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II. ARSONRCE OPEFATIONS
A. Descriptiaon of Proqgross
1. Overview

The Heuristic DENDRAL Proiject at Stanford University is an
interdisciplinary research effort. The task area 1s a many-taceted
problem of interest to medicine, chemistry, and computer science.
3eciuse the actual work has been divided into separate subh-protlenms
along lines of scientific expertise, an overview is given here to
nstablish the context of proagress ir each area, details of which are
described in subsegquent sections.

Following the organization of the original proposal, the fprogress
and plans are organized into Parts A, B, and C, representing the
different research efforts included within the scope of the proposal.
Part A is aimed at enharcing the reasoning power of the existirng
Heunristic DENDRAL performance program so that eventually it may become a
useful working tool for mass spectrum analysts. The goals of Part B
include the closed-loop control of a mass spectrometer in realtime by a
version of the Heuristic DENDRAL program; and the development cf mass
spectrum analysis techniques for certain classes nof biologically
important compourds. Part C concerns the development of the Meta-
DENDRAL program, an attempt to achieve automatic theory formation in the
area of mass spectrometry.

During this year we have made continued progress in each cf the
thr2e major project areas. The following sections describe our progress
and plans in detail. The highlights are:

part A: (1) Analysis of high resolution mass spectra of estrcgens
anid estrogen mixtures.
{2) Completion of the algoritha fnr generating cyclic
structures.

Part 8: (1) Development of hardware and software for routine data
acquisition on the Varian-MAT 711 mass spectrometer,
sending data to the TBEM 360/50 computer at the Medical
Schoolfs ACME facility.

{(2) Preliminary work on analysis of the chemical componernts
of urine. An initial application of this work for
analyzing the urine of premature infants.

part C: (1) Completion of the data interpretation program, the
first part of antomatic theory formation. Application
of this program to new sets of data.
{2) Continued work on rule formation, the second main stage
of theory formation.

The problem we have chosen to work on - the application of
arti ficial intelligence to mass spectrometry - remains a richly varied
oroblem domain. Its interest to medicine, analytic chemistry, and
computer science have not diminished. We have discovered aspects of the
problem which are more difficult than we initially thought. On the
oth2r hand, we have made more progress with other aspects in the last
year than we would have predicted.



Interpretation of mass spectra requires the judicious application
of a very large body of knowledyge, whether it is done by a chepmist or by
a computer. Part of our work centers on acquiring new knhowledge of mass
spectrometry and codifying old knowledge. This means running and
analyzing the mass spectra of unstudied classes of compounds as well as
putting mass spectrometry rules into the coaputer program. These tasks
have required the development of artiticial intelligence techniques
necessary to apply the chemical knowledge efficiently.



2art A. APPLICATIONS NOF ARTIFICIAL INTELLIGENCE TO MASS SPECTHKOM ETRY
Objectives:

The overall objective of this part of the research is c¢xtension of
the Heuristic DENDRAL program to analysis of the mass spectra of comploex
organic molecules. This overall objective encompasses several
sub-tasks, all of which represent critical steps in building a powerful
program in an incremental fashion. Thus the current status of the
program permits operation to continue in a routine, production mode
wherein problem areas within the scope of the program can be
investigated while extensions of the program are under development. The
following specific objectives reflect hoth applications of the existing
program and ongoing program development:

1) Assess the capabilities and limitations of the programning
techniques for estrogenic steroids analyzed as unknown compounds and
mixtures of compounds,

II) Generalize the programming techniques to ensure a high level
of compound class independence.

ITI) Apply the techniques to other classes of steroids, alkaloids,
and amino acids.

IV) Develop the cyclic structure generator for inclusion into the
Heuristic DENDRAL program and explore the potential of the generator as
an analytical aid of general utility.

V) Refine planning rules to infer compound classes or mrolecular
substructures to minimize structures considered by the DENDRAL
algoritha.

VI) Exploit ancillary information which can be obtained trom
other mass spectral techniques such as metastable ion spectra, low
ionizing voltage spectra and mass spectral pattern shifts in
isotopically or substituent labeled molecules.

VIT) Design experimental strategies to collect, using the
techniques of part VI, only those ancillary data required by DENDRAL to
effect a solution or minimize ambiguities.

VIII) Structure the programs to utilize and/or request data from
other spectroscopic techniques (e.g., proton maqnetic resonarnce (PMR),
carbon—-13 magnetic resonance (CMR), infra-red (IR) or chemical
techniques, such as isotopic labelirg with deuterium).

IX) Explore the theoretical bases for mass spectral fragmentation
processes to improve existing mass spectral theory.

X) Implement production analysis programs on the ACME computer
facility to permit closer integration with the mass spectral data
acquired and reduced on this facility.

Progress:

The following discussion of this task area of the proposal is keyed
to the sub-task objectives described above:

I) The technigques of artificial intelliqgence have been applied
successfully for the first time to a problem of direct bhiological
relevance, namely, the analysis of the high resolution mass spectra of
estrogenic steroids. The performance of this program has heen shnwn to
compare favorably with the performance of trained mass spectroscopists,
see Smith, et.al. (1972). The operation of this program has heen
detailed in this publication, a copy of which is attached. Briefly, the
progras was designed to emunlate the thought processes of an extert as



far as possihle. High resolution mass spectral data are searched for
evidence indicating possible substituent placements about the estrogen
skeleton. Molecular striactures allowed by the mass spectral data are
tested against chemical constraints, and candidate solutions are
proposaed. Further details of the pertormance in analysis of mcre than
thicty estrogen- related derivatives are presented in the above
publication.

Nf particular significance in this etfort were, in addition to
agxceptional performance, the potential for analysis of mixtures of
estrogens WITHOUT PRIOR SFPARATION, and for generalization of the
programming approach to other classes of molecules. The last topic is
Aiscussed in more detail in (IT}) and (III) following.

Because of the structure of the Heuristic DENDRAL program for estrogens,
it is immaterial whether the spectrum to be analyzed is derived tronm a
single compound or a wmixture of compounds. Each component is analyzed,
in terms of molecular structure, in turn, independently of the cther
components. This facility, if successful in practice, would represent a
significant advance of the technique of mass spectrometry. Many problem
ireas, because of physical characteristics of samples or limited saaple
quantities, could be successfully approached utilizing the spectra of
the unseparated mixtures. Fven in combined gas chromatography/mass
spectrometry (GC/MS), (see proposal section Part B-2 below), many
mixture components will be unresolved apd an analysis program sust be
capable of dealing with these mixtures.

We have, in collaboration with Prof. H. Adlercreutz of the University of
Helsinki, recently completed a series of analyses of various fractions
nf estrogens extracted from bodily fluids and supplied to us by Prof.
Adlercreutz. These fractions (analyzed by us as anknowns) were found to
contain between one and four major components, and structural analysis
of each major component was carried out successfully by the above
program. These mixtures were analyzed as unseparated, urderivatized
compounds. The implications of this success are considerable. Many
~ompounds isolatel from bodily fluids are present in very small amounts
and complete separation of the compounds of interest from the many
handreds of other compounds is difficult, time-counsuming and prone to
result in sample loss and contamination. We have found in this study
that mixtures of some complexity (<10 components), which are difficult
to inalyze by conventional GC/MS techniques without derivatization
(vhich frequently makes structural analysis more difficult), can be
rationalized even in the presence of significant amounts of impurities.

A mapuscript on this study will be submitted shortly. DBecause of the
potential generality of this technique we will continue our
investigations of estrogens and beqin studies on mixtures of other
steroids.

In the past year we have extended our library of high resolution mass
spectra of estrogens to include 67 compounds. These data represent an
important resource ard will tentatively be included (as low resolutiorn
spectra for the moment) in a collection of mass spectra of biologically
important molecules being otrganized by Prof. 5. Markey at the University
of Cnlorado. These data are being used extensively in developing the
program strategies for Meta-DENDRAL (see Part C, below).

I1) The Hauristic DENDRAL program for complex molecules has
received considerable attention during the last year in order to remove
compound class specific information or program strategies. By removinug



information which is specific to =2strogens, the program has beccmc much
mora general. This effort has resulted ir a prodnction version of the
projram which is designed to allow the chemist to apply the prcgram tn
the analysis of the high resolution mass spectrum of any molecule with 1
minimum of effort. Given the spectrum of a known or unknown ccmpound,
the ~hemist car supply the following kinds of information to quide
analysis of the mass spectrun:

a) Specification of basic structure (superatom) commen tc thoe
class of molecules.

b) Specification of the fragmentation rules to be applied to the
superatom, in the form of bnnd cleavages, hydrogen transters and charge
placement.

c) Special rules on the relative importance of the various
fragments resulting from the above fragmentations.

d) Threshold settings to prevent consideration of low intensity
ions.

@) Available metastable ion data and the way these data are
subsequently used -- to establish definitive relationships between
fragment ions and their respective molecular ions (see VI, belcw).

£) Available low ionizing voltage data -- to aid the search for
molecular ions (see VI, below).

g) Results of deuterium exchange of labile hydrogens -~- to specify
the number of, e.g., -0OH groups (see VI, below).

In the case of a known compound this procedure may be used to
validate fragmentation rules developed on other, related compounds.
This mode will be used extensively in testing the output of the data
interpretation program (see Part C, below).

In the case of unknown compounds, rules with known generality for
related, known structures may be used to determine the structure of the
unknown. This mode has heen used extensively for estrogens and will be
axtended to other classes (sz¢ TIT, helow).

II1) The first step avay from estrogen analysis was iritially
qoing to be to the analysis of pregnanes, another biologically important
class of steroids. A review of the mass spectrometry litarature,
hovever, revealed a paucity of information on the mass spectral
fragmentation behavior of these molecules. #Without fraqgmentation rules
we cannot proceed with spectral analysis. We have, therefore, collected
t+he high resolutior mass spectra of approximately 50 pregnane rtelated
compounds. The data interpretation vrogqram (see Part C, below) will be
used extensively to help elucidate the fragmentation mechanisms
involved. This study has already achieved the result of clarifyinqg,
through the use of high resnlution data, the iuterpretation of mass
spectra of the small number ot pregnanes reported in the literature
vhich were recorded only under low resolution conditions. Peaks have
been found which have elepental compositions different trom these
assigned by past studies.

A2 have also collected a total of 26 spectra of three classes of
quinazolone and jJuinolorne alkaloids for whick mass spectra have not heen
previously recorded. As fragmentation mechanisms are developed for
these classes, they will be tested against the known structures, and irn
the case of the guinazolone alkaloids tested against a set of nine
compounds for which spectra have not been determined and which thon can
be treated as unknowns.

ITn connection with the goals of Part B-2 (see below) we will
shortly commence a stundy of Jderivatized apino acids (N~



trilousracetyl-0-lautyl esters). These are derivatives of choice for
GC/MS analysis of awino acids whether derived from, e.y., bodily fluids
or geological samples. This will be an important first step in
integration of the data analysis programs with GC/HRMS data on urine
extracts, as essentially no high resolution mass spectral studies have
heen carried out on constituents of urines.

IV. The cyclic structure generator now rests on a tirnm
mathematical foandation such that we are confident of its thorcughness
and ability to generate structures with PROSPECTIVE elimination of
dupl icate structures. The prospective nature of the generator is 1
necessity for efficient implementation, as retrospective checking of
each generated structure to eliminate redundancies is too time
consuming. The necessary concepts have recently been transformed 1unto
an operating algorithm.

The next step in its development will be to implement constraints
on the generator so that greater flexibility is possible. For example,
in many cases the chemistry of a situation dictates that certain
structural types may be prasent, or that others must bhe absent. ‘he
genecator will use this information as constraints. Je have planned a
set of coanstraints which are useful to the chemist, for example, numbers
of rings as opposed to dnuble bonds, ring sizes, ring fusions, and so
forth, and have begun developing ways to incorporate these constraints
without comprormising the requirements for thoroughness and
non-redundancy. Mr. Larry Masinter, Dr. N. S. Sridharan, and Mr. Larcy
Hielmeland have been key personnel in bringing the algorithm tc
completion and implementing it.

A manuscript will soon be submitted describing for chemists the
cora of the cyclic structure gererator, the labelling algorithe. This
algorithm is capable of construction of all isomers, of wholly cyclic
graphs, which may be formed by labelling the nodes of a cyclic skeleton
with atoms (e.q., C, N, 0) or labelling the atoms of the skeleton with
substituents {(e.g., -CH3, -OH). Through the use of graph theory, yroup
theory, and the symmetry properties of cyclic graphs the labelling
algorithm avoids construction of redundant isomers by identification of
equivalent node positions on the graph structure before labelling takes
place, Tt is indicative of the cormplexity of this problem and the
importance of its solution to both chemists and mathematicians that it
has remained unsolved (until now) despite attention for over 100 years.
A manuscript describing the underlying mathematical theory has bheern
subpmitted to the DISCRETE MATHEMATICS.

The cyclic structure generator in its entirety (encompassing
acyclic, wholly cyclic and combinations thereof) will be described
separately. Apart from the labeling algorithm the remainder of the
prohleps involves, first, the combinatorics of assignment of atcms to
cycles or chains, and second, construction of acyclic radicals to attach
to the rings using the well known principles of acyclic DENDKAL.
Manuscripts describing the mathematical and chemical aspects of the
structure generator are in preparation.

Nver the summer we were fortunate to have the help of Prof. fHarold
Brown, a visitor to Stanford from the Dept. of Mathematics at Chio State
University. He brought to the problem a depth of mathematical analysis
which was important for finishing the design of the algorithm and
working out details of its implementation. He was largely rescponsible
for the manuscripts describing the graph theory of the labeling
algorithm and the graph theory of the straucture generation algcritham.



The cyclic structure generator makes it possible to define the
boundaries, scope and liritations of organic chemistry as a whcle,
rather than simply the acyclic part of it. As an indication ot tke
complexity of chemistry in terms of numbers of possible structures, take
the example of C6H6. The most familiar molecule with this molecular
formula is benzene., Yet there are more than 200 topological isomers for
ChoHo (with valence constraints) ot which only 15 are totally acyclic.

The first use of the generator has been to create a dicticnary of
carbocyclic skeletons. This time-consuming task would otherwise have to
be done each time A new molecular formnla is presented. The dictionary
is structured to contain keys as to type of skeleton, number of rings,
ring fusion, and so forth, so that the constraints mentiouned previously
are simple to exercise in the context of the dictionary.

We feel that the cyclic structure generator has the potential of
acting as the focal point for an interactive laboratory analytical tool.
Constrained by inferences ohtained from data (such as M$, IR, etc.) and
from chemical treatments, such a generator would, under control by the
chemist, be a powerful proponser of an exhaustive set of candidate
solutions based on available data. This concept will certainly be
developed further as we improve both our capabilities for inference from
scientific data and our technigqgues for using the generator.

V) Zfforts in analysis of mass spectra have to this point heen
relatively restricted in terms of the types of structures which aay be
considered. As our knowlediye base and the scope »nf the program increase
it is necessary to consider general planning rules. These rules are
used in initial examination of a mass spectrum to Jeterrine which
sompound class might be represented so that subsequent analysis utilizes
rules for that class. One approach was used successfully in the past
analysis of saturated aliphatic monofunctional (SAM) compounds. For
more general utility, however, other approaches must be considered. The
following areas arvre presently under ipvestigation:

a) How best to exploit a version of library matching procedures to
esase the computational burdep on DENDRAL when dealing with routine
analyses of mixtures of compounds that have previously heen at least
partially characterized. 1In this way attention can be focused on those
previously uncharacterized components. This aids planning in that
effective library matching procedures frequently provide hints as to
molecular structure even when the correct spectrum is absent from the
library. Mr. Larry Hjelmeland and Mr. Mark Stefik have been
investigating library matching procedures which fit our needis.

h) Utilize ion series spectra (Smith, 1972), an externsion of the
planning procedure for SAM compounds, in conjunction with the specific
information embodied in a high resolution mass spectrum, which yields
not only formulae but the implicit numbher of rings plus double bhonds;
both items serve as powerful limitations on compound class.

c) For complex molecules which may contain several functional
gJroups we have explore:d and are continuing exploration of incorporation
of mnlecular substructures into the planning scheme. Thus rather than
infer a4 class or particular skeleton, inferences ire made about specific
functional groups (e.g., -NH2, OH) or substructures (e.g.,
-CH2-CH2-CH3). This is the form in which intormation frow other
spectroscopic techniques is available, and we plan to extend our oresent
capabilities for planning based on this information (see VIII, below).



VI) There are several additioral techniques available to the mass
spectroscopist other than recording the conventional mass spectrunm.
These techniques are used routinely in everyday research as they provide
considerable complementary data whichk frequently are of great assistance
in rationalization of the conventional spectrum, either in terms of
structure or fragmentation mechanisms. We have modeled the Heuristic
DENDRAL program for complex molecules to use data from these additional
techniques in much the same way as a chemist does. We have the
capability of determiningy the following three types of data on our mass
spectrometers and using them in the progranm.

a) Metastable Ton (MI) Data. Metastable ions provide a means for
relating fragment ions to molecular ions in a mass spectrum. This
information is extremely important in two contexts. 1In examination of
the spectrum of a known compound, the existence of a metastable ion
provides strong evidence that a given fragment ion arises at least in
part in a single decompositior process from an ion of higher mass (not
necessarily the molecular ion). Investigations of this type are
necessary to establish that a set of fragmentation processes which are
to be used as rules to guide the Heuristic DENDRAL program are in fact
viable processes and occur in a known manner. An example of the utility
of these observations has been investigations of metastable ion data in
the mass spectra of estrogens (Smith, Duffield and Djerassi, 1972).

The second context is, in the case of analysis of mixtures of
compounds, a determination of which fragament ions in a very complex
spectrum are related to which wmolecular ions. We have explored the
analysis time and specificity of results as a function of the amount of
metastable ion data available on a mixture and noted one to twc orders
of magnitude reduction in computer time to arrive at single, ccrrect
solutions for various mixture comporents (rather than 5-20 possible
solutions limited by the conventional mass spectrum alone). These
resalts will be reported in detail in the description on analysis of the
estrogen mixtures {see I, above).

Metastable ions are those which are formed by fragmentaticn
processes occurring during the flight of an ion after formation and
acceleration., These fragmentation processes may occur at any point
along the flight path of ions through the mass spectrometer. Because of
the complex behavior of metastable ions formed in magnetic or electric
fields, they are usually studied in field-free regions of a mass
spectrometer. Earlier work was directed at ions formed in a fieldfree
reqion just prior to entering a magqnetic field {mass analysis). This is
the only method available for metastable ion studies for a single
focussing mass spectrometer: The metastable ions formed in this region
appear as diffuse peaks superimposed on the normal mass spectrum. The
mass positions of these metastable ions, hovever, satisfy
(mathematically) several relationships of pairs of normal ions. This
lack of specificity and frequent difficulties in accurately determirning
the mass positions has caused us to turn our attention to studies of
so-called "defocussed" metastable ions. A conventional double focussing
mass spectrometer posscsses two field-free regions vhere metastable ions
may be studied. One field-free region lies between the electric sector
and the magnetic sector. This region can be used to study metastable
ions of the type discussed above. The other field-free region lies
between the ion source and the electric sector. Metastable ions formed
in this region can be examined by de-tuning the instrument (defocussing)
so that normal ions are not observed, but metastable ions are. This
procedure allows establishment of specific relationships between 1ions



involved in a metastable decomposition so that the original ion which
decomposes during flight, and its decomposition product, can he
identified. This technique has let to much more uaseful information for
the Houristic DENDRAL prograwm, as illustrated earlier in this section.

b) Low Tonizirg Vnltage (LV) Data. The key to successful
operation of the Heuristic NDENDRAL program is correct inference of the
molecular ion{s) and molecular formula{(e) in a given mass spectrum. In
the past, metastable ion data were used to assist the program in correct
identification of molecular ions. This procedure has now been
supplemented, making the program coqnizant of LV data. At lower
ionizing voltages, molecular ions are formed with lesser amounts of
excess internal energy. Most classes of molecules (those that display
significant molecular ions) can be analyzed at a sufficiently low
ionizing voltage that only molecular ions are observed, as the internal
enerqy is not sufficient to allow fragmentation. This technique was
used extensively in the analysis of estrogen mixtures and the resultiug
data simplify the program's task of determining molecular ions.

<) Isotopic Labeling. We have previously described how isotopic
labeling of labile hydroqgens with deunterium aids analysis. For example,
the last phase of the analysis of spectra of complex wolecules involves
several "chewmical' checks on the validity of proposed structures. The
knowledge of the number of hydroxyl groups can be a powerful filter to
reject certain candidate structures. Isotopically labeled molecules
have permitted a detailel examination of fragmentation processes of
complex molecules utilizing comparisons of metastable ion spectra of
labeled and unlabheled molecules (Smith, Duffield and Djerassi, 1972).

Future work will involve suggestions by a program of likely sites
of hylrogen transfer in the course of fragmentation. Elucidation of
fragmentation processes is a part of the Meta-DENDRAL etffort (Part C,
helow). MNore detailed specification of these processes can be effocted
by isotopic or substituent labeling of molecules and we feel that a
progjram is capable of suggesting the necessary experiments.

In addition, we are exploring the fesasibility of using C1?Y NMP data
to complement mass spectrometry data. Its initial use will be to
1etormine the branching structure of alkyl chains away from the
heteroatom in aliphatic monofunctional compounds. Dr. Ray Carhart, an
NIH post-doctoral fellow, is working on this problem together w»ith Ws.
Hanne Egqgert, a visiting scholar from the University of Copenhagen,
Denmark. Substantial work on the C13 NMR theory of amines has been
described in a manuscript (by Eggert & Djerassi) to he subritted soon.

VII) Designs of experimental strategies represent a crucial link
betwveen the Heuristic DENDRAL program and the instrument contrcl aspects
of this proposal (see Part B8~1, below). We have bequn planning ways in
which the program, cognizant of intermediate results, can suggest
additional collection of data that will be required for an unarbiguous
determination of structure, or at least to minimize ambiquities. These
suggestions can ultimately be translated into control parameteirs sont
hack to the mass spectrometer. 1In any real-time data collecticn schene
involving small amounts of sample, time is of the essence. It is
crucial to select those data which aore necessary ind sufficient and to
avoid collection of redundant or spurious data. We fecel an
"intelligent" program can supervise the 1ata collection and aralysis to
fulfill this goal and can dacconplishk the task in real-time.

VIII) The Heuristic DENDRAL proqgram for SAM molecules 1s alrealy



structured to accept additional spectroscopic data in the forms of
GOODLIST and BADLIST specifying molecular substructures whichk are
present or absent. We have deferred implementation of this more general
approach to the Heuristic DENDRAL program for complex molecules until
the cyclic structure generator is ready. Up until now, any such data
from other technigues have been usad retrospectively to check candidate
structures for the reguisite tnnctional groups or substructures. Now
that the structure generator is available, we will begin implementation
of the GOODLIST and BADLIST for cyclic molecules.

IX) We have begqun to explore ways in which to predict the mass
spectral behavior of molecules without the need to resort to the
classical method of determining many mass spectra followed by empirical
genaralizations. Quantum mechanics may be capable of providing this
information. With Dr. Gilda Loew, we have been investigating extended
Huckel molecular orbital theory in an attempt to predict some
qualitative indications of the propensity of bonds to fragwment. Our
iritial efforts have been aimed at the estrogenic steroid estrcne, and a
manuscript will shortly be submitted describing these results. Briefly,
calculated net atomic charges appear to have little bearing on
subsequent fragmentatior of the molecule. Bond densities (which are
related to bond strengths), however, provide some indication of which
bonds are likely to underqo scission in the first step of a
fragmentation., We are attempting to extend these results to other
molecules, specifically, amino acids.

The ability to predict features of mass spectra given only a
molecular structure would be ar important advance both within the
context of Heuristic DENDRAL and for mass spectrometry and thecretical
chemistry as a whole.

X) A version of Stanford 360/L1ISP has been mounted on the Medical
School?'s ACME computer system. This version, available to us in the
nvernight batch processing operation, has proven useful for running
production versions of programs. BHecause our mass Spectral data are
acquired and reduced via ACHMF, this facility has 1emoved the need for
transferring data from ACME to the campus facility. We regret to
report, however, that this version of LISP is not available to us in the
time sharing mode during the day when mass spectral data are ccllected.
Thus, although routine data analysis is facilitated, there is no
immediate prospect for inteqration of DENDRAL into the real-time aspects
of the problem. For the near future these activities will be simulated
through batch processing to enable us to develop the necessary
tachniques for real-time interaction.

Plans:

Ian most cases, the plans for future work are embodied in and
dictated by the progress we have made so far. Many of the plans,
therefore, are outlined in the Progress section, above. As a ktrief
summary then we plan the following activities, again keyed to the
sub-task obijectives:

I) We plan to continue with analyis of additional estrogen
nixtures from bodily fluilds ir view of the excellent performance of tne
program so far.

0 We feel we have achieved a hiah level of class independence in
our present program. As more classes ar2 analyzed we expect that
further "cleanup" may be necessary, but easy to carry out.



I11) Extend Heuristic DENDRAL for complex molecules to the classes
for which spectral data are or shortly will be available, pregnanes,
cholestores, the above alkaloids and amino acid derivatives.

IV) Constraints will be developed for the cyclic generator that are
easily understood by chemists and easily implemented in the conmputer
progran.

V) Planning rules for compound class determination will receive
considerable attention as Heuristic DENDRAL is extended.

VI, VII) VWe understand how to use this additional information.
k needs to be done on alqorithms to determine which experiments to do

ovw best to do them to minimize consumption of valuable sawmples.

VIII) As the structure generator is developed, we plan to implement
it in Heuristic DENDRAL so that constraints imposed by spectroscopic
data may be used effectively.

IX) We plan to analyze amino acids using molecular orhital theory
to extend the theoretical basis for prediction of mass spectra.

X) We plan to simulate ir as much detail as possible the
interarnrtion between Heuristic DENDPAL and the mass spectrometer to
direct data collection in an intelligent fashion.



Part B-i. FXTENSIONS OF THE COMPUTER-MASS SPUCTROMETFR SYSTEY.

Objectives:

Data acquisition in real-time from the varian-MAT 711 mass
spectrometer with analysis of these data by ideuristic DENDRAL is the
primacy objective of this section of the research. We ultimately seek a
substantial deqgree of control by computer program over the acquisition
of data froam the mass spectrometer. With sufficient computer fpower it
is possible to accomplish the contrnl within the time scale of GC/MS
operation. A rationale of this approach and our efforts toward devising
suitable programs to achieve this goal are described above under Part A.

The following operational parameters of the mass spectrometer are
desirable and amenable to contronl: magnetic scan speed aud mass range
of scan, slit widths (to adjust to high or low resolution operation, ion
optical stops (to increase resolution in the metastable defocussed
mode), accelerating or electrostatic sector voltages, ionizing voltage
{to switch from normal to low ionizing voltage), and rate and
temperature of probe heating when the direct insertion prolte is used to
introduce samples into the mass spectrometer. Control of GC ccnditions
is also possible.

Progress:

The Varian-MAT 711 mass spectrometer was formally accepted by
Stanford University on Nov. 5, 1971, Prior to this time the instrument
installation ard performance tests went extremely smoothly. Shortly
after acceptance, however, a series of electronic and mechanical
malfunctions occurred which necessitated a visit ot an engireer fron
Germany for a period of several Weeks. Since that time the instrument
has been used routinely in all its operating modes inclnding ultra-high
resolution peak matching, scanning at high resolution for accurate mass
measurement; GC/MS operation, low ionizing voltages, and metastable
defocussing. This instrument has now assumed the entire burden of data
acquisition for DENDRAL related activities.

There are two activities related +to the goals of this Part area
which have proceeded in parallel with gaining familiarity with the new
instrument, These activities are improving the software (programming)
for data acquisition and reduction, and developing new hardware the
initial efforts towart instrument control.

Softwvare.

Great advances have been made in the programming for data
acyuisition and reduction, particularly since the arrival of Mr. Tom
Rindfleisch, who helps 1direct the Instrumentation 2esearch Labcratory's
efforts in the DENDRAL mass spectrometry area. The follovwing items
indicate these advances.

a) Data Acquisition. Programs have heecn written which permit
acquisition of peak profile data at high data rates using the PDP-11 as
an intermpediate data filter and bunffer store between the mass
spectrometer and ACME. This allows data acquisition to proceed even
nnder the time constraints »f the time sharinj system. Storage of peak
profiles rather than all data collected has qreatly reduced the storage
requirements of the proaram and saves time as the background data (below
threshold) are removed in real-time., An automatic taresholding proyram



is in operation which statistically evaluates hackgrounua noise and
thresholds subsequent data accordinglyv. Amplifier drift can thus be
compensated., We have developed some theoretical models of the data
acguisition process which suggest that high data acquisition rates are
not necessary to maintain the integrity of the data. Proof of this
theory with actual data would qreatly relieve the burden of high data
rates on the computer system, particularly as imposed by GC/MS
yperation, anl permit considerably more data reductiorn to bhe
iccomplished in real-time. Statistical and observed models of pean
profiles have suggested certain design changes in the hardware (sue
below).

b) Instrument Evaluatior. A high resolution mass spectrcemeter
operating in a dynamic scanning mode is a complex beast. There ar> many
things that can go wrong which yield effects which may be invisible to
the operator. Furthermore mode changes during closed loop operation
require instrument adjustments which must be computer controlled. Tt
is, therefore, necessary that the computer have a model of spectrometer
operation on the basis of which data quality can be assessed and
processing suitably adapted as well as instrument performance cptimized.
o ensure that the instrument is operating properly and high quality
data are being gathered, we have devoted some time to development ot a
projram which monitors the state of the mass spectrometer. This
nreliminary program checks the following items:

i) Data acquisition parameters, i.e., the threshold,
specifically determined peak width and intensity criteria, the mrher of
opeaks and the data storage utilized.

ii) Calibration of the mass/time scale, storage of same to be
used as a model for suabseguent spectra, output of mass range over which
scale is calibrated, calibration peaks missed, if any, and a graph of
extrapolation error versus mass. Any irregularities in this output
point to scan problems.

iii) The dynamic resolution versus mass is deterwmined and
output as a graph. This allows the operator to adjust to constant
resaglution over the mass range.

All output and warnings to the operator are provided on a C%T
adjacent to the mass spectrometer immediately after a scan. Although
this program works for the present time only with thte calibration
compound, PFK {no additional sample), it provides a bhasis for a general
mechanism to monitor data gquality to prevent wasting valuable samples
vhen the instrument malfunctions.

The program contains miny interactive features which permit the
operator to examine selected features of the data at his leisure. He
mdy display any selected peak protiles, obtain listings »of calculated
masses, plot a spectrum from the data and so forth.

In the longer term as more quantitative =2xperience is gained wity
operating the MAT 711 in various modes and as instruament contrcl
hardware is completed, models relating instrument parameters to control
functions and interactions will be developed. These will allow
strategies to be planned for autoumated mode switching and perfcrmancs
sptimization needed for intelligent control of data collection angd
reduction processes.

c) Data Resolution. A proqram has been written which allows
Automatic reduction of kigh resolutior data based or the results of tle
prior instrument evaluation spectrum. This program uses varamete oo



sunnlia=d by the osperator prior to runcing the sample. (alibration of
the mass/tiae curve is effected by mappirg 2achk spectiur into the
calibration model developed previously. Seovaration of retercencs
compound peaks (PFK) fromw urkrown sarple peaks is accomplished by q
pattern racogniticon algorithm which compares the relationships betwoeen
sequences of reference peaks ir the calibration run with the set ot
nnssible corresponding sequences in the sample ruan. The candidate
sequenca is selected which best approximates calibrated perforrmance
within constraints of irternally censistent scan model variaticns. This
approach minimizes the need for selection criteria such as ygreatest
negative mass defect for reference peaks, the validity of which cannot
he guaranteed. FExcellent performance results from using sejuerces
containing 1N reference neaks.

Mass calculatior is accomplished with an algnrithm bas=d c¢n A
jetailed evaluation of the hehavior of the mass/time curve as a fuuction
of mass. Determination of elemental compositiors proceeds utilizinyg a
nevw, rapid and efficient algorithm developed by Prof. Lederberg. This
program has made a previnusly onerous task (much human intervention)
tnto an antoumatic one. This 1is an imoportant step toward fully antomitic
data acguisition and reduction.

Hardware.

The gas chromatoyraph has beoen successtully interfaced to the mass
spectrometer. An oscilloscope has also bheen incorporated with the
spectroueter to supplement the strip chart recorder, to sipplify 1nitial
11justment of the instruwment and *o monitor every spectrur.

New interfaces for mass spectrometer operation and control have
heen developed. They have heen designed aronnd the PDIP-11 cormputar as
this computer represerts our means of real-time interaction with the
mass spectrometer. The interfaces can handle (through an analeq
multiplexer) several analoy inputs and outputs which reguire that tlhe
computer be relatively near the mass spectrometer. This move has
recently heen accomplished, as the computer used to reside in a sepirate
huilding., We now have tte capability for the tollowing kinds cof
yperation through the newv interfaces.

i) Computer sclection of digitization rate

ii) Computer selaction nof data path (interrupt mode or direct
memory access (DMA))

111) Direct mewory access tor faster operation in the data
acquisition mode.

iv) computer selection of analoyg input and output channels.

v) Sensing of several aralog channels through a aultiplexer (2,4.,
i2n sigual, total inn current}).

vi) Magnet scan control, This control can ba exsrcisel ganualiv or
set by the computer. 1t controls both time »f scan and flynack time,
Coupled with selection of scan rate, any desired mass ranzse cap be
scanned at any desired scan rate.

vii) The computer can aonitor the mass snectrometer's rass pivker
output as addirional information whichk will b= used *to etffect
calibration.

Another important fevelopment hkas been a signal conditiouner for the
ion signal which incorporates a hox-type integrator to sum the {on
signal between A/D convertter readings. This modification saoulld lossen
ion statistical uncertainties in intensity values ard thus ultieytels
improve peak position determinatiors in time and mass.

lans.



sections. Again, a briel summary wouldl inclule the following:

Yoy

A3 iln Part A, many of the plans are mentioaned in the above Prog

I) Continue improvement of the Ligh resolution data acjuisitiou

and reduction programs. Pay particular attention to increased speed
tasks which may be carried out ir real-time in the =small computer,
leaving ACME for those tasks reqanirving large compute power,

IT) Develop a data acjuisiting and reduaction syster to be ased
initial studies of the G0/MS system. Inittially this system will one

A

1

L}

St

A* low resolution to avoid <sensitivity problems in the tipme constenints
imposed by GC operation. The real goal 1is highk resolntion operation of

the system as we solve saensitivity problems. Some programming and
sxperiments have already beep done in thLls area.

TIT) Explore the GC/%S systen and its intertace for optiaur
~onlitions for the urine sanmplers and related nmixtures extracted Erou
nther bodily fluids (see Part B-11i, bhelow).

IV)y Develop additioral harilware to ex=2rcise specific corntrol
functions as necessary for on-line mode changes and iustramont
parformance optimization.

V) Develop better aralytical models for the behavior of the nase

spectrometer to yiell nore accurate data (wmasses and intensities) .

V1) Pinish study of ion signal treatreent aund related digitizatiou

rate rejJuitements.

VII) Develop software communication hetween DENDRAL, ACHT and tis

PPP-11 so that ACME 7Tanerated (via TENDPAL) requests can he servio:s !
*he miss cpactromet.r a1 1 regultirg data returnsad promptly.

Part 8-ii. CHEMICAL CONJSTITUHENTS OF UniND.

Jrine is xuowne to ooctain soveral hnndeed arganic aornvoun ds.
separatinn (aas chromitagrapay) and benc: identitication {(mass

b

v

Pt

The

spectromstcy] of these componants soul?! he an extremeoly ditficult Pask.

To simplity the separatior prohlew the urine 1s chemicalliy sepdatated
into four fractions as illuastratel i the following diagranm.

BYRINE (pH = 1, interrai standards added)

| ] other phase 1G1e0us rhase
(free acids)  ~-eeoseme-eeonen- e et R DR
A | l |
{carbohydrates) {amino acids) ]
C ? {
] hydrolysas
!
| |
other phase 1juecus
{(hydrnlysed acids) {ailno aclasyg
D P

The experimental nrocedure ased for workirg with a urine s.0 (i«
132 follows. To an aliquotr (25 ml.) of a 28 hour urine sample 1o a7
4N hyvdrochloric acid until the pH i3 1. Two internal standards,

n-e2icosane and 2-amino octanoic acid are then added. Ether extraic- i,



isolates the free acids ([fraction A) vwhich are then methylated and
analysed hy gas chromatography-mass spectrometry. Anr aligquot cf the
iqueous phase (2 ml) is concentrated to dryness, rcacted with
n-butanol 7hydrochloric acid followed by methylene chloride containiay
trifluoroacetic anhydride. This prncedure derivatizes any amino acids
{or water soluble amires) which ate then subjected to GC/MS5 analvsis
{fraction B).

1f desired another 2 ml aliquot of the aquecous phase can lte
derivatized for the dotection ot carhohydrates (Fraction (). Cur
experience has been that this fractinn generally contains few compononts
and it can be eliminated without detriment to tle overall urine

inilysis.

Concentrated hydrochloric acid (1.2% al) is alded to tue urine
{(12.5 ml) after ether ~xtraction and the mixture aydrolysed for & hours
1nder reflux. FEther extraction affords the hydrolysed acia fraction (b)
which is then methylated ard analysed by GC/4MS. A portion of the
aquenus phase {2 ml) from hvirolysis of the urine 1s concentrated to
Aryness and derivatized and analysed for awinn acids (Fractiou E) as
iescribed under step B,

frinary outpnt from any individnal will vary to some extent with
diet., In order to suppress the prohlem of distary variation it was
decided to monitor the yrine of premature infants in the sStarnfcrd
Nursery of the Pediatrics Department. These infants are sustained on o a
carefully regulated diet and their hospital contfinement is usually ot
the order of one month snch that their urinary cxcretion could be
investigated as a function of time.

Preliminary studies on approxirately 20 urine samples fror
prenature infants provided the cxperience necessacty for a sclection nf
the hest operational techniques fnr chromatosraphic sepavation. This
work has been carried out in the Department »f Genetics where a suital lo
Jas chromatograph and mass spectometer were ivaildble. The mass
spectrometer (Finnigan guadrupole, model 1015) used to date in this
investiqgation is interfaced for data acquisition to the ACHME ccanuter
system, During the gas chromatography-mass spectrometric analysis of a
1Tine fraction over six hundred mass spectri arte recorded in 45 windtes.
A 1ata system is mandatory to handle this avalanche of data and qntil
ane 1s functioning on th> variau-MAT 711 mass spectrometar we anticipate
nsing the quadrupole instrumept for the routine analysis of urine.

Tn the preliminary study of 20 urine samnles from prematiare babiles
tte only abnorimal metabolit> observed was p-hydroxyphenyl lactic acid
whichk occurred in three of the samples. This compound’'s presence
reflects the known abilitv of some prermature infants to retaiboliv~
p-hylroxyphenyl pyruvic acid to the correzponding lactic acid. In all
cases we observed tte excretior of p-bydoxypheryl lactic acid tc lroon to
normal levels after several days presumably as particular enzyre
functions hecame operative in the child,

Follnwing these pr2liminary studies a Joirt prograw was fcrmalincd
betyeon the Departments of Sencticas and Peldiatrics to investiagate late
metabolic acidosis of the prematiare., A copy nf the protocal te he amald

in thkis luavestigqation 15 attachad to this report,

At this time several urine samplos from premature 1afants bLave e
investigated but only one child wis acidotic whep the urire sample oo
collected. This urine sanple was definitey yonorwal and 1t aprear  r



contain large quantities of p-hydroxy mandelic acid ard p-hydvcoxyrhenyl
lactic acid. These abnormal metabolites ware present i1 ~aci ot tureo
daily samples of urine submitted to 5C/MS antlysis. It is interestains
that the occurrence of p-hyliroxyphenyl lactic and p-hydroxy mandelic
acids in urine has been associated with abnormally high tyrusine levels
whil=» in our case tyrosine 1s presert in normal concentrations,

The investigation af acidotic prematuacre intants, 1ithouaah just
commencing, shows promise that any organic acids causing acidosis will
be identified by our analytical techniques.

In addition to these rclinical aspects lescrihbed above, work i=s
coantinuing on the computer analysis nt the mass spectrd generated fron
urine specimens. Work has proqressed on the constructiorn of library
lookup routines operating nn data tapes obtaived from Dr. Fgil Jelluw,
Nslo, Norway, a former collahorator in our lahoratory.



Part C. EXTENDING THE THEORY OF MASS SPECTROMETRY 3BY A COMPUTER

Objectives:

Theory formation in science is both an intriquing problem for
artificial intelligence research and a problem area in which scientists
can benefit greatly from any help the computer can give. While the
ill-structured nature of the theory formation problem makes it more a
research task than an application, we hope to provide computer prograas
vhich are of some practical help to the theory-forming scientist.

Mass spectrometry is the task domain for the theory formation
program, called Meta-DENDRAL, as it is for the Heuristic DENDRAL
program. It is a natural choice for us because we have develorped a
large number of computer programs for manipulating molecular structures
and mass spectra in the course of Heuristic DENDRAL research and because
of the interest in mass spectrometry among collaborative researchers
already associated with the project. This is also a good task area
because it is difficult, but not impossible, for human scientists to
develop fragmentation rules to explain the mass spectrometric behavior
of a class of molecules. Mass spectrometry has not been formalized to
any great degree, and there remain gaps in the theory, but discovering
new explanatory rules and systematizing them is taking place throughout
the country, alheit slowly.

We have described the design and partial implementation of the
Meta~-DENDRAL prograe in a paper presented at the 7th Machire
Intelligence Workshop (Edinburgh, Scotland, June, 1972). A copy of that
paper is attached and should be consulted for details. It will be
published in the proceedings of the conference (Machine Intelligence 7,
B. Meltzer & D. Michie, eds., in press).

Our objective is to explore the theory formation problem for mass
spectrometry within the context of AT research. As mentioned earlier we
hope to produce intermediate programs which will aid chemists in
formulating new pieces of theory as well. The following subgoals have
guided our research along one dimension, although we have often been
forced to consider other dimensions of the problem. The discussions of
progress and future work are structured around these subgoals.

{1) Collect a suitable set of known mass spectra together with
representations of the molecular structures from which the spectra were
derived.

{2) Summarize and interpret the data with respect to possible
explanations of the individual data points. This re-representation of
the data is a critical step in extracting explanatory rules, fcr the
data points are, for the first time, associated with possible
mechanistic origins ("causes").

{3) Peruse the summary to make plans for intelligent rule
formation. Any of the possible mechanisms described in the
sumamary-interpretation phase could be incorporated in a rule of mass
spectrometry. But planning will allow the rule formation program to
start with explanatory rules which are likely to make good reference
points for the whole rule formation process.

{4) Incorporate the possible mechanisms into general rules (rule
formation). By bringing more and more of the descriptive mechanisms
under rules, the rule formation program explains more and more of the
orjginal data points. This is difficult for many reasons, however. For
instance, the rules must be general enough to avoid writing a new rule



for each data point. VYet there are numerous ways of generalizing rules,
with few prospective guidelines to focus attention on the elegant
generalizations which explain many data points simply. Various
alternatives for rule formation, which we are exploring, are described
in the progress section.

(5) Evaluate the rules to decide retrospectively whether each
proposed rule is worth keeping or not. If so, it may be further
nodified in light of more data. If not, it will be discarded in favor
of rules which are simpler, explain more data, or are otherwise better
suited for incorporation into the emerging theory.

(6) Codify the rules into a theory. Although a set cf
phenomenological rules can predict the mass spectral behavior c¢f the
class of molecules, further codification is needed to increase the
explanatory power of the rules. This may mean something as "simple" as
collapsing rules or subsuming rules under one another. Or, at a deeper
level, it may mean finding relationships and principles which explain
why the phenomenological rules are good predictors.

{(7) Pinally, it will be necessary to compare alternative theories
{at whatever level) that come out of the program in order to choose the
best one. Part of this research means experimenting with different
criteria of "best" theory. Although the philosophical literature is
full of suggested criteria, no one has ever tried to make them precise
enough for use in a program.

Progress:
Meta-DENDRAL has progressed in the last year within several of the

problem areas mentioned above. The attached paper (MI 7) describes wmuch
of our progress in mapping out a detailed strategy for attacking the
problem. In addition, we have explored many issues related to
alternative design or implication strategies. The unedited notes of our
frequent group meetings are attached to show the issues discussed and
some of the direction of our experimentation.

{1) Collection of mass spectrometry data was no problem because of
the files kept for the Heuristic DENDRAL program and the availability of
the mass spectrometer. Deciding which set of data to explore, however,
vas more difficult.

We had initially hoped to do theory formation for a large heterogeneous
class of molecules in order to test the ability of the program to
separate classes of molecules with dissimilar mass spectronmetric
behavior and group the similar classes of molecules. We had ipitially
started working with the collection of saturated aliphatic
monofunctional compounds and their wmass spectra, already collected for
previous Heuristic DENDRAL work. Later it was decided that we could
make a more direct assault on the theory formation problem by choosiung a
set of homogeneous compounds whose mass spectrometry was already well
characterized. It was hoped that we could forwrulate rules which
corresponded closely with the known characterizations after examining
only a small number of compounds and their spectra (tens of corpounds,
not thousands). The class of molecules chosen was the class of
estrogenic steroids. This was an especially good choice because (a) the
estrogens have beer studied extensjively - and thus there are known rules
with which to compare the program's "discovered" rules - and (L) the
estrogens, partly because of their biological interest, are not well
enough characterized - thus the intermediate results of the prcgram's
analysis of estrogen mass spectra are interesting and immediately useful
to science.

{2) The couputer program for data interpretation and summary has



been well developed. W®hile it is never safe to call a progranm
“finished", this program has reached the stage where we have turned it
over to the chemists vho want to look at explanatory mechanisms for the
mass spectra of many compounds. Ordinrarily, this is such a tedious task
that chemists are forced to limit their analysis to a very few
mechanisms of interest. The computer program, on the other hand,
systematically explores the space of possible mechanisms and ccllects
evidence for each.

This program is described in the Machine Intelligence 7 paper, and the
results obtained by running it with many estrogem spectra are discussed
in a manuscript to be submitted. Mr. William C. White has been largely
responsible for coding the program in LISP. The program runs in the
overnight LISP system at the Medical School's ACME facility. It is
currently being used by Dr. Steen Hammerum, a post-doctoral tellow in
chenistry from the University of Copenhagen, to summarize the
fragmentations found in the spectra of alkaloids.

As always, we have modified the program many times after it prcduced its
initial results in order to add new items of information to the summary
or to reformat the summary - both aimad at making the program a more
useful tool for chemists instead of just a computer science researtrch
tool. 1In a sense this is a diversion. But we feel it is important in
interdisciplinary research to satisfy many goals (within the project) to
maintain the high motivation and cooperative spirit which have
characterized this project from the start.

{3) Planning hefore rule formation is necessary because there is
so much information in the summary of possible fragmentations found in
the data. It is desirable to conllect all the information to avoid
missing unanticipated mechanisms which occur frequently throughout the
compounds in the data. But even the summary of the mechanisms is
volunminous enough to obscure the M"ohvious" rules just waiting to be
foundi.

In a planning program currently being implemented by Mr. Steven Reiss,
the computer peruses the summary looking for mechanisms with "strong
enough" evidence to call them first-order rules of mass spectrcmetry.
our criteria for strong evidence may well change as we gain more
experience. Por the moment, the program looks for mechanisms which (a)
appear in almost all the compounds (B0%) and (b) have no viable
alternatives (where viable alternatives are those alternative
explanations which are frequently occurring and cannot he
disambiguated). ‘

The program will be made much more sophisticated as we gain more
experience with it., FEven the output of this crude program, however, is
useful to humans who first want to see the highly reliable, unambiquous
rules which can be formulated. If there are none, of course, there is
little point in pressing ahead blindly. This is an indication that some
modifications need to be made, for example, splitting up the original
set of compounds into more homogeneous subgroups. On the other hand, if
some likely rules can be found, these will serve as "anchor points” for
disambiguation of other sets of mechanisms and also serve as a "core" of
rnles to be extended and modified in the course of detailed rule
formation.

{(4) The process of rule formation is the most difficult to define
precisely. We have explored various stratejies which are described
briefly below and discussed in the attached notes of neetings. Although



ve have in hand programs which formulate rules from the summary data, we
are not completely satisfied with any of them. Thus, much work remains
to be done on rule formation.

The following outline, written by Dr. Sridharan and taken from our
internal working notes, encapsulates the dimensions of the rule
formation problem we have considered and some of our explorations within
those dimensions. Not all of the items presented there have been
explored by writing computer programs, although we intend to do much of
this in the future. Part I of this encapsulation presents two ways of
characterizing theories. The formal representation mentioned in I-A was
developed in the Machine Intelligence 7 paper. The less formal
characterization of I-B is the subject of much of the philosophy of
science literature which ve are researching.

Rule Formation Work in Meta-DENDRAL
I. Theory Representation and Formalization of Theory Formation Task

A. Formal Representation
i) Kinds of theory classes
Action based, Partial, 0-1 theories
ii) Set theoretic framework and theory definition using
Generalized Cover Theory
iii) Definition of spaces: of theories, of rules, of

situations, of actions

B. Characterization of Theories

i) How much prior chemistry assamed.
ii) How much ms theory assumed/Consistency
iii) 1Internal consistency
iv) Simplicity/complexity
v) Testability/falsifiability
vi) Performance with respect to data, predictive performance
vii) Predictive scope, Generality
viii) Explanatory power
ix) Projectability
x) Degree of instantiation
xi) Ambiguity
xii) Efficiency
I1. Exploration of Methodology and Paradigms
A. Model Building
i) Statistical analyses
ii) Discrete, charge localized model
iii) Fluid flow class of models
iv) Quantum Mechanical model
B. Deriving S-A Rules
i) Derive S~-A rules from model and data
ii) Derive S~A rules from summarization of data
a) Constructive method
Genaralization, Specialization, Validation,
Fvaluation and Codification
b} Generative method
Generation, Validation and Heuristic quidance
ITI1. Confrontation with the Realities of Data

A. Lacrge volumes of data

B. Richness or high information density in data
C. Aambiquity \
D. Limitation to the significance of data



a) Recording resolutions
b) Reproducibility limits

E. Need to watch for errors and mistakes in data, bkesides
the need to manage data in the presence of such ecrors

Part II of the outline of Meta-DENDRAL work points to numerous
places in the discussion notes concerning questions of the level of
theory to be built and the program strategies to be used. We have
concentrated on level II-A-ii - a more or less descriptive mcdel ot
mass spectrometry written in terms of discrete atoms, bonds, and
electronic charge. The programs already written, with one exception,
use this model. The exception is the statistical programming work by
Professor BEd Blaisdell, a visitor to Stanford last summer from the
chemistry department of Juniata College (Huntingdon, Pennsylvania). The
programs he developed attempted to derive a regression model from
statistical analysis of the data in order to predict the strength of
processes as a function of properties of the molecule. Items iii and 1iv
of II-A are models of mass spectrometry which computer programs could
conceivably work in. But onr discussions, as yet, have not led to
actual programs which will allow us to try out our ideas with some
precision.

The strategies mentioned in Part I¥-B all fit within Artificial
Intelligence paradigms, hut so far we have little guidance on how to
choose a good strategy. Part IT-B-i refers to a Gelernter-like strateqy
of problem solving in which, in our case, a rough model of mass
spectrometry in the program serves as a reference for checking the
plausibility of proposed additions to the theory being built, say by
statistical analysis. The so~called constructive model (II-B-ii-a) of
the rule formation process is the one the programs have heen working
with mostly. It is the one described at the beginning of this section
as the method ve are following. While this is true, we do not wish to
axclude the other methods from consideration until some detailed
experiments have been performed. The generative method (II-B-ii-b) 1is
the closest to the well-known heuristic search paradigm of Artificial
Intelligence programs. Mr, carl Farrell is pursuing this approach in
his pPh.D. dissertation (directed by E. A. Feigenbaum and B. G.
Buchanan), oOutlines of his dissertation and computational procedure are
attached to this report for reference.

The last section of the outline (III) covers a large part of the
discussions in our meetings this year., Because we are working with
real, and not ideal, experimental data, our rule formation protlem is
much more complex than, say, grammatical inference problems as
currentlly formulated. Working in an idealized task domain could remove
these difficulties, but we feel we would thereby lose much of the
fascinating complexity of this problen.

(5-7) Many discussions have taken place on the topics of rule
avaluation, codification of rules into theories, and theory evaluation.
However, we have considered it premature at this point to begin writing
computer programs for thse tasks until the rule formation problem itself
vas on firmer ground.

Plans: .
Our plans for the coming year are to focus on specific gags and
problems in the design and implementation of the theory formation
research now in progress. In particular, we will continue working with
the mass spectra of estrogens, concentrating especially on the rule
formation subtask described above.



We expect the programs to contribute to the formulation of new
theory by humans for specific classes of molecules. At the samre time,
ve expect to capture in the prograe more of the judgmental elements of
rule formation.



SUMMARY OF RESOURCE USAGE

This section called for in the annual report instructions does
not apply since the project is resource-related research and has

no resources, per se.
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5/1/71- 1/1/772- /1775
12731771 12/31/72 12/31/73
Actual Current Fstiater
Previous ot
1. Personnel
a. Salori=ss % wnoes 553,571, 171,851, 111,°9°5,
b, Fringe 8enefits 7,87¢%, 16,710, 17,195,
Subhtotal 61,449, 117,755, 130,000,
2. Consultant Serviaes -0- -N- -N=
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19. Inlirect Costs (Rate hy Bul~nt perio-l)
a. Provious 1 S3% of 3, . %4
(5/1/71 - §/31/771) 12,908,
and 2 L6% of ITHC (9/1/71-12/31/71) 25,071,
b, Current 4G5 of NT2T 21,022,
c. Hext 3 LE% of NTHO 75,708,
11, Total Costs $2%1,291. 79E, 128, 271,3€C45,
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Sectioa I1=A

A, Saumary of Resource LDxponditaress
Estinate Noxt Juld-et Porind Jdan, 1, 1972 throush Jeocnmbar 31, 1073
Dapt A Dap B Dapt € Total
Persannel (salarics) 35,951, 42,036, 24,51¢, 111,085,
Fringe Senefits o, 750, 7,704, 3,972, 17,19¢%,
Consultant Services -0- -N- -0= -0-
Togipiwent
a. Purchase -N- -N- ~0- -0=-
b, Jiaintenance ~N- o, nnn, -n- 2,000,
Suhtotal -N- 2,000, -0- 2,000,
Supplies 2079, 5,507, 200, 5,900,
Trovel (Jonestil) 500, -0=- 307, 1,000,
Sther:
4. Coaputer Services 12,329, 10,007, 25,009, 49,22%,
b, Publications 509, -N- 609, 1,200,
Total Yirect Costs 52,97°, an,9ann, 55,431, 124,408,
Leess:  Exemptions 9,000, >(1) -0- C17,u820,>(1)<27,108.>(1)
et Total Direct Tosts 45,290, 89,090, 38,010, 1£7,300,
Intirect Costs ! 405 MTOC 22,073, 36,9000, 17,4°°%, 75,958,
TITAL 71,051, 117,879, 72,91°%, 271,366,
(1) Coaratar Service froy Tanas Facility,
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Coaputer Time 7 Storanze=SCC 9,582, -1= 17,4217, 27,10¢.,
Coaputer Time 2 Storaze=AC'iC 40, 12,009, 5,120, n,n20,
Subtotal 12,202, 10,7900, 25,040, Le,22%,
Publications: 590, -N= £nn 1,200,
SGrand Jotal Direct 57,77°, Ga,n0n, 50,477, Ty, une,
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C.

Grant No. 5 R24 RRO0N612-02
Section III-C

Budget Explanation - Justification

The total budget for the twelve month period, January 1, 1973 -

December 31, 1973, is equal to the level of support recommended for
the applicable 03 budget period, namely $194,408. The two largest
items in this budget request are salaries and computer services.,
Comments on each budget item are as follows:

1.

Personnel (salaries): The salary budget was figured on the basis
of current salary rates for each individual on the project plus a
5.5% allowance for merit increases and promotions., Additional
details of the salary budget by person are being submitted under
separate cover.

Fringe Benefits: These have been budgeted at standard university
rates which are 16% for the fiscal year ending August 31, 1973,
and 17% for the fiscal year ending August 31, 19Tk.

Equipment - Maintenance: Budgeted funds are necessary to maintain
the major existing hardware components, including the PDP-11/20
computer as well as the MAT 71l mass spectrometer which ceases to
be covered by the manufacturers warranty next year.

Supplies: Outside of normal office supplies, the budget includes
helium, gas chromatograph columns, organic chemicals and electronic
supplies and replacement parts. Budgeted funds are for supplies
needed for gas chromatograph operation and chemistry procedures
necessary to isolate fractions of urines and other body fluids.
Also included is an allocation for needed electronic supplies

and replacement parts for in-house equipment maintenance and
modifications.

Travel: A minimal level of domestic travel funds have been
requested for visits by project personnel to other laboratories
where work of mutual interest is under way, and for trips to
relevant scientific meetings.

Computer Services: The current budget for ACME computer services
is carried forward prorated for half of the next year, after which
time the existing ACME grant expires. It is assumed that DENDRAL
computing reguirements will be met as one application of the
proposed, separately funded SUMEX facility (proposal currently
under review by NIH) after July, 1973.



