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1 I n t roduc t i on 

The design of MOLGEN is based on the 
p ropos i t i on tha t successfu l problem so lv ing in 
compl icated domains requ i res the use of la rge 
amounts of domain s p e c i f i c knowledge. As a r e s u l t , 
the representa t ion of t h i s knowledge is a problem 
of p r a c t i c a l importance. The domain s p e c i f i c 
knowledge inc ludes knowledge about the ob jec t s , 
the t rans format ions app l i cab le to the ob jec ts and 
i n fo rma t ion about use, e f f ec t i veness , and cost of 
the t rans fo rmat ions . The representa t ion should 
f a c i l i t a t e the a c q u i s i t i o n of the knowledge from 
the user and the r e t r i e v a l of re levant knowledge 
dur ing problem s o l v i n g . 

An innovat ive fea ture of MOLGEN w i l l be i t s 
a b i l i t y to represent a l l problem so l v ing knowledge 
in a uni form manner. In a d d i t i o n , the system 
design insures t h a t : 

1 . Planning s t r a t e g i e s and h e u r i s t i c s w i l l 
not be b u i l t i n t o the code of the system. 

2. Procedures w i l l be expressed in such a way 
tha t the contents of the named component 
par ts of the procedures can be re ferenced. 

The paper f i r s t g ives a b r i e f desc r i p t i on of 
domain o b j e c t s , t rans fo rmat ions , and the design of 
exper imental p lans . Then Sect ion 3 descr ibes the 
represen ta t ion of knowledge and the techniques 
being developed to manage the knowledge base. 
F i n a l l y the cur ren t s t a te o f implementat ion i s 
d iscussed. 

2 Experimental Tasks 

MOLGEN w i l l design both synthesis and 
ana lys is exper iments. Synthesis experiments b u i l d 
a spec i f i ed DNA s t r u c t u r e from completely or 
p a r t i a l l y s p e c i f i e d s t a r t i n g m a t e r i a l s . Analysis 
experiments d i sc r im ina te among competing 
s t r u c t u r a l hypotheses. An example is g iven in 
Section 2 .3 . 

* This research was supported by the Nat ional 
Science Foundation under Grants NSF MCS76-11935 
and MCS76-116M9. J. King is supported by an IBM 
graduate research f e l l owsh ip . 

In t h i s work we are assuming tha t the 
competing hypotheses are given to the system and 
the task is to d i sc r im ina te among them. See 
[Fe i te lson77] fo r a d e s c r i p t i o n of knowledge 
sources fo r the systematic format ion and t e s t i n g 
of hypotheses in a recent genet ics experiment. 

The design of molecular genet ics experiments 
may be viewed w i t h i n a f a m i l i a r AI paradigm: 
state-space search. World s ta tes f o r these 
searches cons is t of sets of DNA s t ruc tu res along 
w i th desc r ip t i ons of an experimenter s knowledge 
about them. State t rans format ions correspond to 
labora tory techniques which, a l t e r s t r uc tu res or 
increase an exper imenter 's knowledge about 
s t r u c t u r e s . An ac tua l experiment as ca r r i ed out 
in the labora tory can be represented by an i n i t i a l 
world s ta te and a sequence of t rans fo rmat ions . A 
labora tory problem can be represented by an 
i n i t i a l world s ta te and desired f i n a l world s l a t e . 
However, an exper imental plan could be more 
complicated than the t race of a p a r t i c u l a r 
experiment as i t was performed in the l abo ra to r y . 
The plan must express the f ac t t ha t at a g iven 
po in t in an experiment the next t rans fo rmat ion may 
depend on the outcome of the present: 
t rans fo rmat ion . I t a lso must a l low 
t ransformat ions to remain unordered when the order 
of app l i ca t i on is not impor tant . Thus, an 
experimental plan is a more complicated s t r u c t u r e 
than a simple sequence of t rans fo rmat ions . 

2.1 Genetics Knowledge 

2.1 .1 Domain Objects 

The science of molecular genet ics is 
centered around the s t r u c t u r e and func t i on of the 
deoxyr ibonucle ic acid (DNA) molecule. DNA 
cons is ts of two p a r a l l e l s t rands composed of 
chemical groups ca l l ed " n u c l e o t i d e s " . A l l 
nuc leot ides are composed of a sugar par t which 
forms the DNA "backbone" and a base which 
p a r t i c i p a t e s in "hydrogen bonds" between the 
p a r a l l e l s t rands. Only four bases commonly e x i s t 
in the DNA molecule, Adenine, Guanine, Cytos ine, 
and Thymine — abbreviated as A, G, C, and T. 
Furthermore. A and T w i l l only form hydrogen bonds 
w i th each o the r ; l i kew ise f o r C and G. 

DNA s t ruc tu res have b i o l o g i c a l , t o p o l o g i c a l 
and sequent ia l a t t r i b u t e s . The molecule can be 
viewed as a chromosome whose component par ts are 

enes having s p e c i f i c b i o l o g i c a l and c o n t r o l 
unc t ions . In add i t i on to the double stranded 

topology described above, DNA has many poss ib le 
c o n f i g u r a t i o n s . Hydrogen bonds and backbone bonds 
can be broken r e s u l t i n g in s t r u c t u r a l anomalies 
such as n icks ( s i ng le backbone bond broken) , gaps 
(severa l bases missing along one s t r a n d ) , bubbles 
(a sequence of i n t e r n a l hydrogen bonds broken so 
the strands separa te) . The f i n a l a t t r i b u t e of the 
molecule is the ac tua l sequence of bases used to 
form the i n d i v i d u a l s t rands . In a d d i t i o n to the 
four bases described above, there are a l t e r n a t e 
bases which can occur. 
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In any p a r t i c u l a r exper iment, a t t r i b u t e s of 
each type may be important* The g e n e t i c i s t o f ten 
does not know enough about the s t r u c t u r e of a 
molecule to know p rec i se l y where a f e a t u r e , such 
as a gene or a s p e c i f i c base sequence, is on the 
molecule. 

2 .1 .2 Domain Transformat ions 

There are two types of domain 
t rans fo rmat ions : m o d i f i c a t i o n and observa t ion . By 
mod i f i ca t i on we mean a t rans fo rmat ion which 
changes DNA s t r u c t u r e s . By observat ion we mean a 
t rans fo rmat ion which changes the s ta te of 
i n fo rmat ion ava i l ab le to the experimenter about 
those s t r u c t u r e s . 

Mod i f i ca t i on t rans format ions cons is t o f 
making and breaking bonds and separat ing 
molecules. These ac t ions can be ca r r i ed out by a 
v a r i e t y of p h y s i c a l , chemical and b i o l o g i c a l 
techniques. A commonly used group of n a t u r a l l y 
occur ing reagents are ca l l ed enzymes. These are 

to ca ta lyze reac t ions that used 
bonds 

make or break 

The s p e c i f i c i t i e s of the t rans format ions 
vary over a wide range. For example, each 
r e s t r i c t i o n enzyme recognizes a s p e c i f i c base 
pa t te rn and cuts the molecule at t ha t s p e c i f i c 
s i t e * In c o n t r a s t , c e r t a i n exonuclease enzymes 
cut the molecule from one end l i b e r a t i n g fragments 
o f unpred ic tab le s i z e . 

Un fo r tuna te l y , there is not a set of 
p r i m i t i v e t rans format ions tha t w i l l break or make 
any a r b i t r a r y spec i f i ed bond on a molecule. A 
part of a molecule tha t is a conceptual e n t i t y to 
a g e n e t i c i s t , such as a gene or a reg ion w i th a 
p a r t i c u l a r base sequence, may not be recognizable 
by any mod i f i ca t i on t r ans fo rma t i on . Therefore, 
f o r each s i t u a t i o n the g e n e t i c i s t must f i n d some 
combination of t rans fo rmat ions tha t approximn'es 
the t rans fo rmat ion des i red . 

A given mod i f i ca t i on t rans format ion may 
produce many products in a s ing le a p p l i c a t i o n and 
may not always car ry out an i d e n t i c a l l y 
reproduc ib le a c t i o n . An example is the enzyme 
Ligase which causes pieces of double stranded L)NA 
to j o i n forming longer p ieces. The enzyme w i l l 
not lus t l o i n the two desired segments. The f i n a l 
sample w i l l cons is t o f segments of vary ing length 
and vary ing composi t ion. I f a p a r t i c u l a r 
composit ion is des i red , i t must be recognized and 
separated from the sample by another 
t r ans fo rma t i on . 

Observat ional t rans format ions are 
p a r t i c u l a r l y important to the g e n e t i c i s t . They 
are used to v e r i f y or p red i c t the r e s u l t s of 
mod i f i ca t i ons . Common observa t iona l 
t rans format ions i nc l ude : a n a l y t i c e lec t rophores is 
(a l abora to ry technique which d i sc r im ina tes among 
DNA molecules based p r i m a r i l y upon t h e i r molecular 
weight and e l e c t r i c charge) , u l t r a v i o l e t 
f luorescence (exposing a sample of molecules to 
u l t r a v i o l e t r a d i a t i o n t o determine i f a s t r u c t u r e 
is s i ng le or double s t randed) . and e lec t ron 
microscopy (,to observe t o p o l o g i c a l d e t a i l s ) . 

2.2 Genetic Abstractions 
The ac tua l l abora to ry t rans format ions are 

o f ten nonspec i f i c both in terms of the ob jec ts 
they act upon and the r e s u l t s they produce. This 
c h a r a c t e r i z a t i o n of the domain t ransformat ions 
leads n a t u r a l l y to the use of abs t rac t ob jec ts and 
t rans format ions in p lanning experiments. The 
abs t rac t i ons correspond to the conceptual e n t i t i e s 
and t rans format ions of the g e n e t i c i s t and w i l l be 
an important par t of the knowledge base. 

S i m i l a r l y , the p lanning s t r a t e g i e s used by 
the g e n e t i c i s t in c rea t i ng a p lan w i th these 
abs t rac t i ons are important h e u r i s t i c s fo r the 
system. This encompasses a broad range of 

knowledge such as plan sketches f o r var ious 
con tex ts , design cost h e u r i s t i c s which p red i c t the 
costs or t rans fo rmat ions , and h e u r i s t i c s f o r 
eva lua t ing the relevance and s p e c i f i c i t y of 
l abora to ry t rans format ions to the current problem. 

2*3 Analys is Example 

One method of ana lys is p lanning cons is ts of 
focussing i n i t i a l a t t e n t i o n upon some feature of 
the problem and c rea t i ng a model which emphasizes 
the a t t r i b u t e s o f tha t f e a t u r e . In t h i s example 
we i l l u s t r a t e how d i f f e r e n t a t t r i b u t e s of DNA can 
lead to d i f f e r e n t plans f o r the same experimental 
task . The problem is to d i sc r im ina te between the 
two hypotheses: 

Hypothesis 1: The sample conta ins molecules 
w i th the sequence AAAAAAA...(called poly A), where 
the length of the poly A sequence is at leas t 
t h i r t y bases. 

Hypothesis 2: The sample conta ins no such 
molecules. 

The usual focus 
the poly A sequence. 

P l a n l : One a t t r i b u t e of a 
sequence i s tha t i t w i l l have 
bonds than other reg ions . This 
e a s i l y deduced from the fac t 
considerably weaker hydrogen bonds 
do C s w i th G's. E x p l o i t i n g t h i s 
to the idea o f p a r t i a l l y denatur ing 
weaker hydrogen bonds i n ) the 
look ing f o r the r e s u l t i n g bubble 
e lec t ron microscope. 

Plan2: Recognizing tha t an appropr ia te 
complementary base sequence would bind s e l e c t i v e l y 
to an embedded poly A reg ion leads to a "probe" 
p l an , A probe of r a d i o a c t i v e l y l abe l l ed poly T 
( the complementary sequence) is ob ta ined. The 
probe is mixed w i th the DNA sample. F i n a l l y , an 
observat ion technique is used to see i f 
r a d i o a c t i v i t y has been incorporated i n t o the DNA 
molecules. 

Plan3: A f i n a l perspect ive makes use of the 
fac t tha t the b i o l o g i c a l func t ion of DNA is to 
create p r o t e i n s . In the case of Poly A, the 
p ro te i n produced would be p o l y - v a l i n e . The 
exper imental p lan is to create p ro te ins from the 
DNA sample and t e s t f o r the presence of po l y -
v a l i n e . 

3 Representat ion of Knowledge 

We can summarize the knowledge which MOLGEN 
w i l l use in experiment p lanning as f o l l o w s : 

in such a problem would be 

long poly A 
weaker hydrogen 

knowledge is 
hat A 's form 

wi th T 's than 
weakness leads 

(breaking the 
molecules and 

shape under an 

S t a t i c Knowledge— Knowledge which is f i x e d 
dur ing problem s o l v i n g . 

(1) Object : Conceptual e n t i t i e s of the 
system l i k e DNA molecules, enzymes, 
samples, lab techniques. 

(2) Ac t i on : World State t ransformat ions 
corresponding to the e f f e c t s o f 
l abo ra to ry techniques. 

(3) S t r a t e g y / C o n t r o l : Genetic p lanning 
s t r a t e g i e s and general problem 
s o l v i n g h e u r i s t i c s . 

Dynamic Knowledge— Knowledge which can change 
dur ing problem s o l v i n g . 

(4) World S ta te : A 
s imulated 

d e s c r i p t i o n o f the 
genet ics exper imental 

environment and measurements of i t . 

(5) Planning S ta te : A representa t ion of the 
p a r t i a l l y designed experiment and 
the a c t i v i t y o f the problem so lv ing 
process. 

Applictions-2: 
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A s i m i l a r c l a s s i f i c a t i o n of knowledge 
app l ies f o r many problem so l v i ng systems. Besides 
represent ing ob jec ts and ac t i ons , a l l systems must 
represent problem so l v ing s t r a teg ies and s t a t e s . 
These are o f t en embedded in the program or con t ro l 
s t r u c t u r e ra ther than being e x p l i c i t e n t r i e s in 
the knowledge bases. However, embedding knowledge 
i n t h i s w a y 
f l e x i b i l i t y 
in t h i s way may se r ious ly impair the system s 
flexibill ity. Changing, adding, or de l e t i ng an 
instance of any type of problem so lv ing knowledge 
can have wide ranging e f f e c t s on knowledge of a l l 
types throughout the system. In a large knowledge 
base, i t i s v i t a l fo r the system to ass i s t the 
user in l o c a t i n g these e f f e c t s . In a d d i t i o n , any 
system which w i l l be extended to work on new 
problems must have f a c i l i t i e s fo r adding new 
instances of each category of knowledge. 

3.1 Cprpmon Representat ion 
Solving Knowledge 

for All Problem 

To represent these types of knowledge, we 
adopt the use of a s t r u c t u r e d , ob ject -centered 
knowledge base. This idea has recen t l y been 
advanced fo r problem so l v ing in KRL [Bobrow77] and 
f o r knowledge a c q u i s i t i o n by TEIRESIAS [Dav is76] . 
b u i l d i n g on the ideas, among o the rs , of SIMULA 
classes [Dah l72] , FRAMES [Minsky74], and SMALLTALK 
classes [Goldberg76]. The main components of 
these rep resen ta t ions , va r i ous l y ca l l ed " f rames" , 
" u n i t s " , or "schemata", can be thought of 
( f o l l o w i n g [Davis76]) as record d e f i n i t i o n s 
extended to support i n t e r r e l a t i o n s h i p s and to 
accommodate attached procedures. We w i l l r e f e r to 
them as "schemata" , Each schema w i l l be composed 
of s l o t s w i th associated value or type 
s p e c i f i c a t i o n s and attached procedures. A l l 
schemata w i l l be organized in a 
g e n e r a l i z a t i o n / s p e c i a l i z a t i o n h ierarchy s i m i l a r t o 
tha t of other systems. Associated w i th each 
schema w i l l be a model which summarizes the ways 
in which the var ious s l o t s have been f i l l e d . 
These schemata and t h e i r associated models provide 
the knowledge needed by management rou t ines fo r 
acqu i r i ng and updat ing the knowledge base and fo r 
many problem so l v i ng tasks . The issues involved 
in represent ing knowledge in such a schema system 
are s i m i l a r to the issues when the representa t ion 
is a semantic ne t . See [Woods75] and [Brachman76] 
f o r d iscuss ions of these issues. 

A novel aspect of the design of the MOLGEN 
knowledge base is the representa t ion of a l l types 
of problem so l v i ng knowledge in a common formalism 
— as instances of schemata. Procedural knowledge 
w i l l be represented in such a way that the system 
can e a s i l y inspect any procedure. The schema 
system provides a mechanism fo r breaking 
procedures i n t o component par ts which can be 
addressed separa te ly , and are thus accessib le to 
the system (see sect ion 3 .2 ) . This w i l l a id 
a c q u i s i t i o n and use dur ing problem s o l v i n g . 
Schemata f o r procedural knowledge are discussed 
more f u l l y below. 

The in fo rma t ion gather ing process at the 
beginning of a problem so l v i ng session is s i m i l a r 
to the process of acqu i r i ng new instances of 
domain ob jec ts and t rans fo rmat ions . By using a 
uni form rep resen ta t i on , the gather ing o f t h i s 
i n i t i a l i n fo rmat ion from the user w i l l be handled 
by the same mechanisms which acquire genet ic 
knowledge f o r the permanent knowledge base. 

3.1.1 The Schema Hierarchy and the Creation of 

The g e n e t i c i s t c l a s s i f i e s domain ob jec ts and 
processes according to t h e i r common p r o p e r t i e s . 
For example, a l l phys ica l measurements are grouped 
together ; a l l enzymes are grouped toge ther ; a l l 
chemical techniques are grouped together . The 
schemata w i l l be organized in a h ierarchy that 
r e f l e c t s these c l a s s i f i c a t i o n s . Schemata w i l l be 
l inked from most general to most spec ia l i zed 
category, w i th s p e c i a l i z a t i o n s i n h e r i t i n g 
designated p rope r t i es ( s l o t s , r e s t r i c t i o n s on t h e i r 

va lues. attached procedures) from t h e i r 
gene ra l i za t i ons . 

Every i n d i v i d u a l e n t i t y i n the system w i l l 
be created as an instance of some schema (known as 
i t s " p r o t o t y p e " ) . The instance w i l l i n h e r i t i t s 
set of s l o t s from i t s prototype schema and from 
the genera l i za t ions of the p ro to type . The values 
f i l l i n g the s l o t s must a lso obey the r e s t r i c t i o n s 
spec i f i ed in the prototype and i t s 
gene ra l i za t i ons . These values w i l l be instances 
of other schemata. For example, we might have a 
"growth medium" s l o t in the schema fo r " c u l t u r e 
growth" which w i l l be f i l l e d by an instance of the 
schema " g e l " ; the " r e s o l v i n g power" s l o t of the 
schema fo r " e l ec t r opho res i s " (an a n a l y t i c a l 
technique) might be f i l l e d by an instance of the 
schema fo r " r e a l number". 

3.1.2 Grouping E n t i t i e s bv Funct ion 

The g e n e t i c i s t ' s c l a s s i f i c a t i o n h ierarchy 
does not always r e f l e c t the func t ions tha t domain 
ob jec ts have in common. For example, r e s t r i c t i o n 
enzymes and l igases are both classes of enzymes, 
but the former performs c u t t i n g ac t ions on DNA, 
whi le the l a t t e r performs sea l ing a c t i o n s . From 
the point of view of seeking a t o o l to perform 
c u t t i n g dur ing an experiment, r e s t r i c t i o n enzymes 
are more c lose l y re la ted to some phys ica l methods 
than to enzymes such as l i g a s e . Funct iona l 
r e l a t i o n s h i p s w i l l be represented separate ly from 
the c l a s s i f i c a t i o n h ie ra rchy . The schema 
h ierarchy is not meant to i n d i c a t e a l l poss ib le 
r e l a t i o n s among e n t i t i e s or a l l poss ib le ways in 
which something can be viewed. 

3.1.3 Derived Models of Typ ica l Instances of 
Schemata 

The TEIRESIAS program [Davis76] maintained 
tabu la t i ons of the i n d i v i d u a l and j o i n t 
occurrences of s p e c i f i c tokens w i t h i n the premises 
and act ions of each r u l e t ype . These t abu la t i ons 
were ca l l ed " r u l e models". They were used to 
create expectat ions about the contents of new 
r u l e s . Models are der ived from ac tua l instances 
and record the values which have been entered in 
each s l o t of a p a r t i c u l a r schema. We w i l l use 
models fo r prompting the user f o r poss ib ly missing 
in fo rmat ion or to suggest de fau l t va lues . For 
example, the der ived model f o r the " i n i t i a l world 
s t a t e " schema might note tha t e igh ty percent of 
the instances which mention pH of the sample a lso 
mention the concent ra t ion of magnesium ions . A 
user who creates an i n i t i a l world s ta te ment ioning 
pH but not magnesium concent ra t ion could be asked 
whether that should be included too , based on the 
c o r r e l a t i o n o f occurrences. 

3.1,4 Uses of the Sehema Hrarchy 

A major use of the schema h ierarchy w i l l be 
to guide the a c q u i s i t i o n o f a l l types o f domain 
knowledge. This use of the schema h ierarchy is 
motivated by i t s use in the Te i res ias system. In 
the process of en te r ing a new enzyme, a user w i l l 
be guided through the h ie ra rchy , from ob jec ts to 
enzymes to a p a r t i c u l a r c lass of enzymes, u n t i l 
the proper prototype is l oca ted . I f the necessary 
prototype does not e x i s t , the system w i l l guide 
the user i n c rea t i ng i t and i n s e r t i n g i t c o r r e c t l y 
in the h ie ra rchy . The prototype w i l l then g ive 
i n s t r u c t i o n s to the system on how to prompt the 
user fo r in fo rmat ion about the new ins tance , 
i nc lud ing documentation. The prototype a lso w i l l 
g ive i n s t r u c t i o n s on how to incorpora te the new 
Instance i n t o system l i s t s or tab les as necessary. 

A second important use of the schema 
h ierarchy w i l l be fo r o rgan iz ing r e t r i e v a l o f 
ob jec ts matching p a r t i c u l a r desc r ip t i ons dur ing 
problem s o l v i n g . Derived models can play a r o l e 
In inc reas ing the e f f i c i e n c y o f t h i s search 
process. By comparing the desired d e s c r i p t i o n w i th 
the s t a t i s t i c a l i n fo rmat ion in the model, a 
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measure of the l i k e l i h o o d of f i n d i n g an instance 
matching the d e s c r i p t i o n can be ob ta ined . When a 
match is u n l i k e l y , the search could be d i rec ted to 
another branch of the h ie ra rchy . 

3.2 Schemata f o r Procedural Knowledge 

One of the novel aspects of the design of 
the MOLGEN knowledge base is the use of schemata 
to represent procedural knowledge. Instances of 
these schemata w i l l be the " r u l e s " tha t express 
t rans fo rma t iona l and problem s o l v i n g knowledge. 
In most s i m i l a r systems, the knowledge about r u l e 
types is genera l l y in the program code. These 
ru les range from general QLISP procedures to 
h igh l y r e s t r i c t e d formats. For example, TEIRESIAS 
expects a l l r u l e s to be "IF-THEN" r u l e s . 
Knowledge about the two named components of the 
r u l e , the premise and the conc lus ion , is in the 
c o n t r o l program. Using t h i s knowledge, the system 
can prompt the user f o r i n fo rma t ion to f i l l these 
components and can r e t r i e v e r u l e s by reference to 
the content of the components. Rather than 
express ru l es in a t r a d i t i o n a l product ion system 
format , we use e x p l i c i t i t e r a t i o n statements, 
c o n d i t i o n a l statements and assignment statements. 
The g r a n u l a r i t y of the ru l es depends on the type 
o f r u l e . Rules expressing mod i f i ca t i on 
t rans format ions w i l l be r e l a t i v e l y l a r g e , 
r e f l e c t i n g the genet ic process being modeled. 
Planning ru les w i l l vary in s ize from smal l 
t r a d i t i o n a l r u l es to more complex r u l e s . Our 
design extends TEIRESIAS' knowledge management 
c a p a b i l i t i e s of a c q u i s i t i o n and content 
re fe renc ing to handle the complex types of r u l e s . 
To do t h i s we w i l l use the s l o t mechanism. One 
s l o t w i l l correspond to each component of a r u l e 
and may be f i l l e d by instances of other e n t i t i e s 
— tha t i s , ob lec ts or other opera t ions . This 
design is used f o r a l l procedures in the system 
from predef ined system operat ions to the domain 
ru les which w i l l be entered by the user. For 
example, the components of an i t e r a t i o n p r i m i t i v e 
(FOREACH) are described by s l o t s corresponding to 
an ITERATION-LIST and an ITERATION-BODY. S lo ts of 
domain ru les correspond to domain re levant 
components as i l l u s t r a t e d by the schema fo r 
de tec t ion techniques descr ibed in the next 
s e c t i o n . In both cases spec ia l i zed schemata w i l l 
guide the f i l l i n g o f the s l o t s . 

As a r e s u l t of t h i s represen ta t ion paradigm, 
s t r a t e g i e s can be w r i t t e n to r e t r i e v e r u l es by 
reference to the content of named components. 
This w i l l insure tha t r u l es are not i n c o r r e c t l y 
r e t r i e v e d because of a f a u l t y ex te rna l d e s c r i p t o r . 
A lso , i t w i l l be poss ib le to r e t r i e v e a r u l e using 
a v a r i e t y of p a t t e r n s , ra ther than by lus t a 
s ing le name. Content re fe renc ing is mot ivated by 
a need to associate a new r u l e w i th appropr ia te 
problem so l v i ng contexts wi thout spec i f y i ng those 
contexts a t the t ime the r u l e is acqu i red . 

Rule r e t r i e v a l by means of content matching 
may be very i n e f f i c i e n t in a la rge system. In 
some instances we w i l l precompute r e t r i e v a l by 
assoc ia t ing w i th each s t ra tegy r u l e a " r u l e s e t " 
con ta in ing the ru l es i t most f requen t l y r e t r i e v e s . 
Each ru lese t w i l l have an attached pa t te rn which 
w i l l be checked against a newly entered r u l e to 
check whether i t should be added to the r u l e s e t . 

3.2.1 A Schema for Detection Tecftnjqv^g 

An important c lass of ac t ions in the 
genet ics domain is what we term "de tec t i on 
techn iques" . The de tec t ion r u l e schema (see 
f i g u r e 1) summarizes MOLGEN s represen ta t ion fo r a 
c lass of l abora to ry techniques which measure 

Pr o p e r t i e s of DNA s t r u c t u r e s . When a MOLGEN r u l e 
or a p a r t i c u l a r de tec t i on technique is executed, 

i t w i l l t ransform a world s ta te instance by 
record ing the r e s u l t o f the observa t ion . For 
example, a de tec t ion technique might increase the 
experimenter s knowledge about some of the 
t o p o l o g i c a l fea tures or the s t r u c t u r e s such as 
t h e i r l eng th or subs t ruc tu res . This new knowledge 
must be added to the world s t a t e . 

In t h i s example of a domain t r ans fo rma t i on , 
we w i l l i l l u s t r a t e the k ind of knowledge contained 
in the r u l e , the o rgan iza t i on of the schema f o r 
the r u l e and the way tha t the c rea t i on of the r u l e 
as an instance of a schema l e t s i t be r e t r i e v e d in 
more than one way. 

A s i m p l i f i e d schema fo r de tec t ion techniques 
is shown in Figure 1. The bookkeeping s l o t s 
provide a place f o r documentation of the knowledge 
base. Next are s l o t s which must be f i l l e d when an 
instance of the schema (a s p e c i f i c de tec t ion r u l e ) 
is c rea ted . Adiacent to the s l o t names are type 
r e s t r i c t i o n s . The s l o t s name those par ts of the 
r u l e which are determined by the instances of the 
r u l e . In t h i s example, there are three such 
s l o t s : Preparatory-Method whose value is to be an 
instance of the Prepara to ry - ru le schema; Min-
Sample-Size whose value is to be an instance of 
the Mass schema; and Fea tu re -L i s t whose value is 
to be a l i s t of instances of the DNA-Features 
schema. In acqu i r i ng an instance of the 
Detect ion-Technique schema, only these s l o t s need 
be f i l l e d . An instance of the Detect ion-Technique 
schema is g iven in Figure 2. The procedural par t 
of the schema is contained in the form s l o t . The 
code in Figure 2 in the Form s l o t cons is ts of the 
Figure 1 code w i th the appropr ia te s u b s t i t u t i o n s 
made fo r the named components. 

The process of c rea t i ng the prototype FORM 
is more compl icated. I t invo lves using the 
schemata fo r each of the component par ts of the 
r u l e . 

3.2.2 The OBSERVE Operation 
An important par t of the Detect ion-Technique r u l e 
is the opera t ion "OBSERVE". OBSERVE is a func t i on 
tha t makes world s ta te changes tha t r e f l e c t an 
increase in the exper imenter 's knowledge at any 
po in t in the experiment. OBSERVE has two basic 
a c t i o n s : f i r s t i t must c a l l the appropr ia te 
procedures to make an observat ion on One world 
s t a t e . Then, i t must make appropr ia te changes to 
the world s ta te to r e f l e c t t h i s observa t ion . This 
p cess is guided by the schemata f o r the 
arguments of the f u n c t i o n . In t h i s case, each DNA 
fea ture which can be observed w i l l have an 
associated pa t te rn matching r u l e which can check 
f o r the fea ture in a given s t r u c t u r e . For 
example, many of the DNA-Features w i l l be 
instances of the schema f o r DNA-Nucleotide-Graph 
and these schemata w i l l i n h e r i t a pa t te rn matching 
r u l e from t h e i r pro to type which performs a 
subgraph matching process. This assoc ia t ion of 
the pat tern-match ing procedure w i th the pa t te rn to 
be matched is s i m i l a r in phi losophy to 
cons t ruc t ions in the SMALLTALK [Goldberg76] system 
and w i l l help make the OBSERVE func t i on qu i t e 
genera l . 

Means of Content 

Decomposing a r u l e i n t o accessib le s l o t s 
w i l l make i t r e t r i e v a b l e by content fo r d i f f e r e n t 
purposes. We w i l l i l l u s t r a t e t h i s w i th the r u l e 
f o r Electron-Microscopy ( f i g u r e 2 ) , This r u l e i s 
an instance of Detect ion-Technique schema. L ike 
other types o f de tec t i on techniques, e l ec t r on 
microscopy is used f o r de tec t i ng c e r t a i n fea tu res 
i n molecules. I t s a b i l i t y t o detect fea tu res i s 
l i m i t e d by va r ious c o n s t r a i n t s , i l l u s t r a t e d in our 
s i m p l i f i e d example by the s l o t s Min-Sample-Size 
and F e a t u r e - L i s t . The Detect ion-Technique schema 
( f i g u r e 1) emphasizes both how i t s instances are 
s i m i l a r and how they d i f f e r . Thus, in an 
experiment where two samples must be 
d i s t i n g u i s h e d , a s t ra tegy ru l e might choose a 
de tec t ion technique which can work w i t h a very 
smal l sample s ize i f the sample m a t e r i a l i s 
p rec ious . A l t e r n a t i v e l y , i f the sample i s l a r g e , 
the de tec t i on technique which can recognize the 
broadest range of fea tures might be d e s i r a b l e . 
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3.3 Example Schew and. Instance 

—BOOKKEEPING SLOTS FILLED AT SCHEMA CREATION— 

Name: Detect ion-Technique 
Genera l i za t i on : Laboratory-Technique 
Desc r i p t i on : "Rules f o r de tec t ing s t r u c t u r a l 

fea tures of DNA" 

---SLOTS TO BE FILLED WHEN CREATING AN INSTANCE— 

Preparatory-Technique 
Mass 
LIST OF DNA-Feature 

Preparatory-Method: 
Min-Sample-Size: 
F e a t u r e - L i s t : 

Form: 
IF WS-SAMPLE.Size > Min-Sample-Size 

THEN APPLY Preparatory-Method TO WS-SAMPLE 
FOREACH St ruc tu re IN WS-SAMPLE.Structures 

FOREACH Feature IN Fea tu re -L is t 
OBSERVE(Feature,Structure) 

Figure 1 
** Schema fo r Detect ion Technique ** 

(Comment on n o t a t i o n : the no ta t ion A.B re fe r s to 
the contents of s l o t B of schema A.) 

—BOOKKEEPING SLOTS FILLED AT SCHEMA CREATION-
NAME: Elect ion-Microscopy 
Ins tance-o f : Detect ion-Technique 
Desc r i p t i on : "Technique fo r observing and 

measuring s t r u c t u r a l f e a t u r e s . " 

—SLOTS FILLED WHEN RULE WAS CREATED— 

Preparatory-Method: P ro te in -S ta in 
Min-Sample-Size: 1 microgram 
F e a t u r e - l i s t : (bubble, h a i r p i n - l o o p , 

c i r c u l a r . s i n g l e - s t r a n d e d , 
d o u b l e - s t r a n d e d , l e n g t h , . . . ) 

Form: 
IF WS-SAMPLE.SIZE > 1 microgram 

THEN APPLY Pro te in -S ta in TO WS-SAMPLE 
FOREACH St ruc tu re IN WS-SAMPLE.Structures 

FOREACH Feature IN (bubble, 
h a i r p i n - l o o p , c i r c u l a r , . . . ) 

OBSERVE(Feature,Structure) 

Figure 2 
**Electron-Microscopy Rule** 

3.4 Procedural Attachment 
Procedural attachment is a v e r s a t i l e 

mechanism fo r managing an ob jec t -centered 
knowledge base. The idea [Bobrow77] is to 
associate the procedure which performs a 
p a r t i c u l a r opera t ion w i t h the s p e c i f i c a t i o n o f the 
data ob jec ts i nvo l ved . In KRL[Bobrow77], attached 
procedures are associated w i th the schemata f o r 
ob iec ts and can be i n h e r i t e d by instances* The 
KRL work emphasized the use of procedural 
attachment f o r general use in problem s o l v i n g . In 
TEIRESIAS, " s l o t - e x p e r t s " played an important r o l e 
in knowledge a c q u i s i t i o n . In MOLGEN. attached 
procedures can be ac t i va ted when acqu i r ing a new 
prototype or i ns tance ; dur ing pa t te rn matching; 
when t r y i n g to f i l l a s l o t dur ing problem s o l v i n g ; 
a f t e r a s l o t has been f i l l e d : when accessing a 
value fo r a s l o t ; and when p r i n t i n g va lues . An 
attached procedure can e i t h e r be a complicated 
program as in example 1 below or a r u l e in the 
knowledge base as in example 5, We give a few 
examples of the use of at tached procedures: 

Acquisi t ion of prototvpe or instance 

(1) SPECIAL EDITORS: Acqu i r ing schema 
instances from the user w i l l usua l l y be guided by 
a general procedure i n t e r p r e t i n g from the schema 
what i n fo rmat ion the user must p rov ide . However, 
some ob jec ts w i l l have f a i r l y complicated 
s t r u c t u r e s . For example, models of DNA w i l l be 
graph s t r uc tu res w i th segments represented by 
nodes and chemical bonds represented by l i n k s . 
For these ob jec ts i t w i l l be use fu l to a t tach 
spec ia l procedures to t h e i r schemata to guide 
a c q u i s i t i o n . We have already b u i l t and tes ted such 
a program f o r acqu i r i ng DNA s t r u c t u r e s . It is a 
p i c t u r e - o r i e n t e d e d i t o r and has proven easy fo r 
g e n e t i c i s t s to use. 

(2) RESTRICTION EXPERTS: The schema 
h ierarchy discussed in a previous sect ion is based 
on a s t r i c t g e n e r a l i z a t i o n / s p e c i a l i z a t i o n 
r e l a t i o n s h i p between schemata. This is r e f l e c t e d 
not only in the i nhe r i t ance of s l o t s but a lso in 
the inher i tance of r e s t r i c t i o n s on the values f o r 
s l o t s . We w i l l r equ i re tha t the value 
s p e c i f i c a t i o n in the s l o t of a s p e c i a l i z a t i o n be 
more r e s t r i c t i v e than the value s p e c i f i c a t i o n in 
the corresponding s l o t of the g e n e r a l i z a t i o n . The 
quest ion of whether one value s p e c i f i c a t i o n is 
more r e s t r i c t i v e than another i s d i f f i c u l t to 
determine in a general way. For example, a l i s t 
s p e c i f i c a t i o n i s more r e s t r i c t i v e than another i f 
i t is a subset of the l a t t e r ; a r e a l number 
i n t e r v a l s p e c i f i c a t i o n i s more r e s t r i c t i v e than 
another i f i t s endpoints are contained w i t h i n the 
o the r ; in some cases a DNA graph s p e c i f i c a t i o n 
might be considered to be more r e s t r i c t i v e than 
another graph s p e c i f i c a t i o n i f i t conta ins the 
other as a subgraph. This v a r i e t y of comparisons 
between value r e s t r i c t i o n s suggests tha t the 
r e s t r i c t i o n comparison should be associated w i th 
the schema fo r the data type being r e s t r i c t e d . 

(3) PRE-COMPUTING ASSOCIATIONS: The MOLGEN 
knowledge base design has emphasized f l e x i b l e 
content reference as a means fo r accessing domain 
t rans format ion r u l e s . This can be the basis f o r 
s t r a t e g i c se lec t i on of domain ru les dur ing the 
planning process and is mot ivated by a need to (1) 
index new ru les to e x i s t i n g s t r a t e g i e s and (2) 
permit new s t r a t e g i e s to index e x i s t i n g r u l e s in 
new ways. Recognizing the i n e f f i c i e n c i e s of 
content re fe renc ing dur ing problem s o l v i n g , we 
w i l l pre-compute the indexing by assoc ia t i ng r u l e 
sets w i th s t r a t e g i e s . Each r u l e set could have 
attached to i t an attached procedure which would 
cons is t of a content re fe renc ing r u l e . These 
attached procedures could be ac t i va ted whenever a 
new r u l e is added to the knowledge base to check 
f o r each r u l e set whether the new r u l e should be 
added to the s e t . Other procedures attached to 
the ru lese t w i l l check whether updat ing is 
necessary when a r u l e is deleted or mod i f i ed . 

Matching 
(4) SUBGRAPH MATCHER: Another example of 

procedural attachment was discussed in the example 
of a Detect ion-Technique schema. In tha t example, 
"observa t ion" procedures were attached to features 
which could check a given s t r uc tu re fo r the DNA-
f e a t u r e . Because many of the features were 
instances of a DNA-graph, they i n h e r i t e d t h e i r 
observat ion procedure from t h e i r gene ra l i za t i on 
( i n those cases, the observat ion procedure is a 
DNA subgraph matcher) . 

when Filled 
(5) SIDE EFFECTS: The attached procedure may 

a lso be a " r u l e " in the knowledge base which 
descr ibes the r e s u l t of changing the value of a 
parameter. Many p roper t i es or samples can be 
changed in numerous ways, and changing the 
p roper t i es can have many e f f e c t s on the res t of 
the sample. For example, sample pH can be a l t e red 
by the a d d i t i o n of a wide range of chemicals. 
Once pH is changed, i t can a l t e r the a c t i v i t y of 
every enzyme in the sample and denature many 
s t r uc tu res (cause t h e i r hydrogen bonds to b reak) . 
These changes of course can g r e a t l y a f f e c t the 
course of an exper iment. I t would be poss ib le to 
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associate the procedures to ca r ry out the e f f e c t s 
of changed pH w i t h each of the chemicals tha t 
changes i t . A l t e r n a t i v e l y , procedures might be 
associated w i th each s t r u c t u r e or enzyme which 
could poss ib ly be changed by pH, and these could 
check f o r a l t e red pH whenever p roper t i es of the 
s t r u c t u r e or enzyme were checked, changed, or 
used. Neither of these a l t e r n a t i v e s appears to be 
as na tu ra l or e f f i c i e n t as a t t ach ing a procedure 
to the schema fo r pH. which c a r r i e s out the 
appropr ia te a l t e r a t i o n s in world s ta te whenever pH 
i t s e l f i s changed. 

(6) PLAN CRITICS: New world s ta te cond i t i ons 
which may a f f e c t the plan could be detected by 
attached procedures which o f f e r advice on how to 
a l t e r the plan to take the cond i t i ons i n t o 
account. Such attached procedures could be ca l l ed 
"domain s p e c i f i c plan c r i t i c s " . For example, 
suppose tha t sample temperature had been a l t e red 
and as a r e s u l t , c e r t a i n s t r uc tu res had become 
denatured ( the e f f e c t o f denatura t ion being 
ca r r i ed out by at tached procedures as ind ica ted 
above). A plan c r i t i c might be ac t i va ted a f t e r 
the e f f e c t s of temperature had been propagated 
through the world s t a t e . It might examine the new 
s i t u a t i o n and conclude tha t the con t inua t ion of 
the plan requ i red tha t the a f fec ted s t ruc tu res be 
renatured (hydrogen bonds resea led ) . It might be 
poss ib le to provide the c r i t i c w i th s p e c i f i c 
r epa i r s to s p e c i f i c problems. For example, i t 
might know tha t i f s t r uc tu res of a given type are 
denatured by r a i s i n g the sample temperature, and 
i f the pH is in a given range, then the s t ruc tu res 
can be renatured by adding a ca lcu la ted quan t i t y 
of a c e r t a i n ion ,so tha t the plan can be 
cont inued. 

4 Implementation 

the u t i l i t y programs fo r accessing 
the knowledge base have been 

A spec ia l e d i t o r , EDNA, fo r 
manipu lat ing DNA s t r uc tu res is 
has been tested and used by 

An i n i t i a l schema e d i t o r has been 
c rea ted . The i n i t i a l sets of genet ic ob jec ts and 
t rans format ions have been determined. 

Many of 
and modi fy ing 
implemented, 
acqu i r i ng and 
completed and 
g e n e t i c i s t s . 

The f i r s t system w i l l car ry out the task of 
experiment checking. This means tha t a set of 
input samples and a s p e c i f i c sequence of 
t rans format ions w i l l be g i ven . The system w i l l 
then s imulate the sequence of t rans format ions on 
the representa t ions of the samples te rm ina t ing 
w i th a f i n a l set of samples. The f i n a l samples 
can be compared w i th ac tua l labora to ry r e s u l t s as 
a t e s t of the i n i t i a l hypotheses or of the 
accuracy of the t rans format ions in the knowledge 
base. This f i r s t system w i l l be used fo r 
debugging the t rans fo rmat ion knowledge base and by 
g e n e t i c i s t s f o r comparing the pred ic ted r e s u l t s 
from the MOLGEN system against ac tua l l abora to ry 
experiments. 
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5 Summary 

The use of a representa t ion language 
i n v o l v i n g schemata and associated der ived models 
has been extended to inc lude a l l aspects of domain 
knowledge and s t ra tegy and h e u r i s t i c problem 
so l v i ng knowledge. This uni form representa t ion 
w i l l a l low the extension of knowledge base 
management techniques f o r a c q u i s i t i o n and 
r e t r i e v a l o f procedural knowledge. 

As w i th any problem so l v i ng system, the 
success w i l l depend on the knowledge it has 
a v a i l a b l e . The purpose of our design is to create 
a system which can f a c i l i t a t e the process of 
t r a n s f e r r i n g knowledge from the user to the 
system, and use t h i s knowledge e f f e c t i v e l y in 
problem s o l v i n g . 
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