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ABSTRACT 

An in format ion processing model of some important 
aspects of induct ive reasoning is presented w i t h i n the 
context of one s c i e n t i f i c d i s c i p l i n e . Given a 
c o l l e c t i o n of experimental (mass spectrometry) data 
from several chemical molecules the computer program 
described here separates the molecules i n to " w e l l -
behaved" subclasses and selects from the space of a l l 
explanatory processes the " c h a r a c t e r i s t i c " processes 
fo r each subclass. The de f i n i t i ons of "well-behaved" 
and " c h a r a c t e r i s t i c " embody several heu r i s t i cs which 
are discussed. Some resu l t s of the program are 
discussed which have been usefu l to chemists and which 
lend c r e d i b i l i t y to t h i s approach. 

INTRODUCTION 

Induct ion in science has been understood to 
encompass many d i f f e r e n t leve ls of tasks , from theory 
const ruct ion as performed by E ins te in to everyday 
non-deductive inferences as made by sc ien t i s t s look ing 
fo r explanations of rout ine data. For the most p a r t , 
i t is not we l l defined however one understands i t (a 
notable exception being s t a t i s t i c a l in ference) . 
Although general statements can be made about 
non-deductive in fe rence, i t i s un l i ke l y that there 
ex is ts one general " i nduc t i ve method" that guides 
s c i e n t i f i c inference at a l l l e ve l s . Nor does i t seem 
l i k e l y tha t a method of s c i e n t i f i c inference at any 
one l e v e l can succeed wi thout recourse to task -spec i f i c 
in fo rmat ion , tha t i s , informat ion spec i f i c t o the 
p a r t i c u l a r science. Within these assumptions we are 
explor ing an informat ion processing model of s c i e n t i f i c 
inference in one d i s c i p l i n e -

A un i f y i ng theme in our explorat ions is that 
induct ion is e f f i c i e n t se lec t ion from the domain of a l l 
possible answers. Previous papers on the Heur is t ic 
DENDRAL Program have advanced t h i s theme w i th respect 
to hypothesis formation in rout ine s c i e n t i f i c work. 
Recent ly, we have been explor ing t h i s theme w i th 
respect to the higher-order task of f i nd ing general 
ru les to expla in large co l l ec t ions of data . This 
paper extends the previous work to the task of f i nd ing" 
ru les for subclasses of ob jec t s , given empi r ica l data 
fo r the objects but without p r i o r knowledge of the 
number of subclasses or the features tha t character ize 
them. 

THE TASK AREA 
2 

For reasons discussed previously , the task area 
is mass spectrometry, a branch of organic chemistry. 
The r u l e formation task is to f i n d ru les that 
character ize the behavior of classes of molecules in 
the mass spectrometer, given the mass spectrometric 
data from several known molecules. 

The chemical s t ruc tu re of each molecule is known. 
The data fo r each molecule are a) the masses of 
various molecular fragments produced from the e lect ron 
bombardment of the molecule in the instrument and 
b) the r e l a t i v e abundances of fragments at each mass. 
The data fo r each molecule are arranged in a fragment-
mass tab le {FMT), or mass spectrum. T y p i c a l l y , there 
are 50-100 data points in one FMT. The task is to 
character ize the experimental behavior of the whole 

class of molecules. 

Rules which character ize the behavior of the 
molecules are represented as condi t iona l sentences in 
our system. The antecedent of a simple cond i t iona l 
r u l e is a predicate which is t rue or fa lse of a 
molecule (or class of molecules); the consequent is a 
descr ip t ion of a mass spectrometric act ion (henceforth 
"process") which is thought to occur when that molecule 
is in the experimental context . We have termed these 
ru les " s i t u a t i o n - a c t i o n ru l es " (or "S-A r u l e s " ) . The 
r u l e syntax has been described previously3 and is not 
c r i t i c a l to an understanding of the present paper. 

An example of a r u l e , r ewr i t t en in Eng l ish , i s : " IF 
the graph of the molecule contains the estrogen 
skeleton, THEN break the bonds between nodes labeled 
13-17 and 14 -15 . " This process (the consequent of t h i s 
ru le ) is named BRK10L in Table T. The graph of the 
estrogen skeleton mentioned in the antecedent is shown 
w i t h the conventional node numbering in Figure 3. 

The ru les w i l l be used in the Heur is t ic DENDRAL 
performance program to determine the s t ruc ture of 
compounds, reasoning from the mass spectrometric data 
of each. They are also of use to chemists in terested 
in extending the theory of mass spectrometry. 

OVERVIEW OF METHOD 

The ru le formation program contains three major 
sub-programs, which are described below under the 
headings Data I n t e r p r e t a t i o n , Process Se lec t ion , and 
Molecule Select ion. The con t ro l s t ruc ture for the 
ove ra l l program is described a f t e r the discussions of 
the three major sub-programs. A b r i e f overview of the 
whole program w i l l be given f i r s t , however, in order to 
set the context . 

The purpose of the program is to f i n d the 
cha rac te r i s t i c processes which determine separable 
subclasses of molecules given the experimental data and 
molecular s t ruc ture of each molecule. The ove ra l l f low 
of the program, as described below, is shown in 
Figure 1. The three major steps are to re in te rp re t the 
experimental data as molecular processes, f i n d the 
charac te r i s t i c processes for the given molecules, and 
select the set of molecules that are "we l l behaved" 
w i th regard to the cha rac te r i s t i c processes. The 
re i n t e rp re ta t i on of the data is done once for each 
molecule in the whole s e t , and the resu l t s are 
summarized once. The second and t h i r d sub-programs are 
ca l led successively u n t i l they i so la te a well-behaved 
subclass of molecules and determine the processes which 
character ize t h e i r behavior. The monitor then 
subtracts the well-behaved subclass from the s t a r t i n g 
class of molecules, and repeats the successive ca l l s to 
the second and t h i r d subprograms. The whole program 
stops when there are N or fewer molecules not yet in 
some well-behaved subclass. (For now, N=3.) 

The data i n t e r p r e t a t i o n program has been described 
previously w i th some aspects of the process se lec t ion 
program3. The molecule se lec t ion program and class 
refinement loop in the con t ro l sequence are new 
add i t i ons . 
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DATA INTERPRETATION 

As mentioned above, the purpose of the data 
i n te rp re ta t i on and summary program (INTSUM) is to 
re in te rp re t the experimental ly determined data, the 
FMT, fo r each molecule and summarize the r e s u l t s . 
Because the program has been described previously 
de ta i l s w i l l be omitted here. I t should be noted tha t 
the successful apo l i ca t ion of t h i s program to a sub­
class of estrogens has already been reported in the 
chemical l i t e r a t u r e . The INTSUM program is general 
in that i t w i l l work on FMT's fo r any class of 
molecules w i th a common ske le ta l graph and it is 
f l e x i b l e in that the knowledge used by the program is 
eas i ly changed and there are numerous optionr, 
c o n t r o l l i n g the operat ion of the program. 

The INTSUM program is ca l led w i th the i n i t i a l set 
of molecules and t h e i r FMT's, I t is also Riven the 
graph s t ruc tu re of the skeleton common to a l l molecules 
in the i n i t i a l set . The f i r s t step is to search the 
space of a l l possible processes which could expla in 
data points in the FMT of any molecule w i t h the given 
skeleton. The space of explanatory processes is 
combinator ia l ; simple processes that cut the graph 
i n to two fragments are generated f i r s t , fol lowed by 
pa i rs of simple processes, t r i p l e s , and so on. The 
heur i s t i cs l i s t e d below constra in the search: 

S imp l i c i t y (Occam's Razor), 
If two or more processes explain the same data 

p o i n t , prefer the simpler one, i . e . , the process 
invo lv ing feWer simple steps. 

Chemical Constra ints . 
(a) Break no more than NB bonds in any process, 

whether simple or mu l t i - s tep (NB=5 in our current 
ve rs ion ) ; (b) Do not al low any process to break two 
bonds to the same carbon atom; (c) Do not al low a 
fragment to contain fewer than NA atoms (NA=5 
c u r r e n t l y ) ; (d) Do not al low any process to contain 
more than NP simple processes (NP=2 c u r r e n t l y ) ; (e) 
Break only s ing le bonds (no double or t r i p l e bonds). 

The heu r i s t i c search produces a l i s t of p laus ib le 
processes without reference to the data. The second 
step of the INTSUM program is to determine for each 
process and each FMT whether there is evidence for the 
process in the FMT. I f so , then t ha t process can 
expla in the data point and the strength of the 
evidence is saved. The f i n a l step is to summarize for 
each process and a l l molecules the freauency, t o t a l 
s t rength of evidence and number of a l t e rna t i ve 
explanat ions. (Freauency fo r a given process is the 
percentage of a l l molecules t ha t have evidence fo r the 
process.) These s t a t i s t i c s are passed to the process 
se lec t ion program. 

PROCESS SELECTION 

The process se lec t ion program chooses the most 
charac te r i s t i c processes fo r the given class of 
molecules from the l i s t of a. p r i o r i p laus ib le 
processes that are output by the INTSUM program. It 
assumes that the molecules given to i t are a l l in one 
well-behaved c lass . Thus, i t can merely f i l t e r the 
l i s t o f processes to f i n d those which sa t i s f y the 
c r i t e r i a fo r cha rac te r i s t i c processes. 

A process mentioned in a r u l e statement must 
sa t i s f y several c r i t e r i a in order to be counted as a 
cha rac te r i s t i c process f o r the molecules under con­
s idera t ion . The INTSUM program provides a summary of 
s t a t i s t i c s fo r the p laus ib le processes i t has chosen 
from the space of a l l processes. The process 
se lec t ion program appl ies h e u r i s t i c c r i t e r i a to sort 

out the most l i k e l y processes and to d i s t i ngu ish among 
a l t e rna t i ve explanat ions, when a l te rna t i ves remain. I t 
uses the informat ion from the data fo r f i l t e r i n g , in 
contrast to the a p r i o r i f i l t e r i n g in the INTSUM program. 
For example, an a p r i o r i s i m p l i c i t y c r i t e r i o n f i l t e r s 
out processes that break too many bonds. The c r i t e r i a 
fo r "most l i k e l y processes" — frequency, s t rength of 
evidence, and degree of uniqueness — are discussed 
below. To a la rge extent the choice of these c r i t e r i a 
and p a r t i c u l a r l y the choice of parameter se t t ings are 
a r b i t r a r y . However, the fo l l ow ing discussion provides 
some ra t i ona le for our choices. 

Frequency. 
I f nature presented c lear and unambiguous data to 

us we could expect a l l and only cha rac te r i s t i c 
processes for a class of molecules to occur 100% of the 
t ime. This is what we would l i k e to mean by 'char­
a c t e r i s t i c ' process. However, the data contain noise 
and, more impor tan t l y , we are forced to i n te rp re t the 
data in terms of processes tha t we const ruct . Thus, 
in the l i t e r a t u r e one f inds discussions of exceptions 
to ru les together w i th presentat ion of the r u l e s . A 
low frequency threshold (60%) is used as a c r i t e r i o n 
for p laus ib le process instead of a high one because the 
marginal processes which are included at one step can 
be excluded at a l a t e r refinement step if they prove to 
be uncharac ter is t i c of a class of molecules. 

Strength of Evidence. 
The program considers the strength of evidence 

found fo r each process, besides the frequency of 
molecules that show the process. Associated w i t h each 
fragment mass in the experimental data is a measure of 
the percent of t o t a l Jons (or ion current) contr ibuted 
by fragments of tha t mass. (The evidence from mass 
spectrometry is not merely b ina ry , i . e . , yes/no, 
although we have considered it that way in the pas t . ) 
The t o t a l ion current fo r any molecule can be v i sua l i zed 
as the sum of a l l y-values in a bar graph in which the 
x-values represent fragment masses. The st rength of 
evidence fo r a process, then , is the percent of the 
t o t a l o f a l l ion currents ( fo r a l l molecules) tha t can 
be explained by the process. The present value of t h i s 
parameter is 0.005, i . e . , 0.5% of the data must be 
explained by any process tha t w i l l be said to be 
charac te r i s t i c of the given molecules. 

There may be much in format ion in the weaker data 
p o i n t s , but u n t i l we can i n te rp re t the strong s igna ls , 
we do not want to s ta r t look ing c r i t i c a l l y at the weak 
ones. This is why we have a s t rength of evidence 
threshold (although in our t r i a l s we have kept i t 
f a i r l y low) . 

Degree of Uniqueness. 
The program w i l l discard processes that cannot 

uniquely expla in at leas t n data points f o r each 
molecule. The ra t i ona le behind t h i s c r i t e r i o n is that 
processes tha t are always (or of ten) redundant w i th 
other processes have no explanatory power of t h e i r own. 
I n sp i te o f the i n t u i t i v e appeal o f t h i s c r i t e r i o n , i t 
was not used for the t r i a l s reported here in which 
molecule se lec t ion is coupled w i t h process se lec t i on . 
For process se lec t ion alone, i t is a usefu l f i l t e r . 

These three c r i t e r i a f i l t e r the processes to p ro ­
v ide the cha rac te r i s t i c processes fo r the molecules 
given to the program. However, the processes may s t i l l 
overlap in the data points that they exp la in . I f two 
(or more) processes are ambiguous, i . e . , they expla in 
most of the same data p o i n t s , the program t r i e s to 
resolve the ambiguity in favor of a s ing le explanat ion. 
This is not easy, f o r the competing explanations have 
a l l passed the t es t s fo r "most l i k e l y processes" Just 
discussed. Thus, they a l l appear good enough to be 
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ru les on t h e i r own. 

The reso lu t i on of ambiguit ies among processes is 
made according to r e l a t i v e values of the c r i t e r i a used 
to Judge them l i k e l y in the f i r s t p lace. That i s , the 
values of frequency, st rength of evidence and degree 
of uniqueness are compared - in any order - to 
determine which process is p re fe r red , i f any. 

MOLECULE SELECTION 

Molecule se lec t i on , by i t s e l f , is a simple 
program whose purpose is to f i n d a subclass of 
molecules t ha t are "well-behaved" w i t h respect to a set 
of processes. I t s inputs are (a) a class of molecules 
and (b) a set of processes that are charac te r i s t i c of 
those molecules {output of the process se lec t ion 
program j u s t descr ibed). 

The processes tha t are chosen as roughly char­
a c t e r i s t i c of a class of molecules are used by the 
molecule se lec t ion program to r e f i ne the extension of 
the c lass . Several processes w i l l each have a few 
exceptions - the number permit ted depending on the 
frequency threshold used by the program. But i f the 
same molecules appear as exceptions over and over 
again ( fo r several processes) then they probably do 
not belong in the same subclass w i th the molecules 
whose behavior is character ized by those processes. 

A molecule is said to be well-behaved w i th respect 
to a set of processes (or well-behaved) i f i t shows 
evidence fo r at leas t MP of the processes. The current 
value of MP is 85% of the number of processes in the 
set . Current ly t h i s is the only c r i t e r i o n used to 
i d e n t i f y members of the subclass, although other 
features of the molecules could also be used for 
c l u s t e r i n g . For example, the s t r u c t u r a l features of 
chemical molecules could also help c l a s s i f y molecules 
which "belong" together . The reason descr ip t i ve 
features such as these are not used dur ing molecule 
se lec t ion is tha t they cons t i t u te a good check (by 
chemists) on the adequacy of the resu l t s of the 
molecule separation procedure. 

CONTROL STRUCTURE OF THE RULE FORMATION MONITOR 

The ove ra l l f low of con t ro l has been b r i e f l y 
described and diagrammed in Figure 1, and the three 
major components of the whole program have been 
discussed. The i n t e r a c t i o n between process se lec t ion 
and molecule se lec t ion is the l a s t important d e t a i l in 
the descr ip t ion of the program. I t is shown 
schematical ly in Figure 2 and selected por t ions of 
intermediate output are shown in Table I I . 

A f te r the INTSUM program i n te rp re t s and summarizes 
the data fo r a set of molecules, the process se lec t ion 
program is asked to f i n d a set of processes t ha t 
character ize those molecules. However, process 
se lec t ion s t a r t s w i t h the assumption tha t the molecules 
should be character ized a l l together , i . e . , that the 
molecules are homogeneous, or belong in one class w i t h 
respect to mass spectrometry. The purpose of the ru le 
formation moni tor , and the molecule se lec t ion program 
in p a r t i c u l a r , is to remove the necessi ty of working 
w i t h i n t h i s assumption. Because a class of molecules 
has a common ske le ton, there is reason to bel ieve that 
they are homogeneous (wi th respect to mass spectrometry 
processes). But t h i s is not necessar i ly t r u e . Many of 
the molecules whose st ructures contain the graph 
common to estrogens (e .g . , the equi lenins discussed 
w i th Table I I i n the Results sect ion) f a i l t o exh ib i t 
behavior t ha t is cha rac te r i s t i c of most estrogens in 
the mass spectrometer. 

The monitor begins w i th the Nu l l Hypothesis that 
the i n i t i a l set M of molecules is homogeneous w i t h 
respect to a l l the relevant processes given as inpu t . 
With the process se lec t ion program i t f inds p laus ib le 
processes tha t roughly character ize the whole class of 
molecules. I t attempts to confirm the hypothesis by 
f i nd ing the subclass S of molecules tha t are w e l l -
behaved for those processes. I f t h i s subclass S is 
the same as the i n i t i a l set M, then the assumption of 
homogeneity is taken to be t r u e . In that case, there 
is no proper subset to be separated. 

When the subclass S is d i f f e ren t from the s t a r t i n g 
class M, however, the program loops back to process 
se lec t ion as shown in Figure 2. This f igu re shows the 
procedure for producing one homogeneous subclass of 
molecules (and the cha rac te r i s t i c processes for the 
subclass) ; t h i s procedure, r u l e format ion, i s i t s e l f 
used repeatedly in the main program as shown in 
Figure 1 . 

The inputs to the ru le formation procedure are 
(a) the set RP of re levant processes and s t a t i s t i c s fo r 
them, v i z . , the output of INTSUM, and (b) a class M' of 
molecules, where M' is i n i t i a l l y the same as the en t i re 
class of molecules, M, given to INTSUM. M' is used to 
keep t rack of the best refinement of M so f a r . 

The process se lec t ion program selects a set of 
processes P from RP in the manner described above. P 
characterizes the class M's insofar as M' can be 
character ized a t a l l . The c r i t e r i a fo r cha rac te r i s t i c 
process can be made more r e s t r i c t i v e if the class is 
known to be homogeneous ( e . g . , frequency >95%) . In 
t h i s case, however, the loose c r i t e r i a l i s t e d above are 
used ( e . g . , frequency >60%) in order to al low many 
exceptions to the " c h a r a c t e r i s t i c " processes. 

The molecule se lec t ion program selects a subclass 
of molecules S, from M' , t ha t ere best character ized by 
the processes in P. The subclass S includes molecules 
tha t show evidence for most (85% or more) of the 
processes in P, and excludes molecules that are 
exceptions to many. Thus S is at leas t as we l l behaved 
as M' w i th respect to P. And since the two measures of 
se lec t ion are not pe r fec t l y complementary, S is l i k e l y 
to be be t te r behaved than M' w i t h respect to P, (If 
molecule se lec t ion uses less r e s t r i c t i v e measures than 
process se lec t i on , then S w i l l be less we l l behaved 
than M' and the procedure w i l l f a i l except when the 
i n i t i a l set of molecules is homogeneous.) 

One i n te res t i ng par t of the procedure is that a f t e r 
processes are se lec ted, ALL of the molecules are 
r e c l a s s i f i e d w i t h regard to the number of times they 
appear as exceptions to the processes. This is shown 
in Figure 2: at step 2 of each l e v e l a l l molecules in 
the i n i t i a l se t , H (not M' or S ) , are tested against 
the processes. Thus, a molecule can be excluded at one 
l e v e l (because it is an exception to too many of the 
processes at tha t l e v e l ) , but be included again at 
another l e v e l f o r a s l i g h t l y d i f f e r e n t set of processes. 

The cond i t ion under which we want the program to 
stop is tha t the subclass S of molecules a f t e r an 
i t e r a t i o n is the same as the class M' from which the 
i t e r a t i o n s ta r ted (condi t ion 1 in Figure 2 ) . In other 
words, under t h i s cond i t ion the program has found an S 
and a P such tha t P character izes S (S=M') and S is 
vel l -behaved w i t h respect to P. The subclass S is 
taken to be homogeneous, and the processes in P can be 
taken to be mass spectrometry ru les for molecules in S. 

The refinement l e v e l in Figure 2 is the number of 
t imes the procedure has been invoked in t r y i n g to f i n d 
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one homogeneous subclass of molecules. The second of 
the stopping condi t ions tes ts whether the refinement 
l eve l is equal to an a r b i t r a r y maximum, which is 
cur rent ly 3. This cond i t ion is necessary to avoid an 
i n f i n i t e loop in the case where the program can f i n d 
no subclass S that is homogeneous w i t h respect to P. 
The l e v e l 3 has been observed to produce f a i r l y 
acceptable r e s u l t s : a f t e r three i t e r a t i o n s through 
t h i s l oop , the subclass S is about as re f ined as it 
w i l l get . A f te r more i t e r a t i o n s the procedure appears 
to o s c i l l a t e in tha t molecules added to S in one 
i t e r a t i o n are subtracted, from S in a l a t e r i t e r a t i o n . 
Our experience is very l i m i t e d . Because there is no 
guarantee tha t the procedure converges, however, some 
stopping cond i t ion l i k e the maximum refinement l e v e l 
is necessary. 

The l a s t stopping cond i t ion shown in Figure 2 
tes ts whether there are enough molecules in the 
subclass to warrant fu r the r ref inement. I f there are 
fewer than an a r b i t r a r y minimum number (=3) of 
molecules in S, then fu r the r refinements w i l l be 
un re l i ab le . This minimum is not completely a r b i t r a r y , 
since it depends to some extent on the frequency 
measures used in process and molecule se lec t i on . But, 
i n t u i t i v e l y , when the number of molecules in G is 
small there is l i t t l e value in breaking S up i n to 
subclasses anyway. 

As shown in the ove ra l l f low diagram, Figure 1, 
a f t e r the f i r s t major subclass (S) has been def ined, 
a l l molecules in S are removed from any fu r the r 
considerat ion by subt ract ing them from M. The en t i re 
procedure is then repeated w i th the new M. It stops 
only when there are so few molecules l e f t in M (3 or 
fewer) tha t process se lec t ion is un re l i ab le and 
molecule se lec t ion appears po in t less . 

The output of the whole program now is merely the 
co l lec ted set o f outputs from a l l i t e r a t i o n s , v i z . , 
the co l lec ted S,P p a i r s , as shown in Figure 2. Future 
work w i l l focus on automat ical ly genera l iz ing the 
descr ipt ions of the molecules. This is now done by 
hand, except when the i n i t i a l class M is homogeneous -
then the general ized desc r ip t i on is the common graph 
s t ruc tu re . 

RESULTS 

The INTSUM program alone has already provided 
usefu l new resu l t s f o r chemists, as reported in the 
chemical l i t e r a t u r e . The process se lec t ion program, 
working w i t h output from INTSUM (but wi thout molecule 
se l ec t i on ) , has successfu l ly found sets of character­
i s t i c processes f o r a wel l -understood class of 
molecules (estrogens, Figure 3) and for classes whose 
behavior i s s t i l l under i nves t i ga t i on ( e . g . , 
equ i len ins , progesterones, amino ac ids ) . For 47 
estrogens, which were assumed by both an expert and 
the program to be in one c lass , ru les found by the 
program agree c lose ly w i t h ru les formed by the expert 
from the same data. (This r e s u l t is not shown in a 
t a b l e , but the comparison w i t h the exper t ' s ru les 
looks much l i k e tha t shown in Table I . ) Expert 
chemists have made suggestions fo r improvements, but 
were general ly in agreement w i t h the processes 
selected by the program. 

The r u l e formation program w i t h molecule 
se lect ion has been tes ted on several sets of molecules. 
The resu l t s of running the program on a set of 15 
estrogens (a subset of the 47 mentioned above) are 
shown in Table I. The program separated two of the 
15 compounds i n t o a second class because they were not 
as well behaved as the res t - they were exceptions to 
about 20% of the cha rac te r i s t i c processes. However, 

the chemist thought the separation was reasonable. The 
processes selected by the program are shown w i t h 
ind ica t ions of the discrepancies between the program's 
choices and the chemist 's . The discrepancies mostly 
arose from the program's apply ing d i f f e r e n t c r i t e r i a 
to select one process from v iab le a l t e r n a t i v e s . 
Table I I shows the success of the molecule separation 
par t of the program when r u l e formation was done on 
data from 19 non-homogeneous estrogenic s te ro ids . The 
major subclass of chemical i n t e res t is the set of 5 
equi lenins which are i d e n t i f i e d by common modi f icat ions 
to the skeleton shown in Figure 3. The s t r u c t u r a l 
proper t ies were not used by the program although the 
chemist d i d c l a s s i f y the compounds by such features. 
By se lec t ing well-behaved subclasses of molecules the 
program grouped four or f i v e "equ i len ins " (molecules 
#4, 8, 10, 19) and a l l three "3-acetates" {#3, 1 1 , l8 ) 
in the f i r s t subclass. The f i f t h equ i len in (#2) was 
removed from tha t subclass on the l a s t refinement 
because it was an exception to 3 of 9 cha rac te r i s t i c 
processes used to determine the subclass. 

I n the t h i r d i t e r a t i o n shown i n Table I I , the 
program grouped three of the chemist 's four 
"3-benzoates" together (molecules #12, 13, 14). In 
the fou r th i t e r a t i o n i t grouped together the chemist's 
two "d iace ta tes" and one " t r i a c e t a t e " (molecules #9, 
15, 16 ) . Two i t e r a t i o n s produced subclasses w i t h only 
two members - when put together they encompass two 
"17-acetates" ( # 1 , 17), one "17-benzoate", and one 
"gamma-lactone" (#5) . The two molecules remaining 
unc lass i f i ed at the end of the procedure were the l as t 
"equ i l en in " (molecule §2) and the l a s t "3-benzoate" 
(#6). 

CONCLUSIONS 

Bu i ld ing an in format ion processing model of 
s c i e n t i f i c reasoning in mass spectrometry, although not 
completed, has already led to i n t e r e s t i n g and usefu l 
r e s u l t s . The model incorporates h e u r i s t i c search in 
process se lec t i on . The procedure fo r se lec t ing 
molecules can be thought of as a planning procedure 
insofar as i t reduces the problem of formulat ing ru les 
for a class of diverse molecules to a number of smaller 
subproblems, v i z . , formulat ing ru les fo r smaller 
classes of well-behaved molecu les . However, the 
molecule se lec t ion procedure is h igh ly dependent on 
process se lec t i on , as described in d e t a i l . 

The incompleteness of the program as a model of the 
en t i r e r u l e formation procedure should be read i l y 
apparent. We have not described anything tha t 
approximates conf ronta t ion of ru les w i t h new data , fo r 
example. But as the resu l t s sect ion i n d i c a t e s , the 
program can separate subclasses of well-behaved 
molecules and can f i n d cha rac te r i s t i c processes fo r the 
subclasses w i t h enough accuracy (on a few examples) to 
gain pre l iminary acceptance by an expert in the f i e l d . 
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TABLE I . 
PROCESSES SELECTED FOR 15 ESTROGENS 

BELIEVED TO BE IN ONE WELL-BEHAVED CLASS 

* The u n d e r l i n e d processes a r e t h o s e s e l e c t e d by an exper t chemis t on t h e b a s i s o f d a t a f r o m 47 w e l l - b e h a v e d 
e s t r o g e n s , i n c l u d i n g t h e s e 15-
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PROCESS LABEL* 

1 1 . BRK11L 

1 2 . BRK2L/11L 
( p r e f e r r e d over 
BRK20L) 

13 . BRK5H/10L 

14. BRK5H/12L 

15. BRK12L/15H or 
BRK12L/14H 

TABLE I, Page 2 

PICTORIAL DESCRIPTION 
% 07 ALL DATA 
POINTS EXPLAINED 

* The u n d e r l i n e d p rocesses a re t h o s e s e l e c t e d by an expe r t chemis t on t h e b a s i s o f d a t a f rom 47 w e l l - b e h a v e d 
e s t r o g e n s , i n c l u d i n g t h e s e 15 . 

74 



TABLE I I 
SUMMARY OF STEPS IN THE RULE FORMATION 

PROCEDURE WITH 19 ESTROGENIC STEROIDS 

ITERATION #1 
I n i t i a l S e t : 

F i r s t Re f i nemen t : 

Second Re f inemen t : 

T h i r d Re f i nemen t : 
= Subc lass 1 

ITERATION #2 
I n i t i a l Set 

[ - Subc lass 1 , 

T h i r d Ref inement 
- Subc lass 2 

ITERATION #3 

T h i r d Ref inement 
= Subc lass 3 

ITERATION #4 

Las t R e f i n e m e n t : 
= Subc lass 4 
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Molecules 
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