expert technologists. Their knowl-
edge is recorded nowhere. Tapping this
source of knowledge would be valuable for
pharmaceutical companies preserving the
experts’ specific knowledge, which is usu-
ally lost when they leave the company.

Another problem is that the lack of a clear
structure makes it hard for beginners to gain
expertise and produce quality results.

Expected gains through the
use of a knowledge-hased
system

As a consequence of the aforementioned
drawbacks, our group tried to provide a tool
that would help to alleviate some of the prob-
lems. In our opinion, giving knowledge-
based assistance has the following advan-
tages over the prevailing proceeding:

* amore structured approach to the gal-
enical development makes assumptions
explicit, can serve as a base for discus-
sions about how to proceed, and unveils
areas of ignorance (lack of or insufficient
knowledge);

* valuable knowledge previously residing
only in an expert’s head can be preserved;

providing comprehensive, up-to-date

knowledge will lead to better utilization

of what is known and in consequence to
improved formulations;

* the acquisition of expertise for new devel-
opment staff or students at universities
will be facilitated;

* the knowledge-based assistance in the
routine development will decrease devel-
opment time, which will then be available
for more complicated problems; and

¢ this reduction of time will save money.

Project goals

Therefore, the goals of the project are as
follows. First, we must provide a model of the
galenical product formulation process that
applies to all dosage forms. Second, people

- who are not experts in Al must be able to use

the system; they should be able to maintain
and extend their knowledge bases without
further assistance. This second goal has con-
sequences of importance for the final system:

* The model implemented in the know!-
edge-based system and its presentation
to the user must be as simple as possible.

* The user interface must be easily
understandable. This requires using
terms familiar to the pharmaceutical
technologist.

* Different views on the knowledge base
must be possible.

* User interventions must be possible at -
any time during a development session
with the knowledge-based system. Users -
must be able to enter values measured in !
the lab that override the values predicted
by the system. These adjusted values are
then used in further inference steps. 5

* The system must supply explanations for |
decisions made during the inference.

These contingencies, prescribed by the
intended use of the system, have conse-
quences for the choice of Al techniques. Al ;
has developed very sophisticated methods,
which, for example, search a state space very
efficiently or which allow integrity checking
and control of a knowledge base. In practice,
though, many assumptions necessary for the
application of these methods do not hold, or 33
they are too complicated to communicate to
nonexperts. Therefore, we decided to use rel-
atively simple methods for knowledge rep-
resentation and inference, because a lack of ;
knowledge in the domain most often poses a

‘s
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more severe problem than does the use of
winferior” Al methods. (See the “Existing
product formulation systems” sidebar.)

Object-oriented analysis
model of the domain

In the project’s first phase, our group
investigated the feasibility of developing a
generic model of the galenical development
process that would hold for all dosage
forms—to identify a core structure of the
galenical development. We chose the simple
dosage form intravenous injection solution
as a testbed for the modeling. In parallel, we
used a second, more complicated dosage
form, powder mixture in hard gelatine cap-
sule, to evaluate the model’s applicability to
other dosage forms.

We started by identifying the domain
ontology, describing the common concepts
(objects) and their relationships in the
domain. This was important for several rea-
sons. It forced the pharmacists working on
the project to precisely describe the meaning
and use of terms and made previously hid-
den assumptions explicit. Besides that, it
helped the Al researchers understand the
domain. The result of this process was
an object-oriented analysis model of the
domain, which is shown in Figure 5.

We built the object-oriented model using
the object-oriented analysis (OOA) method-
ology of Peter Coad and Edward Yourdon.*
The advantages of object-oriented models
are well-known. They provide an excellent
means for structuring a domain, breaking it
down into natural parts, and—due to their
graphical representation—they facilitate
communication between experts and nonex-
perts. Furthermore, the transition from analy-
sis model to design model and finally to an
implementation is fairly easy to make.
Changes in the model, especially extensions,
are not hard to integrate.

Let us now look closer at the domain
model of the galenical product formulation
in Figure 5. Excipients and procedures (in
the center of the figure) can be grouped to
form compound actions. These have at least
two components; either two or more excipi-
ents or procedures, ora mixture of excipients
and procedures. Compound actions are nec-
essary for structuring the domain, because
some excipients only make sense in connec-
tion with a certain procedure, or vice versa.
Moreover, some excipients must be selected
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in combination—for example, the com-
ponents of a buffer solution. The three
objects—excipient, procedure, and com-
pound action—are all specializations of
a generic object called action. The link
between action and property indicates that
we can characterize every action by some
properties and their respective values.
Attached to a property can be an arbitrary
number of formulas used to derive a certain
property’s value from other properties.
Excipients can be characterized by back-
bones (the chemical core structure of the
excipient’s molecule) and functional com-
ponents (chemically reactive groups). Func-
tional components can be defined at differ-
ent levels of granularity. Therefore, we allow
the definition of heterarchies (directed
acyclic graphs) of functional components. A
backbone itself can be described by its func-

tional components. Backbones, functional
components, and actions can describe incom-
patibilities. Incompatibilities specify adverse
interactions between two components that
can lead to rejection of a recipe containing
them.

The model developed so far represents the
domain’s static structure. It does not make
any statement regarding how this is used for
solving a given formulation problem.

Design of inference structure

The result of the galenical formulation for
a certain drug substance and dosage form—
a recipe—contains a subset of all excipients
and procedures. This problem of selecting
one element from a power set is of expo-
nential complexity in its general, unre-
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Figure 5. Partial object-oriented analysis model of the domain of pharmaceutical technology. The graph presents the
model in a simplified way, leaving out some details. An abstract ass has no objects (instances), whereas a class can
have objects (instances). In a partitive relationship {between objects), the whole comprises parts 1 and 2, and the
numbers represent cardinality restrictions on the number of connections between objects (for instance, the whole has
at most one object part 1, which itself helongs to anly one object whole). An instance relationship befween objects is
used like the partitive relationship when the interpretation as a partitive relationship is not adequate. Finally, in a gen--
eralization/specialization relationship (between classes), specializations of a class inherit all properties of the superor-
dinate class but might have additional properties.

stricted form. Therefore, we must use more
knowledge from the domain or make rea-
sonable assumptions about the domain to
reduce the complexity for a practical infer-
ence mechanism.

Decomposing the development process.
Because our goals were not only to build
a working knowledge-based system but
also to provide a structured, systematic
approach to the galenical product formula-

Drug substance,
drug profile

8. Selections of filling machi
and packing material

151

Recipe, drug product -

Static sequence of
; development steps

nth step in a concrete
/ development

Figure 8. Example of the dynamic development process
with knowledge-based backtracking (for the dosage
form powder mixture in hard gelatine capsule).

tion, it is natural to proceed as follows.

During the development of a dosage form,
a pharmacist usually encounters several
problems that are typical for this dosage
form and that must be solved. Perhaps, for
instance, a drug is not sufficiently soluble in
water, or a powder mixture does not flow
freely enough for use in a capsule filling
machine. We therefore decided to conceptu-
ally break down the development process
into distinct development steps. Every step
focuses on one problem and is associated
with a subset of the specifications (con-
straints) for the drug product. A problem is
considered solved when its associated spec-
ifications are met.

In general, only few of all actions are use-
ful in a certain development step. The knowl-
edge base of our dosage form IV-injection
solution, for example, contains a develop-
ment step for the adjustment of the solution’s
pH value. In this step, we should consider
only those excipients that can actually in-
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Table 2. Simplified example for the dosage form powder mixture in hard capsule: sequence of development steps, corresponding constraints from specifications, and

attached groups of actions.

DEeVELOPMENT STEP

CONSTRAINTS DEFINED IN SPECIFICATION

GROUP OF ACTIONS

1. Check stability

2. Increase dissolution

3. Disperse drug

4. Select diluents

5. Select lubricants

6. Select mixers

7. Select disintegrants

8. Select filling machine and packing material

Hygroscopicity, degradation

Disintegration
Machine equipment, stability

Unsolvable problems

Dissolution Wetting agents
Homogeneity Premix procedures
Bulk density, capsule size Diluents

. Die-wall friction Lubricants
Homogeneity Mixers

Disintegrants
Capsule filling machines, packing material

fluence the pH, such as buffer solutions,
hydrochloric acid, and sodium hydroxide. It
would not make sense to consider preserva-
tives or isotonants (which adjust the osmotic
activity of a drug solution to the value of the
blood plasma) in the context of pH adjust-
ment, because they do not effect the inter-
mediary product in the desired way. There-
fore, we associate only those actions with a
development step that we consider capable
of solving the respective problem. As an
example, Table 2 shows the sequence of
development steps, the constraints specified
for every development step, and the associ-
ated groups of actions, for the knowledge
base powder mixture in hard capsule.

After completing a particular development
step. the resulting intermediary product must
meet those specifications that are associated
with the current development step. However,
there are still dependencies between steps. Suc-
cessfully working through one step by choos-
ing a suitable action might cause a constraint
previously satisfied to be violated. So how
should the development steps be ordered?
Some systems (for example, the PFES) use
a dynamic scheduling scheme to activate
processes similar to our development steps.

For simplicity, we decided to impose a
predefined ordering onto the steps and pro-
vide a knowledge-based backtracking mech-
anism (see Figure 6). For a given dosage
form, the most important task the pharma-
ceutical expert faces is defining the develop-
ment steps and adequately ordering those
steps. The ordering should minimize depen-
dencies between development steps—espe-
c1ally backward influences from later steps

on preceding ones.

Our assumptions s1gniﬁcantly reduce the
complexity of the problem. This is mainly
due to the fixed ordering of the development
steps, which effectively reduces the maxi-
mum depth of the search tree to the number
of steps. As a result, the problem is now poly-
nomially complex.

Decomposing a development step. We
have described the components constitut-

ing the development steps and their linear
ordering. We will now explain the internal
structure of a single development step. Each
step has the same skeletal structure, which

Necessary to -

with drug proflle )

clalh < ko )

choose action? (Compare relevant
properties of intermediary product

needs to be filled with the appropriate knowl-
edge for the respective problem to be solved.
Figure 7 shows the complete structure of a
development step.

Select subset of actlons con5|dered able to solve prob|em

Rank actions accordmg toa

user—defmed scoring metnc

(excludmg actlons meetlng exclusnon cntena)

Know|edge -based
backtracking:

jump to previous

development step
or abort

Calculate amounts of excipients {if necessary) and predict

Action successfui?

product meet specifications.)

properties of intermediary product after performing selected action

(Check if relevant properties of new intermediary

- Yes

( End of development step

Figure 7. Procedural model of one development step.
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Necessity to select an action within a devel-
opment step. As we explained before, within
each development step a certain problem—
that is, a subset of all specifications—must
be solved without violating any constraints
from previous steps. The first decision we
face in a development step is whether an
action must be selected at all. It could well be
that the problem addressed in the current step
is not present or has already been solved in

preceding steps. The system makes this deci-

sion by comparing the predicted properties of
the current product with the relevant specifi-
cations in the product profile, and jumping to
the next development step if none of the spec-
ifications are violated.

Subgroups of actions. Within a single devel-
opment step, the system must select exactly
one action—an excipient, a procedure, or a
compound action. In most cases, this selec-
tion process can be structured to form a deci-
sion tree or network. In our system, hierar-
chically structured rule sets represent this
knowledge. Hierarchical means that the
action part (right-hand side) of a rule may be
either a set of actions or a set of rules. A set
of rules as the right-hand side of a rule repre-
sents the branching point in a decision tree.
The leaf of the decision tree consists of a sub-
group of all actions associated with the devel-
opment step. We assume that every action in
the subgroup has the potential to solve the
problem currently under consideration.

In implementing the rule interpreter, we
used the most simple way of conflict resolu-
tion: the rules in a rule set are ordered, and
the inference mechanism processes them as
such. The first rule with its precondition sat-
isfied fires. To the users, this way of handling
conflict is straightforward and easy to under-
stand (as long as the number of rules is small
enough). The galenical experts also make use
of the ordering as a means of structuring their
knowledge.

Selecting an action. To select one action
from a subgroup, we use multiattributive
. value theory. For every development step, we
must define some decision criteria and asso-
ciated weights. We define the constraints to
be resolved within the development step as
criteria—for example, angle of repose, com-
pressibility, demixing, solubility, and hygro-
scopicity (for the dosage form powder mix-
ture in hard gelatine capsule). Usually, we
define additional criteria that do not explic-
itly occur in the product profile—for exam-

ple, the physiological compatibility of an
excipient, its price, or its availability. Other
criteria might refer to constraints that are not
crucial to the current development step but
that, due to interactions, will probably be
influenced by the selection of an action. For
every criterion, we must provide a function
mapping all values of that criterion into the
interval [0, 1]. The value we get after apply-
ing the function is a measure of the relative
power of a certain action with respect to a sin-
gle criterion. The weights associated with the
criteria indicate their respective importance.
All weights must sum to one. The score of an
action is the sum of the values of the criteria’s
functions times the weight associated with
the criteria. To select an action, the system
calculates the scores for all actions in the
selected subgroup and ranks them by their
scores. The system then selects the action
receiving the highest score.

Incompatibilities. There are some chemical
substances or procedures that interact and
produce effects that are unwanted. It is nec-
essary to be able to capture those kinds of
interactions in our system. We call them
incompatibilities. We define an incompati-
bility as the qualitative interaction between
any two actions, backbones, or functional
groups. Its importance for the resulting drug
product must be judged by the user, because
an incompatibility merely makes a qualita-
tive statement that there is some known, pos-
sibly harmful, interaction between the drug
product’s components. Therefore, an incom-
patibility between a component of the current
intermediary product and a new action does
not necessarily lead to rejection of the ac-
tion. This decision is left to the user. One ex-
ample of an incompatibility is the well-known
Maillard reaction (sugar-browning reaction)
between lactose and amines, which causes the
product to discolor to brown. Another exam-
ple of an incompatibility is the combination
of a membrane filter using cellulose acetate or
cellulose nitrate that will lead to adsorption
of the proteins and peptides at the membrane
that are then missing in the drug product.

Calculation of amounts of excipients. We
must associate an amount with every excipi-
ent in the final recipe. This amount depends
on many factors, such as other excipients
already contained in the recipe, procedures
applied, values of the product profile and val-
ues of the intermediary product. We therefore
provide the user with a rule-based means for

selecting the appropriate formula to calculate
an excipient’s amount.

— s -

Predicting the properties of the (interme-
diary) drug product. Having selected an
action and—in the case of an excipient-—cal-
culated its amount in the formulation, we

must predict the properties of the intermedi- -

ary drug product. A rule-based mechanism
does this by determining the appropriate func-
tion for predicting a property in a certain sit-
uation. Our system’s rule-based component
has only a very restricted working memory. -
Namely, we only allow that the predicted
properties of the new intermediary product
(after adding the selected action) be used for
predicting other properties. Such properties
may play the role of temporary variables. We
must demand that there be no cycles in the
course of predicting the properties; otherwise,
we would run into an infinite regression.

Knowledge-based backtracking. After pre-
dicting the properties of the new intermedi- ‘
ary product, we have to check whether the -

specifications in the drug profile are met. At

the end of a development step, not only the -

relevant properties of the current development
step, but also all properties focused on in pre-
vious development steps, must be within the
specifications. (That is, the set of specifica-
tions that must be satisfied at the end of a
development step is continuously growing
while we proceed through the sequence of
development steps.) If this is the case, the
development step terminates successfully.
Otherwise, the chosen action is rejected and
the next action tried, according to rank order.

It is possible that no action in the chosen
subgroup of actions will lead to successful ter-

mination. Should this be the case, we might

try to take back previous decisions, We do this
via knowledge-based backtracking, using
rules to determine the development step to
return to. Usually we do not just go back one
step in the development process, but rather
make use of galenical knowledge to determine
why the current step was not successful. We
choose a development step that can solve the
root of the problem. In Figure 6, we give an
example for knowledge-based backtracking
taken from the knowledge base for powder
mixture in hard gelatine capsule. In the devel-
opment step responsible for the selection of
disintegrants, the system encounters a prob-
lem with the solubility of the drug substance.
Because the developer of the knowledge base
has supplied it with the knowledge that solu-
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bilizing measures are applied in development
step 2, backtracking takes place to this step.
When we backtrack to a development step, we
retain only the information about the actions
taken before that step.

Explanation of the model and the course
of inference. One important aspect in the
development of a knowledge-based system is
the ability of the system to explain its deci-
sions to the user. We have to take into account
several aspects of explanation. First, the
developer of a certain dosage form constructs
amodel of the development process—that is,
development steps must be identified and
ordered. In our system, the designer of a
knowledge base must provide a textual expla-
nasion for the distinct development steps and
their ordering. This is part of the static view
of the knowledge base.

Second, the explanation of the results of a
development session with the knowledge-
based system gives a dynamic view of the
knowledge base. It is basically a trace of the
steps the system has taken during the infer-
ence process. The user can control the gran-
ularity of the explanation the system provides.
This explanation can be as compact as the
plain recipe and the drug product’s predicted
properties. If needed, however, the system
will also generate a very detailed explanation,
including information such as the rules acti-
vated, the formulas used, or the individual
scores of actions in the selected subgroups.

A rationale for the knowledge and deci-
sions is provided through canned text and ref-
erences to the knowledge sources (for exam-
pie, original articles, lab experiments, and
textbooks). For practical purposes, this seems
to be sufficient, due to the system’s purposely
simple, easy-to-understand structure. Rules
in our knowledge-based system always have
a clearly defined context, so that they are
fairly self-explanatory. In case more infor-
mation is needed, the most important aid
seems to be the original literature. Another
advantage to our simple way of providing
explanations is that they can easily be han-
died by the pharmacists maintaining the
knowledge base. More sophisticated meth-
ods would not be feasible in routine work.

Implementation
We developed the GSH on a PC running

under Windows 3.11, using Digitalk’s Small-
talk/V for Windows. It needs at least 8 Mbytes

of RAM and a 486 PC. We chose Smalltalk as
a development tool for several reasons: it is
an object-oriented language suited as well for
rapid prototyping as for production versions
of a program. It comes with a graphical user
interface and tools for designing graphical
user interfaces. Although it uses a lot of mem-
ory and probably does not give the fastest run-
ning programs, it is easy to work with. Addi-
tionally, during the last years, the tools and
Smalltalk compilers available have improved
significantly. Because the design of our
knowledge base and our inference mecha-
nism is not very complex, we did not have to
use sophisticated rule interpreters—for exam-
ple, with many-to-many pattern-matching
mechanisms.

State of the project

Our group is currently working on the
knowledge bases for eight dosage forms.
We have completed the knowledge bases
aerosols, intravenous injection solutions,
powder mixtures in hard gelatine capsule,
and tablets (direct-compression). The knowl-
edge bases coated forms, granulates, lyo-
phylisates, and pellets are in different stages
of development.

We presented the GSH to several pharma-
ceutical companies to explain our approach
and encourage external tests with the avail-
able knowledge bases. The aim of those
activities was mainly to test, in principle, the
feasibility of our structured approach. The
recipes proposed by the system were well-
received by the galenical experts. In Decem-
ber 1996, the GSH was first introduced into
practice in a pharmaceutical company. Pre-
liminary results from this field trial are
expected in the first quarter of 1997.

Evaluation

Evaluating the GSH is not easy. We must
view the system’s performance along several
axes. First, we have to ask whether the model
of the galenical development process is ade-
quate. Intensive discussions and tests have
convinced us that in general this is the case
for the dosage forms we are currently work-
ing on. We do not expect any fundamental
changes in the model to be necessary,
although several extensions are needed to
better accommodate knowledge about more

complex dosage forms. The structuring of the
domain by introducing the concept of a
development step, which takes care of a cer-
tain problem, has proven to be very useful.

A second dimension with which to evaluate
the system would be to compare the predic-
tions of the GSH with the results of lab exper-
iments. This is very time-consuming, and
we’ve only done it with a few drug substances
and profiles. Those experiments gave us pos-
itive but only casuistic information about the
system’s performance. Generalizing the re-
sults is barely possible; there is no way to com-
pletely and systematically evaluate the knowl-
edge base. In our opinion, the GSH knowledge
base can be judged only subjectively by its
performance in practical use, taking into
account the quality of the predictions of the
products’ properties and whether the GSH
actually reduces the time necessary for the
galenical development of a dosage form.

The last dimension evaluates how the sys-
tem compares with the conventional proce-
dure. This is the most difficult point. Differ-
ences between recipes are hard to quantify.
It is not clear how to measure the quality of
arecipe and its corresponding drug product.
As for now, we leave this judgment to the
experts. Our system cannot guarantee opti-
mality of recipes. However, what it can do is
quickly provide the user with a good initial
recipe that can be further refined.

Uncertainty

We have not yet addressed the representa-
tion of uncertainty in our system, in this arti-
cle. Briefly, we attach a value between 0 and
1 to each property value and formula. These
values are propagated using the arithmetic
minimum rule. We do not use the values for
any decisions. They only serve as indicators
for the credibility of a fact or a derived value
in terms of the weakest element in a chain.
The disadvantage of this approach is that the
uncertainty inherent in the predictions of
intermediary products’ properties is not taken
into account adequately. In the future, we
might extend the representation of uncertain
knowledge if the gain seems large enough.

When we make predictions for the values
of the. properties of an intermediary product,
we do not allow qualitative values—that is,
statements such as action X increases the pH
of the product. However, we expect in more
complex dosage forms that the knowledge
available will become sparse and will not be
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expressible in quantitative relationships. This
would then call for ways to express qualita-
tive knowledge and to integrate qualitative
and quantitative knowledge.

" AVING SUCCESSFULLY ESTAB-
lished a generic model of the galenical devel-
opment process and implemented knowledge
bases for four different dosage forms, we can
draw several conclusions from our project.
For starters, capturing the terminology of the
domain and structuring the domain by means
of object-oriented analysis methods, although
not a panacea, is very helpful for gaining a
clearer view of the subject area. Decompos-
ing the problem-solving process provided a
valuable guideline for practical work.

The linear ordering of the development
steps might seem a bit too restrictive. But dis-
cussions of alternatives—for example, con-
sidering several development steps in paral-
lel—suggested that the resulting increase in
the model’s complexity would not be com-
pensated by the advantages of this approach.

"Working together with individuals who are
not experts in Al, we learned that it is impor-
tant not to focus on sophisticated Al meth-
ods too much when designing a knowledge-
based system (especially if the domain
experts are to develop and maintain the
knowledge bases, largely unaided by Al
experts). Many techniques for modeling
knowledge can be great in theory; but, in
practice, collecting the detailed information
necessary to fill the knowledge base is often
impractical. This might be one reason that
many knowledge-based systems did not
make it out of the lab. In our special case, a
lack of knowledge frequently seems to pose
a more severe problem than some theoreti-
cal deficits due to the use of simple methods.

Of great importance is the need to pro-
vide users with capabilities for browsing the
knowledge base to explore the knowledge
built into the system. This helps users judge
the system’s decisions, because they can
evaluate their own knowledge against the
system’s knowledge base. Finally, users
usually do not care much about the models
underlying a system: they want a tool they
can use easily and that actually aids them in
their daily work.

We have shown that the knowledge model
of the domain of pharmaceutical technology
is sufficient for creating knowledge bases for
several dosage forms. However, as more com-

plex dosage forms are developed, we are con-
sidering some extensions to the model. The
biggest problem is that the dosage forms we
are now working on depend much more on
machines and settings of the machines’ para-
meters than did the previous ones. Usually,
machines (for example, a fluidized bed gran-
ulator) can be controlled by several para-
meters (such as the rate of air flow and tem-
perature). Changing the settings of these
parameters changes the resulting product’s
properties. The GSH represents machines as
procedures, but there is no means for repre-
senting the machines’ parameters and deter-
mining appropriate settings. Therefore, we
must assume that the values of parameters are
fixed (see the examples in Table 1). It is there-
fore necessary to extend the model to allow
for the representation of machine parameters.

We have been able to reuse parts of knowl-
edge bases for several dosage forms. We can
reuse backbones, functional groups, and the
definitions of units and conversions between
units (not shown in the object-oriented analy-
sis model) in virtually every dosage form.
For some dosage forms, we can reuse certain
development steps; the same holds for some
excipients and, to a lesser extent, procedures.

The results of the development sessions
with the GSH are stored in a database but not
used by the system any further. During a ses-
sion, experimental results can replace the val-
ues of the product’s properties predicted by
the system. Should there be significant dis-
crepancies between the system’s predictions
and the experimental results, this informa-
tion can be a valuable source for revising the
content of the knowledge base.
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