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rr. B:'SOilRCF OPEPATIONS 

1. over view 

'rhp lieurist ic- 1)ENI)HAL Projec:t ,;t St,lnford Univer.sity is dn 
interdisciplinary researtrh rEfot-t. The t,\sk .lreil is d marry- taceted 
problem of interest to mt?tfic:illc, chemi::try, and computrlC scirncc>. 
Because the actual work has bee?n divided into separate sub-problems 
alony lines of scientific expertise, an overview is qiven here to 
nstnhlish the context of progr-ess ir: each area, details ot' which are 
described in subsequent sections. 

Folfowinq the organization of the original proposal, the progress 
and plans are orqanized into Parts A, B, and C, representiny the 
different research efforts included within the scope of the proposal. 
Part A is aimed at enharcinq the reasoning power of tte cxisticg 
Heuristic 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 DENDPAL program; and the development cf mass 
spezttum analysis techniques for certain classes of bioloqically 
important compounds. Part C concerns the development of the Meta- 
9BNDRAL program, an attempt to achieve automatic theory formation in the 
area of mass spectrometry. 

During this year we have made continue<1 progress in each cf the 
three major project areas. The following sections describe out progress 
and plans in detail. The highlights are: 

Dart A: (1) Analysis of high resolution mass spectra of estrcgens 
and estrogen mixtures. 

(2) Completion of the algoriths for generatinq cyclic 
structures, 

Part a: (1) Development of hardware and software for routine data 
acquisition on the Varidn-PIAT 711 mass spectrometer, 
sending data to t.hc TEN 360/50 computer at the ?ledicfl 
School's ACME facility. 

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

Part C: (1) Completion of the data interpretation proqram, the 
first part of automatic theory formation. Application 
of this program to new sets of data. 

(2) Continued vor'K on rule formation, the second main stage 
of theory formation. 

The problem ue have chosen to work on - the application of 
artificial intelligence to mass spectrometry - remains a richly varied 
problem domain. Its interest to medicine, analytic chemistry, and 
compfltzr science have not dini nished. We h*ve discovervzd aspects of the 
problem which are more difficult than we initially thought, On the 
other hand, we have made more progress with other aspects in the last 
year than ue would have predicted. 



Interpretation of mass specttd requires the judicious application 
of a very lnrqe body of knowlpdgp, whether it is done by a cheaist or by 
3 computer. Part of our work centers on acquirinq new knowledge of mass 
spectrometry and codifyinq old knouledqe. This means rur‘niny and 
analyzing the mass spF-?ctca of unstudied classes ot compounds as ueL1 rfs 
putting mass spectrometry rules into the computer program, These tasks 
have required the development of artificial intrlligence techniqutBs 
necessary to apply tho chmmical knowledge efficiently. 



?art A. APPLICATIONS 'JP APTIFICIAL XNTELLXGENCE TO MASS SPECTfiCMETRY 

Objectives: 

The overall objective of this part of the research is extension of 
the Heuristic DENDRAL proytam to analysis of the mass spectra or complr:x 
organic molecules. This overall objective encompasses several 
sub- tasks, all of vhich 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 uithin the scope of the program car, be 
investigated vhile extensions of the program are under development. The 
follovin;3- specific objectives reflect both applications of the existing 
program and oagoing program development: 

1) Assess the capabilities and limitations of the programming 
techniques for estrogonic steroids analyzed as unknown compounds and 
mixtures of compounds. 

11) Generalize the programmicy techniques to ensure a high level 
of compound class independence. 

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

IV) Develop the cyclic structnre genecator for irlclu;;ion into the 
Heuristic DENDRAL proqram and explore the potential of the generator as 
dn analytical aid of qeneral uti1it.y. 

VI Refine planning rules to infer compound classes or aoleculnr 
substructures to minimize structures considered by the DENDRAL 
algorithm. 

VI) Exploit ancillary information which can be obtained rrom 
other mass spectral techniqlles such as metastahle ion spectra, low 
ionizing voltaqe spectra and mass spectral pattern shifts in 
isotopically or substitusnt labeled molecules. 

VIT) Design experimental strateqies to collect, using the 
techniques of part VI, only those ancillary data require4 by DENPRAL to 
effect a solution or minimize ambiguities. 

VIII) Structure the programs to utilize and/or request data from 
other spectroscopic techniques (e.g., proton magnetic resonarce (PHI?), 
carbon-13 magnetic resonance (CMR), infra-red (IR) or chemical 
techniques, such as isotopic 1abelir.g with deuterium). 

1x1 Explore the theoretical bases for mass spectral fragmentation 
processes to improve cxistinq mass spectral theory. 

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

Progress: 

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

1) The techniques of artificial intelligence have been applied 
successfully for the first time to d problem of direct biological 
relevance, namely, the analysis of the high resolution mass sp~ctc~~ of 
estrogenic steroids. The performance of this program has been shown to 
compare favorably with the performance of trained mass spectroscopists, 
see Smith, et-al. (3972). The operation of this program has been 
detailed in this publication, a copy of which is attache?. Briefly, the 
proqram was designed to emulate the thought processes of an expert 3.~; 



far a:; possible, High resolution mass spectral data arc! searched for 
evidence indicating possible suhstituent placements about the estrogen 
skeleton, Molecular ;tr?ctlIres allowed by the mdss spectral ?atd dri’ 
tested against chemical constraints, and candidate solutions are 
proposed. Further details of the pcrrornance in analysis of mcrt than 
thirty estrogen- relate? derivatives are presented in the above 
Publication. 

of particular significance in this r:ff;ort. were, in addition to 
exceptional performance, the potential for analysis of mixtures of 
estroqens WTTHOUT PRIOR SPPARATTON, and for qeneralizntion of the 
programming approach to other classes of molecules. The last topic is 
discussed in more detail in (IT) and {TIT) following, 

Because of the structure of the Heuristic DENDRAL program for estrogens, 
it is immaterial whether the spectrum to be analyzed is derived from a 
single compound or a mixturrl of compounds, Each component is analyzed, 
i.n terms of molecular structure, in turn, independently of the othzr 
components. This facility, if successful in practice, would represent a 
significant advance of the technique of mass spoctrometry. Hnny problem 
3reas, because of physical characteristics of samples or limited s,~mple 
quantities, could be successfully approached utilizing the spectra of 
the unseparated mixtures. !?ven in combined gas chromatography/mass 
spectromotry (X/MS), (see proposal section Part B-2 below), many 
lnixture components will be unresolved and an analysis program must be 
capable of dealing with these mixtures. 

We have, in collaboration with Prof. H. Adlercrcutz of the University of 
Helsinki, recently completed a series of analyses of various frdctions 
of estrogens extracted from bodily fluids and supplied to us by Prof. 
Adlercrcutz. These fractions (analyzed by us as unknowns) were found to 
contain between one and four ma jot components, and structural analysis 
of each major component was carried out successfully by the above 
program. These mixtures were analyzed as unseparated, underivatized 
compounds, The implications of this success are considerable, Many 
compounds isolate.1 from bodily fluids are present in very small amounts 
and complete separation of the compounds of interest from the many 
hundreds or other compounds is difficult, time-consuffling and prone to 
result in sample loss and contamination, We have found in this study 
that mixtures of some conplnxity ((10 components), which arr difficult 
to analyze by conventional GC/nS techniques without derivatization 
(which frequently makes structural analysis more difficult), car, be 
rationalized even in the nresence o f siqnificant amounts of impurities. 

A manuscript on this study will be submitted shortly. Because of the 
potential generality of this technique we will continue our 
investigations of estrogens and beqin studies on mixtures of o,ther 
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 ar!d will tentatively be included (as low rpsolutioIA 
spectra for the moment) in d collection of mass spectra of bioloqic3lly 
i.mportant molecules being oryanized by Prof. S. Mnrkcy at the University 
of Colorado, These data are being usctd extensively in developing the 
program strategies for neta-DENDRAL (see Part C, below), 

I I) The Heuristic DENDFAL program for complex molecules has 
received considerable attention :Iuring the last year in order to remova 
compound class snecific information or program strateyies, Uy removing 



inCormat.ion which is specitic to estrogens, the program has beccmc mu!:h 
store general. This ef for+ has rcsulto? in a prodllction version of th(> 
pro~rnm which is designed to allov the chemist to apply the prcqr;lm tn 
the analysis of the high resolution mass spectrum of 3ny molccuie witi! .I 
minimum of effort. Given the spectrum of a known or unknovn ccmpound, 
the Themist can supply the folloving kinds of information to guide 
analysis of the mass spectrllnt: 

11 ) Specification of basic structuw (supernt.om) common t c t ti.T 
class of molecules. 

k)) Specification of the traymc>ntation rules to be applied t.o thcb 
superatom, in the form of bond cleavages, hydrogen tran:;ters an4 cf~rq~? 
placement. 

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

3) Threshold settings to prevent. considerat.ion of low intensity 
ions. 

e) Available metastablc ion data and the way these data are 
suhsequentlg used -- to establish definitive relationships hetheen 
frnqmerlt ions and their respective molecular ions (see VI, below). 

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

9) Results of deuterium exchange of labile hydrogens -- to hF.2cify 
the number of, e-g,, -OH groups (see VI, below), 

In the case of a known compour,d this procedure may be used to 
validate fragmentation rules developed on other, related compounds. 
This made vill be used extensively in testiny the output of t-ilc data 
interpretation program (set Part C, belou). 

In the case of unknown cnmpounas, rules with knovn gent:rality for 
telatefl, known structures may he used to detectnine the structure of t!;e 
unknown. This mode has been used extrnsively for estrogens and uill il~ 
extended to other classes (sc?e TIT, helou). 

III) The first step avay from estroyen analysis v3s iritially 
qoinq to be to t.he analysis of pregnanes, another bioloqically im;)ort.l~~t 
class 0E steroids. A review of the mass spectrometry litzraturc, 
however, revealed a paucity of information on the mass Spt?ctr<ll 
fragmentation behavior of these molecules. without fraqmentat ion rules 
ue cannot proceed with spectral analysis. Gle have, therefore, collectci! 
the high resolutior mass spectra of approximately 50 pregnane relater? 
compounds. The data intornretation nroqram {see Part C, below) will by: 
use3 extensively to help elucidate the fragmentation mechanisms 
involved. This study has already achieved the result of clarifyir,q, 
through the use of hiqh resnlu tion data, the interpretation of mass 
spectra of the small number ot pregnapes reported in the literature 
vhich were recorded only under Lou resolution conditions. Peaks have 
been found which have eleu!ental compositions different trom these 
assiqnod by past studies. 

;iu have also collectc?d a total of 26 spectra of three cl:~sse.;; of 
guinazolone and luinolone alkaloids for which mass spectra iavc not heen 
previously recorded, As fragmentation mechanisms are developed for 
these classes, they will be test4 a,gainst the known structures, jnd ir. 
the case of the quinazolone alkaloids tested against a set of ninl? 
compounds for which spectra have not. been determined and which then tail 
be treated as unknowns. 

‘In connectian with the goals of Part 8-2 (see below) we will 
shnrt.ly commence a study of !Iprivatizp~I amin. aciJs (Ilr- 



trilouoracstyl-O-lautyl esters), These are derivatives Of choice for 
GC/F!S analysis of amino acids whether derived from, e-g., bodily flui,ls 
or geol.ogical samples. This will be an important first step in 
integration of the data analysis ptoqraras with GC/ttRflS data on urine 
extracts, as essentially no hiqh resolution mass spectral studies have 
heen carried out on c0nstituent.s of urines, 

r v. The cyclic structure qeneratot nou rests on cl tirm 
mathematical foundation such that we are confident of its thorcuyh[less 
and ability to qenerate structures with PHOSPEC’TIVE elimination of 
duplicate structures. The prospective nature of the generator is 3 
necessity for efficient. implementation, as rettospectiv6: checking of 
each generated structure to eliminate redundancies is too time 
consuming, The necessary concepts have recently been transformed into 
an operating algorithm. 

The next step in its development will be to implement constraint-; 
on the generator so that greater flcxihility is possihl*. For example, 
in many cases the chemistry of a situation dictates that certain 
structural types may be present, or that others lnust he absent. The 
generator will use this information as constraints. ile have planned 3 
set of constraints which are useful to the chemist, for example, numbers 
of rings as opposed to double bonds, ring sizes, ring fusions, and so 
forth, and have bequn dt?veloping ways to incorporate these constraints 
wi.thout compromising the requirements for thoroughness and 
non-redundancy. It, Larry flasinter, Dr. H. S. sridharan, anJ Mr- Larry 
Hjelmeland have been key Personnel in hringiny the alqorithm tc 
completion and implemcntinq it. 

A manuscript will soon be submitted describing for chemists the 
core of the cyclic structure qwerator, the labellinq algorithm. This 
alqorithm is capable of construction of all isomers, of wholly cyclic 
graphs, which may be formed by labelling the nodes of a cyclic skeleton 
vith atoms (e.q,, C, N, 0) or labelling the atoms of the skeleton uith 
substituents (e-g,, -CH3, -OH). Through the use of graph tfleory, group 
t. heoty, and the symmetry properties of cyclic graphs the labellinq 
algorithm avoids construction of redundarlt isomers by identification of 
equivalent node positions on the graph structure before labclling takes 
place. It is indicative of the complexity 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 beer. 
submitted to the DISC!IETE ?lATHEMATICS. 

The cyclic structure g(?nf?rator in its entirety (enccrmpassinq 
acyclic, wholly cyclic and combinations thereof) will be describe:3 
separately, Apart from the labelinq nlqoriths the remainder of the 
problem involves, first, the combinatorics of assignment of atcms to 
cycles OK chains, and second, construction of acyclic rarlicdls to attach 
to the rings using the well known principles of acyclic DENDRAL. 
Manuscripts desctibinq the mathematical and chemical aspects of the 
structure generator are in preparation. 

Over the summer we were fortunate to have the hslp of Prof. iIdroid 
Bt ov n, a visitor to Stanford from the Dept. of Mathematics at Ohio State 
University. He brought to the problem a depth of mathematical analysis 
which uas important for finishing the desiqn of the algorittlnr and 
working out details of its implementation. He was largely responsiblt-, 
for the manuscripts describing the graph theory of the labeling 
algorithm and the graph theory of the structure generation algcrithm. 



The cyclic structure qenerator makes it possible to define the 
boundaries, scope and limitations of organic chemistry as a whcle, 
rather than simply the acyclic part of it. As an indication of th? 
complexity of chemistry in terms of numbers of possible structures, takfl 
the example of ~6H6, The most familiar molecule with this molecular 
formula is benzene. Yet there are more than 200 topological isomers foL 
C6H6 (with valence constraints) of which r>nly 1'~ are totally acyclic. 

The first use of the qenerator has been to create a dict.icnary of 
carbocycl ic skeletons. This time-consuming task would otherwise have to 
be done each time a new molecular formlila is presented. The dictionary 
is structured to contain keys as to type of skeleton, number of rings, 
rinq fusion, and so forth, so that the constraints mentione!] previously 
are simple to exercise in the context of the dictionary. 

We Eeel that the cyclic structure generator has the potential of 
actiny as the focal point for an intecactive laboratory analytical tool. 
Constrained by inferences obtained from data (such as MS, IR, etc.) and 
from chemical treatments, such a generator would, under control by the 
chemist, be a powerful proposer 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 techniq:les for using the generator. 

VI Efforts in analysis of mass spectra have to this Faint been 
relatively restricted in terms of the types of structures which ady be 
considered. As our k:rowledq7e bdse and the scope of the ptoqram increase 
it is necessary to consider genera1 planning rules. These rules are 
used in initial examination of a mass spwztrum to determine which 
compound class might be reprclsented 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. Thfb 
following areas ace presently under investigation: 

a) How best to exploit 3 version of library matching procedures to 
ease the computational bllrden on DENDRAL w4en dealing with routine 
analyses of mixtures of compounds that have previously been at least 
partially characterized, Tn this wCay attention can be focuses on those 
previously uncharacterized components. This aids planninq in that 
effective library matchirrq procedures frequently provide hints as to 
moloc~11ar structure even when the correct spectrum is akent from the 
library, tlr. Larry Hjelmelanti and )A,r. /lark Stefik have been 
investigating library matching procc~ures vhich fit our needs. 

h) Utilize ion series spectra (Smith, 1972), an extension of the 
planning procedure for SAL? compounds, in conjunction with the specific 
information embodied in a high resolution mass spectrum, which yields 
not only formulae bu t tho implicit number of rings plus double bonds; 
both items serve as powerEu1 limitations on compound class. 

Cl For complex rlrolecules which may contain several functional 
:qroups we have explore:l and are continuing exploration of incocporation 
of molecular substructures into the planning scheme. Thus rather than 
infer d class or particular skeletor!, inferences are made aborlt specific 
functional groups (e.g., -NqZ, OH) or substructures (e.q., 
-CH2-Cli2-CH.3). This is the form in which informa+.ion from otiier 
spectroscopic techniques is available, and we plan to extenil our nresez! 
canahilitics for planninnr baserl on this information (see VIII, below). 



VI) There are several additioral techniques available to the mnss 
spectroscopist other than recording the conventional mass spectrum. 
These techniques are used routinely in every,jay research as they provide 
considerable complementary data uhich frequently are of great assistance 
in ra+ionalization 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 det.armiuin~J the follouing three types of data on our mass 
spectrometers and usinq them in the program. 

a) Xetastable Ion (MI) Data. Metastable ions provide a mean3 for 
relating fragment ions to molecular ions in a mass spectrum. Zhi s 
information is extremely important in two contexts. In 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 decomposition 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 DENDHAL program are in fact 
viable processes and occur in a known manner, An example of the utility 
of these observations has been investigations of metastahle ion data in 
the mass spectra of estroqens (Smith, Duffield and Djerassi, 1972). 

The second context is, in the case of analysis of mixtures of 
compounds, a determination of which fragment ions in a very complex 
spectrum are related to which molecular ions. me have explored the 
analysis time and specificity of results as a function of the amount of 
aetastable 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 components (rather than 5-20 possible 
solutions limit@d by the conventional mass spectrum alone). These 
results will be reported in detail in the description on analysis of the 
estrogen mixtures (see I, above). 

netastable ions are those which are formed by fragmentaticn 
processes occurring during the flight of an ion after formation and 
acceleration. These fraqwentation processes may occur at any point 
along the flight path of ions through the mass spectrometer. Eecause 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 enterinq a magnetic field (mass analysis). This is 
the only method available for metastable ion studies for d 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, however, satisfy 
{mathematically) several relationships of pairs of normal ions. This 

lack of specificity and frequent difficulties in accurately determining 
the mass positions has caused us to turn OCR attention to studies of 
so-called wdefocussed" metastable ions. A conventional double focussing 
mass spectrometer possesses two field-free regions where metas table 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. Hetastnble ions formed 
in this region can be examined by de-tuninq the instrument (defocussing) 
so that normal ions are not observed, but metastable ions are. This 
procedure allows establishment of snecific relationships between ions 



involved in a metastabLe decomposition so that. the original ion which 
decomposes during f 1 iqht, dn? its decomposition product, can he 
idcntif ied. This technique has let to much more riseful information for 
the Hauristic DENDRAL program, as illustrated earlier in this r"Ctik)n.. 

b) Lou 1onizjr.g Vqltaqp (LV) Data. The key to successful 
operation of the Heuristic !7ENDRAI, proqrnm is correct inference of tilt: 
molecular ion(s) and mole!cular for-mula(e) in a given mass sppctcum. I II 
the [‘List, metast.able ion data were ns3d to assist the program in COLLOC~ 

identification of molecular: ions. This procedure has now been 
supplemen ted, making the program coqnizant of LV data. At Lower 
ionizing voltages, molrc~llar ions are formed with lesser amounts of 
excess internal energy. Most ciasses of nrolecules (those that display 
significant molecular icons) can bc analyzed at a sufficiently low 
ionizing voltaqe that only molecular ions are observed, as the internal 
anerqy is not sufficient to allow fragmentation. This technique was 
used extensively in t.hc analysis of estrogen mixtures and the resultirAq 
dats ,;implify the program 's task of determining molecular ions, 

‘C ) Isotopic Lahrling. Wr have previously described how isotopic 
labeling of labile hydrocjens with deutcrium aids analysis. For example, 
the last phase of the analysis of spectra of complex molecules involves 
several "chenicalff checks on the validity of proposed structures. The 
knowledge of the number of hydroxyl qroups can be a powerful filter to 
reject cert.ain candidate structures. Isotopically labeled molecules 
have permitted a detailed examination of fragmentation processes ok 
complex molecules utilizing comparisons of metastable ion spectra of 
labeled and unlabeled molecule;; (Smith, Duffield and lljerassi., 1972). 

Future work will ir,volve suggestions by a program of likely sites; 
of hy?roqen transfer in the course of fragmentation. Elucidation of 
fragmentation processes is a part of the neta- DENDRAL effort (Part L', 
below). Oore detailed specitication of thes? processes can he @ffdcte(? 
by isotopic or substituent labelinq of molecules and we feel that a 
nrorlran is capable of suyqestinq the necessary experiments. 

In addition, we are exploring the fk?asibility of using Cl' N?lP data 
t. 0 complement mass spectrometry data. Its initial usc~ will he to 
determine the hcanchinq structure of alkyl chains away from the 
heteroatom in aliphatic mon~functional compounds. IX, Ray Cdrhart, an 
Y1l-i post-doctoral fellow, is workinq on this problem together hith Yls, 
Hdnne Fqqert, a visitiny scholar from the University of Copenhagen, 
Denmark. Substantial work on the Cl3 NMP theory of amines has been 
desccibed in a manuscript (by ETgF‘rt 6 Djerassi) to be suhn;ittcd soon, 

VII) Designs of experimental strategies Cepr@Sent d CrUCial Link 
between the Heuristic DENDRAL program and the instrument contrcl aspects 
of this proposal (see Fart 3-1, below). Be have begun planning uays in 
which the program, cognizant of intermediate results, can suggest 
additional collection of data that will be rel(uirt4 for an undsbiquous 
determination of structure, OK at least to minimize ambiquitiec. These 
suqqostions can ultimately tie translated into control parameters sc?nt 
hack to the mass spectrometer. In driy real-time 4ata collecticn scheme 
involving small amollnts of sample, time is of t.he essence. It. is 
crucial to select those IJata uhj.ch dry' r;pccssl;ary 1nd sutficierlt and to 
avoid collection of rt!dund,int. or spurious dat4. Wr feel ar! 
'fintelliqent.ft program caL supervisr: the latn collect ion ,+nd Cjr:dlysi:; to 
fulfill this qoal and can accomplish th<b task in real-time. 

VIII) The Heuristic DEYDHAL proqram for Sktl molecllle:; i:; ,~lr-c~a,ly 



structured to accept additional spectroscopic data in the forms of 
SOODLXST and BAPLIST specifying molecular substructures which are 
present or absent. We have deferred implementation of this moEe grsneral 
approach to the Heuristic DENDRAL proqram for complex molecules until 
the cyclic structure qenerator is ready. Up until now, any such data 
from other techniques have been used retrospectively to check candidate 
structures for the requisite functional groups or substructures. Now 
that the structure generator is available, we will begin implementation 
of the GOODLIST and B9DLIST for cyclic molecules. 

1x1 We have begun to explore ways in which to predict the mass 
spectral behavior of molecules without the need to resort to the 
classicaA method of determininq many mass spectra followed by empirical 
generalizations. 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 fragment. 0 u r 
initial efEorts have been aimed at the estrogenic steroid estrcne, and a 
manuscript will shortly be submitted describinq these results. Briefly, 
calculated net atomic charges appear to have little bearing on 
subse\Iuent fragmentation of the molecule. Bond densities (which are 
related to bond strengths), however, provide some indication of which 
bonds are likely to undergo 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 DE'FIDRAL and for mass spectrometry and thecretical 
chemistry as a whole. 

Xl A version of stanfor JhO/LISP has been mounted on the Hedical 
School*s 4CflE computer system, This version, available to us in the 
overnight batch processinq operatior,, has proven useful for running 
production versions of programs. Hccause our mass spectral data are 
acquired and reduced via ACHE, this facility has removed the need for 
transferring data from ACME to the campus facility. We regret to 
report, houever, that this version of LISP is not available to us in the 
time sharing mode durinq thy? 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 a<pectj 
of the problem. For the near future these activities will be simulated 
through batch processing to ennblp us to develop the necessary 
techniques for real-time interaction. 

Plans: 

In most cases, the plans for future work are embodied in and 
dictated by the! progress we have n?adp so far. Vany of the plans, 
therefore, are outlined in the Progress section, above. As a brief 
summary then we plan the following activities, aqain keyed to the 
sub-task objectives: 

1) We plan to cor:tinuP with analyis of additional estrogen 
mixtures from bodily fluills ir, view of the excellent performance of tne 
program so far. 

If) We feel we have achieved a hiqh level of class independence in 
our present program, As more classes aII2 analyzed we expect that 
further "cleanup" may be necessary, but. easy t-o carry out. 



III) Extend Heuristic DENDRAL for cou~plex molecules to the classes 
for which spectral data arc or shortly will be available, Fregndnes, 
cholestores, the above alkaloids and amino acid derivatives. 

IV) Constraints will be developed for the cyclic generator that arc? 
easily understood by chemists and easily implemented in the computer 
program. 

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

VI, vxr) We understand how to use this additional information. 
Uork needs to be done on algorithms to determine which experiments to do 
and how best to do them to minimize consumption of valuable samples. 

VI 11) As the structure generator is developed, we plan to iuplement 
it in Heuristic DENDRAL so that constraints imposed by spectroscopic 
data may be used effectively, 

1x1 We plan to analyze amino acids IlsinJ molecular orbital theory 
to extend the theoretical basis for prediction of mass spt-'ctrn, 

Xl We plan to simulate ir as much detail as possibLe the 
interaction between Heuristic DENDPAL and the mass spectromotpf to 
direct data collection in an intelligent fashion. 



Part B-i. FIXTENSIONS OF THE COMPIITER-MASS SPSCTF3FFT~R :YSTFy. 

Objectives: 

Data acquisition in real-time from the Vatian-PAT 711 mass 
spectrDmet.ec wit.h ana1ysi.s of these data by iteuristic DENDHAI. is the 
primary objective of this section of the research. de ultimately seek n 
substantial degree of control by computer proqram over the acquisition 
of data from the mass spectrometer, with sufficient computer Fout!r it 
is possible to accomplish the contrnl uithin the time scale of K/MS 
operation. A rationale of this approach and our efforts toward devisirlg 
suitable programs to achieve this qoal are described above under Part A. 

The following operational parameters of the mass specttometer ace 
desirabLe and amenable to control: magnetic scan speed dud mass ranqe 
of scan, slit widths (to adjust to high or low resolution operation, ion 
optical stops (to increase resolution in the metastable d?focusssd 
moae), accelerating or electrostatic sector voltages, ionizinq voltage 
(to switch from normal to low ionizinq voltaqe), and rata and 

temperature of probe heating when the direct insertion prote is used to 
introduce samples into t.he mass spectrom6?t.er. Control of GC ccnditions 
is also possible, 

Proqress: 

The Varian-NAT 711 mass spectrometer Was formally accepted by 
Stanford University on Nov. 5, 1971. Prior to this time the instrument 
installation and performance tests went extremely smoothly. Shortly 
after acceptance, howr>ver, a series of electronic and mechanical 
malEunctions occurred which necessitated a visit ot an enyir!eer from 
Germany for a period of several weeks. Since that time the instrument 
has been used routinely in all its operating modes including ultra-high 
resolution peak matching, scanninq at high resolution for accurate mass 
measurement; GC/PS operation, low ionizing voltages, :rnd metastahle 
defocussing. This instrument has now assumed the entire burden of data 
acquisition for DENDRAL related activities, 

There ace two activities related to the goals of this Part area 
which have proceeded in parallel with gaininq familiarity uith the new 
instrument. These activities are improving the software (programming) 
for data acquisition 3cd reduction, and developing new hardware the 
initial efforts toward instrument control. 

Software. 
Great advances have been made in the proqramming for data 

acquisition and reduct.ion, particularly since the arrival of Mr. Tom 
Rindfleisch, who helps direct the Xnstrumentaeion fnsearch r,ahcratory*s 
efforts in the DENDRAL mass spectrometry area. The follouinq items 
indicate these advances. 

a) Data Acquisition. Programs have been written which permit 
acquisition of peak profile datd at high Rata rater; usin the PDP-11 <in; 
an intermediate data filter and buffer st.ore between the mass 
spectrometer and ACRE. This allows dat.a acquisition to proceed even 
under the time constraints ~,f the time sharing system. stordge of peair 
profiles rather than at1 dat,l collected has qteatly rsduced the st,)raqe 
requirements of the procrram and saves time as the background data (below 
threshold) are removed in real-time. An arltomatic tnresholdinq proyrnm 



is in operation which statistically evdluates hackgrountl noise arid 
thresholds subsequent data accordin(;ly, 4nplifiec drift can thus !IP 
compensated. WO! have developed some theoretical models of the iidt-1 
acquisition process which suggest that high data acquisition rates IKP 
not. necessary to maintain the integrity of the flata, Proof of thi.; 
theory with actual data lrould greatly relieve the hur~len of hig!l 11 I~,I 
rates on the computer system, particularly -L:; irnp',sef1 by GC:/MY 
Jperation, awl permit considerably more data rc?Auctior: to 1)~ 
accomplished in real-time. Statistical and observed mollels of Ik’rlh 

profiles have sugqested certain design changes in the! harduarci (:;PQ 
belov) . 

b) Instrument Evaluation. A high resolution mass spectrcmt'tc~r 
operating in a dynamic scanning mode is a complex beast. There d c' m?ny 
thinqs that can go wrong which yield effects which may he invisible to 
the operator. Furthermore mode changes durinq 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 vhich data quality can be assessed and 
processing suitably adapted as well as instrument performance cptimizeif. 
iTo ensure that the instrument is operatiny properly and high quality 
data are being gathered, ve have devoted some time to development of d 
proqrnm vhich monitors the state of the mass spectrometer, This 
nceliainary program checks the following items: 

i) Data ac!juisition parameters, i.e., the threshold, 
specifically determined peak width and intensity criteria, t-he numhcr of 
Dcaks and the data storage utilized. 

ii) Calibration of the mass/time scale, storage of same to be 
used as a model for s-lhsequent spectra, output of mass range over vhich 
scale is calibrated, calibration peaks missed, if any, ar,:l 3 qraph of 
cxtrapnLation error versus mass, 4ny irreyuldrities in this nutput 
point to scan problems. 

iii) The dynarr.ic resolution versus mass is determined and 
outDut as a graph. This allows the operator to adjust to constant 
resolution over the mass range. 

All. output and warnings to the operator are provided on a C:,'!' 
adjacent to the mass spectrometer immediately after a scan. 
this 

Althouqh 
program works for t$n present time only uith tt,o cnlibratic)n 

:30mpoUn a, PFK (no additional samp.Le), it provides a basis for d general 
mechanism to monitor data quality to prevent wasting valuable ,cn~pl~s 
dhen the instrument malfunctions, 

The program contains many interactive features whic:h pcrn: it t.h;> 
operator to examine seleqto-1 features of t+e data at his lei5ufe. fie 
may display any selected Wdk profiles, obtain Listings qf calcuLatt?(f 
qaSSC?S* plot a spectrum from the data qr,d so forth. 

in the longer term as more quantitative ?x;jorience is :ained uitt: 
operating the MAT 711 in various modes and as instrument contrcl 
hardware is completed, models relating instrument parameters to control 
functions and interactions will he developed. These will allow 
strategies to be planned for automated mode switching and pclrtcrmanc3 
optimization needed for intelligent control of data collection and 
reduction processes. 

cl Data Resolution, 4 program has beun written wt;ict; allobs 
,lutomatic reduction of high resolution dd+n has& op. the rc>sults :J!‘ t1.e 
prior instrument evaluation spectrum, This progtanr u s c s D a r a m C- t,: ; . . 



r;t~nr~liej by the opera+ 01 llrior to ru!:r.i! y t !I(> sdrn[)l;A. ( ,i : i i\I ,~3 + j:)r, c,t 

the nass/ti,ue cxrve i:; c>f ft,ctcd by m<~ppircq t?a(:.t. :3j)l-:ct~~r i P*O ttlc’ 

c3l.i bc3ti3n model ~!cveIopetl prttviorisLy. :;ro:lrat. iun of‘ cr*tc~rC,r~r~~ 

compound peaks (PFK) fr-oru ur kr.own sdpplc peaks is ~lccomplishe~i hv d 
pattern racognition algorithm which comuares the relationships iwt L;~V:I 
sequer.ces of reference peaks ir the calibrat.ion run with the set ot 
r)qssible corresponding sequences in the? sample LUII. The cand i dat. (1 
Y P (1 u E’l! 2 ‘3 is selected whirrFI best i~pplYOXitidt~2.S Cal ibrat Pd phzrf oc Ir;ir.c:1’ 
within constraints of int.ernally cc!nsistent. scan 1m3iiol V~I inticns. ? 11 i:; 
appro;ich minimizes thy need for selection criteria such 1s qreate!t- 
neqat.ive mass defect for reference p~laks, the validity of which ~:lirifIo~ 
5~ guaranteed. Excellent. performance r:osults from usinq sesjuercr!s 
containing 10 reference nenks. 

Mass calculatior is SlccomplishPd with an alq9rit hm hiisr:d cn ,3 
ietailed evaluation of t+e behavior of the mass/time Curve as a ~ULif.-tia!l 

of mass. Determination of elemental compositiors proceeds utilizin.] 3 
nev, rapid and efficient algorithm :Ievc!Loped by Prof. Lcderberg. This 
program has made a Frevj,usly on9rou.s task (milch human interventi 01:) 
into 3n ailtomatic one. ‘I’)! is is an imU3rtnnt step toward fully a!lto.V3t.lc 
data 4cqrl isition and roduct ion. 

Yardware. 
The gas chromntoyc~~r,h has be;?n suscc.-;.stuLly int~rfaccd to t.f:FA TM::;:; 

qpcctromet.er. An osci II n:;r-01)~ ha5 41~0 been incorpor.ltcd with tbp-1 
spectrolilct.er to srlpple!mc~nt thcl stcip chart recorder, to sirrplify initial 
.I liustment of the instruruer:t and +o nonitor every sp6-ctrurv, 

New interfaces for 113~5 spectromk-tcr operation ,*r,d cor.trol h fve 
heen cleve Lopert. They t~av~ hec?n designef1 ar-olind the PT)P-1 7 iopFut 0; IS 
this computer re?rcserts our me.+r,s of real-time irLtclr,Ictior, vi tll t :10 
m3ss spectrometer. T h. c Interfaces cd:1 handle (through an analcq 
multiplexer) s~voral analogy inrtuts and outputs *rhich re\;uire that t 56-3 
computer be relatively nwc th; mass spectrometer. This move! has 
recently been nccompl ishe?, ns the computer used to reside in d sc2:i)irdt.e 
5uiliiing. ile now have t-t9 capability for the tollowinq kinds of 
operation through the new ipt.c?rfnces, 

i) Computer seIpc+ion of diqitization c?t.c! 
ii) Computer sel.?/=t ion r>t data path (interrupt mode OL dircrt 

memory d~cess (DMP,)) 
iii) Dirtct rncml>ry r~c~:~~~s ror faslpr .,pt-!rntion ir! thr data 

3cqnisj tion mode. 
iv) t:omputer select ion of analor lnpllt anti olltput t:tidnnels. 

VI Sensing of several analog chaEne1.s throuJIr ii n:~!ti~lrxc~r (?. ‘i. # 
i 3 n signal, t.otal i9n current) . 

vi) laqnet scan control. This contr9,l cdn bz t_’ x ? L’ c 1 3 e 1 fr d 1 / U .A 1 ; y .>T. 

set by the commuter. It cont.rols t,ot t\ time ?f Scan 234 f 1 i:,ack t ill<*. 
Coupled with selection of scar. rate, 4!1y clcsirr*c mfrss t:an’;e \ a11 f~ 
scanne3 at any desireid 8ca1: rate, 

vii) The c3mnutrar caii .Ironi tar ttlc mass sncctrometcr’s 1~33:; 1?3~4~r 

c..)utput. 3s ar?Iitional information uhif:b will h-? 9se,l to ezt9ct 
calihcation, 

Anot her import.aI:t Jevf?Lopmt!nt has been a siqnal CO!ldFtiUlltL for the 

ion signal uhich incor par ;It es 4 hox-type inteqrator to SUE the : ar: 
!;iynn 1 batueen R/D convert or rc,~d ings. This modification .sn’3:1 12 l.‘:;~.-r: 
ion statistical uncPrtdi!ltl~s i 11 I r. t e n s i t. v v d 1 u z s a r d t. ii u :; u 1 t, i LT 7 + 12 i .,. 
improve peak position d(~t.erminntio~s in time and mitss. 
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i.solat?s the fret acids (fraction A) which arc> then methy1at.ed dnd 
analysed hy qas chrom~toqraphy-mars .-,pact romcbtry. AI! Ali q uot cf ttli-8 
aqueous phase (2 ml) is concentrntuJ t.0 dryne3s, ccac ted w it !! 
n-bu t?nol fhydroch lorir: acid followed by mothylenc chl.oricIe containing 
triiluoroacetic anhydride. This procedure !Irrivdtizr:s any timino dcicl.; 
(of water soluble amir:c>s) which are then subject4 to GC/MS nnalvsi;; 
(fraction 0). 

If desired inother 2 ml aliquot of the aquco~rs phaf;ca cnn kcr 
Ierivatized for thp ??t,ection or cnr5ohytlratcs (Fracti~r? L‘). c 111 
experience has been that this frnctinn generally contain:; fev cclupr,nc\!:t :: 
annI it can be cIinir.a+ed without det.rimPnt. to t1.e overall uriric 
3n3lysis. 

Concentrated hydrochloric acid (1. 25 ml) is aIdc?tl to t.iic ULI nz 
(12.5 ml) after ether axtraction nnd the mixFur+ nydrolysrd for 0 t:c)urs 

*rn:lcr rclf lur. Ether 6+rtrnct.ion af’fords the 5ydroLyscd nciu fract.ioli (1: 
which is then methylateei 3~4 analysed by GC/YS, A portion of tk 
aqucnus phase (2 ml) from hyfrolysis of the uriilp is CO!:C~~II~C~ tcc1 t.o 
lryness an2 derivatizcld an4 analysect f9r an!irir) acid:; (Pr~lctiol; E) Fir, 
rlescribwl under step 14. 

rlrinary nutpllt from any in!?ivirIrlal will vary to some extfbct uith 
Ii <?t . In order to suppr~~ss +.he protJ1em of dietary vdriatiori it ‘~a:-; 
decided t-0 monitor th0 lJfi!l9 of pre013turi? infants in the stacfcr-,I 
Yurscty of t.he ~ediatt-ic:; n<rr>art.mcnt, ‘rh2se infant; arc :;u:;tainc3 I?I~ I 
rar;jfully regulated f-fist an? their ti9spitdnl cocfiQement is u:;u4lLy ot 
the order of one mont.h sllch that their urinary excretion could l:e 
investigated as a functior! of *imp. 

Tn t.he preliminary study of 20 urine sam:)les from I~rcmit. IKC bjbic::: 
the only abnormal metXlbL>lit-? observt~;! was p-h ydroxy LJhPn yl 1nc:t ir .;l:iti 
which occurred in three of t-he samples, This compound’s nr~sence 
reflects the known ahilitv of some urezzatUrP infants to .r,et,tboli:rq 
p-hy Ir9xyphenyl pyruvic ;I<ri:l t.0 the r:orre3pon:Iing Ldctic 3cid. in al? 
r73ss9 WC :>bserve(l t?c excr ct.i:)r. of p-!~y:loxyphc~r.yl lart.ir (3c-ld t c 1 10 :) t i) 
norm31 Levels after 3 10 v c: c .I 1 4 R y s p f 6~ s u m a b 1 y ? 3 p 3 r t j c u 1 r7 c i* ri ‘: i ir c: 
funstions bpcnrnc> operntivcx ir: the cfi13. 



contain large quantiti t?s of p-hydroxy mapdell<: ilc:ilt nnd p-hydr-cuy; l‘\b:iy i 
Lactic acid. These a!,rlormaL aetaboli tes W+CI? ptcs;erIt ir. ~>~rlc:~: ot +:. I~,y 

111t C'L‘ :r :v. daily samples of urine S;ubmittctl to ;C/MS :3ntl yr;i.s. Tt i., t', ..' 
that thn occurrence of p-hylroxyphpnyl lactic and p-hydroxy n:rl~:dGlit: 
acids in urine has been ass;ociated with abnormally high t.y~-~:;inc lL-bv~x i.; 
uhil- in our case tyrosino is preser.t in normal concentrnt ior.5. 



Part C, EXTENDING THE THEORY OF MASS SPECTROHETRY BY A COMPUTER 

Objectives: 
Theory formation in science is both an intriguing 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 programs 
vhich are of some practical help to the theory-forming scientist. 

!lass spectroaetry is the task domain for the theory formation 
program, called Heta-DENDRAL, as it is for the Heuristic DEMDRAL 
program. It is a natural choice for us because we have developed a 
large number of computer programs for manipulating molecular structures 
and mass spectra in the course of Heuristic DENDRAL research and becduse 
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, hut- not impossible, for human scientists to 
develop fragmentation rules to explain the mass spectrometric behavior 
of a class of molecules. Bass 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, albeit slowly. 

We have described the design and partial implementation of the 
Beta-DENDRAL program in a paper presented at the 7th Bachine 
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 (Hachine Intelligence 7, 
B. neltzer & D. Michie, eds., in press). 

Our objective is to explore the theory formation problem for mass 
spectroeetry within the context of AI research. As tnentioned 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 uork are structured around these subqoafs. 

(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 (*lcauses@V). 

I3) Peruse the summary to make plans for intelligent rule 
formation, Any of the possible mechanisms described in the 
summary-interpretation phase could be incorporated in a rule of mass 
spectroaetry. 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). Ry bringing more and more of the descriptive mechanisms 
under rules, the rule formation program explains more and more of the 
original 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. Yet there ace numerous Ways of gen(?ralizinq rules, 
with few prospective guidelines to focus attention on the elegant 
generalizations vhich-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. IE so, it may be further 
modified in liqht of more data, If not, it will be discarded in favor 
of ruLf?s which are simpler, explain more data, or are otherwise better 
suited for incorporation into the emerqing theory. 

(6) codify the rulss ir;to a theory. Although 3 set. of 
phenomenological rules can predict the mass spectral behnvior cf the 
class of molecuLes, further codification is needed to increase the 
explanatory power of the rules. This may mean something as "simple11 as 
collapsing rules or subsuminq rules under one another. Or, at a deeper 
level, it may mean finding relationships and principles which explain 
why the phenoaenoloqical rules are good predictors. 

(7) Finally, 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 erperimenting with different 
criteria of 8*best*1 theory. Although the philosophical literature is 
full of suggested criteria, no one has ever tried to make them precise 
enough for use in a proqram, 

Proqress: 
Veta-DENDRAL has progressed in the last year within several of the 

problem areas mentioned above. The attached paper (MI 7) describes much 
of our progress in mappiny 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 meetinqs are attached to show the issues discussed and 
some of the direction of our experimentation. 

(1) Collection of mass spectrometty data was no problem because of 
the files kept for the Heuristic DENDRAL program and the availability of 
the mass spectrometer, Decidinq which set of data to explore, however, 
was 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 nass spectrometric 
behavior and grolrp the similar classes of molecules. We had icitially 
started working with the collection of saturated aliphatic 
monofunctional compounds and their mass spectra, already collected for 
previous Heuristic DEMDKAL work. Later it was decided that we could 
make a more direct assault. on the theory formation problem by choosir,g a 
set of homogeneous compounds whose mass spectrometry was already well 
characterized, It vas hoped that we could formulate rules which 
corresponded closely with the known characterizations after examining 
only a small number of compounds and their spectra (tens of coBpounds, 
not thousands). The class of molecules chosen nas the class of 
estrogenic steroids. This was an especially good choice because (a) the 
estrogens have beer, studied extensively - and thus there are known rules 
vith which to compare the program's 8@discovered'1 rules - and (b) 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 computer program for data interpretation and sumaary has 



been well developed. While it is never safe to call a program 
"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. Ordinarily, 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 Hachine Intelligence 7 paper, and the 
results obtained by runninq it with many estrogen spectra are discussed 
in a manuscript to be submitted. Hr. William C. Uhite has been largely 
responsible for coding the program in LISF. The program runs in the 
overnight LISP system at the Medical School's ACNE facility. It is 
currently being used by Dr. Steen Hammerurn, a post-doctoral fellou in 
chemistry 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 aimsd at making the program a more 
useful tool for chemists instead of just a computer science research 
tool, In 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 before rule formation is necessary because there is 
so much information in the summary of possible fragmentations found in 
the data, It is desirable to collect 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 
voluminous enough to obscure the *@obvious" rules just waiting to be 
found. 

In a planning proqram currently being implemented by Mr. Steven !?ei.ss, 
the computer peruses the summary looking for mechanisms with lVstrong 
enouqhl@ evidence to call them first-order rules of mass spectrcmetry. 
Our criteria for s+rocg evidence may well change as we gain more 
experience. For the moment, the program looks for mechanisms which (a) 
appear in almost all the compounds (GO%) and (b) have no viable 
alternatives (uhere viable alternatives are those alternative 
explanations which are frequently occurring and cannot be 
disambiguated), 

The program will be made much more sophisticated as we qdin more 
experience with it. Even the output of this crude program, however, is 
useful to humans who first want to see the hiqhly reliable, unambiguous 
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 oriqinal 
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 
disanbiguation of other sets of mechanisms and also serve as a *Voret4 of 
rrlles to be extended and modified in the course of detailed rule 
formation. 

(41 The process of rule formation is the most difficult to define 
precisely. We have explored various strate.7ie.s which are described 
briefly below and discussed in the attached notes of meetings. Although 



we 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 writinq computer programs, although we intend to da 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 Kachine Intelligence 7 paper. The less formal 
characterization of X-B is the subject of much of the philosophy of 
science literature which we are researching. 

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

A. Formal Representation 
i) Kinds of theory classes 

Action based, Partial, O-l theories 
ii) Set theoretic framework and theory definition using 

Generalized Cover Theory 
iii) Definition of spaces: of theories, of rules, of 

situations, of actions 

8, Characterization of Theories 
i) How much prior chemistry assumed. 

ii) How much ms theory assumed/Consistency 
iii) Internal consistency 

iv) Simplicity/complexity 
VI Testability/falsifiability 

vi) Performance with respect to data, predictive performance 
vii) Predictive scope, Generality 

viii) Explanatory power 
ix) Projectability 

xl Degree of instantiation 
xi) Ambiguity 

xii) Efficiency 

II. Exploration of Methodology and Paradigms 
A. Bode1 Building 

i) Statistical analyses 
ii) Discrete, charge localized model 

iii) Fluid flow class of models 
iv) Quantum EIcchanical 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 

Generalization, Specialization, Validation, 
Evaluation and Codification 

bl Generative method 
Generation, Validation and Heuristic guidance 

III:. Confrontation with the Realities of Data 
A. Large volumes of data 
B. Richness or high information density in data 
C, Ambiguity 
D. Limitation to the significance of data 



a) Recording resolutions 
b) Reproducibility limits 

E. Need to uatch for errors and mistakes in data, tzesi2e.s 
the need to manage data in the presence of such errors 

Fact II of the outline of Meta-DENRRAL work points to riumerour; 
places in the discussion notes concerning questions of the level ot 
theory to be built and the proqcam strategies to be used. We hav t? 
concentrated on level II-A-ii - a more or loss 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 uor-k by 
Professor Ed Blaisdell, a visitor to Stanford last summer from the 
chemistry department of Juniata College (Huntingdon, Pennsylvania). l'he 
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 iv 
of 11-A are models of mass spectroaetry which computer programs could 
conceivably work in, But our 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 II-R all fit within Artificial 
Xntelliqence paradiqms, but so far WC have little quidance on how to 
choose a good strategy. Part 11-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 
Plallsibility 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 been working 
With mostly, It is the one described at the beginning of this section 
'fs the method we are following, while this is true, ve do not wish to 
exclude the other methods from consideration until some detailed 
experiments have been performed. The generative method (II-B-ii-b) is 
the closest to the well-known heuristic search paradigm of Artificial 
Intelligence programs. mr. Carl Farrell is pursuing this approach in 
his ph,D. dissertation (directed by E. A. Feigenbaum and D. G. 
3uchanan). outlines of his dissertation and computational procedure nre 
attached to this report for reference. 

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

(S-7) PIany discussions have taken place on the topics of rule 
evaluation, codification of rules into theories, and theory evaluation. 
however, ue have considered it premature at this point to begin writing 
computer programs for thse tasks until the rule formation problem itself 
was on firmer ground. 

Plans: 
Our plans for the coming year are to focus on specific gaps 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 estcoyens, concentrating especially on the rule 
formation subtask described above. 



Ye expect the programs to contribute to the formlll3tion of new 
theory by humans for specific classes of ao1ecul.e~. At the same time, 
we expect to capture in the program sore of the judgmental elements of 
rule formation. 



B. 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. 





D. SUMMARY OF PUBLICATIONS 

D. H. Smith, B. G. Buchanan, R. S. Engelmore, A. M. Duffield, 
A. Yeo, E. A. Feigenbaum, J. Lederberg, and C. Djerassi, 
"Applications of Artificial Intelligence for Chemical Inference 
VIII. An Approach to the Computer Interpretation of the High 
Resolution Mass Spectra of Complex Molecules. Structure Elucidation 
of Estrogenic Steroids", Journal of the American Chemical Society, 
94, 5962-5971 (1972). 

B. G. Buchanan, E. A. Feigenbaum, and N. S. Sridharan, "Heuristic 
Theory Formation: Data Interpretation and Rule Formation". In 
Machine Intelligence 7, Edinburgh University Press. (1972). 

H. Brown, L. Masinter, L. Hjelemeland, "Constructive Graph Labeling 
Using Double Cosets". Stanford Computer Science Memo 318 (1972). 



1. 

2. 

7 
J. 

9. 

10 . 

coor1s:1 1 t;1n t L;r:rvi ‘:c:; 

s/1/7?.- l/l/72- 1./1/7; 

$53,571. 1?1,C51. Zil,"Pr;. 
7,87C. 16, ql!:. 1 <-' ,1!13. 

6 1 4 4 7 , . i17,".S:;. 1 3 1: , :y :; n . 

-r)- -rl- - n - 

,'~lt;tr,:tioris *j R?nov;lt iori1; -, 7- -1- - \p - 

‘.I t h c r 

;:: 
Co:i7?u ter Srrvi CPS 
Other 

!;lJl> t9 ta 1 

(5/l/71 - t/7,:/711 - 12,3Q8. 
,lrl::i '1 46"; of 'IT::? (9/l/71-12/31/71) 25,071. 

11. Tot;)1 Costs 



ti!r ‘ii f;-, 

To:~ls 

1 ” -1 c  - 
,A!... -’ , -, i ‘: . 15, illh. 

- -I- - ‘1 - -n- 

!.‘ 1. , ;?3 . ‘1 , ? ” ‘? . 36,2;3. 

1 - - r, 
,--J . 7,-i .I . 3, f?3’+. 

2 *L :I , ? ‘1 ; . 1” 
,> 7 I- .7 _. 

I / , , _I . ; 
3 -7 ,-- ,LL . 31+,033. 



"rirt Y D3rt C Total 

!,?, :;;j. 2;;, 21s. ll!,:e5. 

7,?GI+. 3,37?. 10,195. 

-n- -. I- -9- 

-f-- 
-4: 

3- 
,,&. 

-n- -o- 
c\ - P, - :, 003. 



'JLJ5 to tc1 1 

“3f)l i cations: 

Total I! i rrct 



Grant No. 5 R24 RR00612-02 
Section III-C 

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. 

2. 

3. 

4. 

5. 

6. 

Personnel (salaries): The salary budget was figured on the basis 
of current salary rates for each individual on the project plus a 
5.55 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 176 for the fiscal year ending August 31, 1974. 

Equipment - Maintenance: Budgeted funds are necessary to maintain 
the major existing hardware components, including the PDP-11/20 
computer as well as the MAT 711 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 requirements will be met as one application of the 
proposed, separately funded SUMEX facility (proposal currently 
under review by NIH) after July, 1973. 


