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A. DESCRIPTION OF PROGRESS

OVERVIEW

In the first twelve months of this fifteen-month grant
period, the DENDRAL programs and the GC/MS data system have moved
significantly forward under NIH funding, even though it was
partly a time of transition from one computer system to another.
This report of progress is organized in three parts,
corresponding to the three specific aims of our December, 1973,
proposal: (PART 1) Enhancing the power of the mass spectrometry
resovrce, (PART 2) Developing performance and theory formation
programs, and (PART 3) Applying the computer programs and
instrumentation to biomedically relevant structure elucidation
problems.

The highlight of the period since May 1, 1974, was the
project’s move to the interactive computing environment of the
NIH-funded SUMEX-AIM facility from the batch computing
environment of the Stanford Computation Center. Because of this,
many scientists outside this university have been able to use the
DENDRAL computer proqrams for their own research. Also, the
programs themselves grew in power and scope, and we opened new
vistas for collaboration with other research groups. We have
been able to make the programs more conversational and thus more
helpful to the <chemists and biochemists for whom they were
developed. Outside users in other research groups also have in
SUMEX an easy mechanism for trying out the DENDRAL programs on
their own structure elucidation problems. Finally, we have a
mechanism for looking at subroutines developed by other research
groups in the context of our own programs -- and have
incorporated subroutines written, for example, by T. Wipke and by
R. Feldmann, into our procedures. The programs and their
development are discussed in Part 2, below.

The DENDRAL project, one of the major users of the SUMEX~
AIM computer facility, has been forming its own community of
remote users. This "exodendral" community has already provided
valuable contributions to program development and both the
community and contributions are expected to grow at an increased
rate. As an example, for the last month for which figures are
available (March 1975), the number of CPU hours used by
exodendral persons amounted to at least ten percent of the CPU
hours used by the entire DENDRAL project. In the 1last month
alone, one new exodendral account representing at 1least three
users has been added to the system, and another four exodendral
users have been invited to begin their usage via various "guest"
accounts.,

Another milestone in this period was the delivery of the
PDP-11/45 computer, and successful transfer of data acquisition
and reduction programs into that computer. This has provided a
stand-alone environment for our mass spectrometer/computer system



in which development, experimentation and routine use of the
system is much more simple, reliable and efficient than
previously. We have made excellent progress in fulfilling the
goals of combined gas chromatography/high resolution mass
spectrometry (see Part 1, below).

Our programs are receiving heavy use from local users and
outside users who are investigating mass spectrometry problems
for a variety of different compound classes. In addition, new
program developments have extended the scope of biomedical
structure elucidation problems for which we can provide some
computer assistance. Local users include members of Professor
Djerassi’s group, other chemistry department persons and research
groups at the Stanford Medical School. We have recently begun
the process of building a community of outside users who can
access our programs at SUMEX via TYMNET or ARPANET. Several
research groups have expressed considerable interest; we have
demonstrated and explained the programs to several groups and we
are currently arranging more demonstrations and assisting other
people in learning to use SUMEX and the programs from their own
laboratories. These applications are discussed in detail in Part
3, below.

1 PART li ENHANCING THE POWER QE THE M.S. RESOURCE
1.1 Introduction

Our grant proposal requested funds for significant
upgrading of our capabilities in mass spectrometry. The goals of
this upgrading were to provide routine high resolution mass
spectrometry (HRMS), combined gas chromatography/low resolution
mass spectrometry (GC/LRMS) and to develop a combined gas
chromatography/high resolution mass spectrometry (GC/HRMS)
facility. 1In addition, this would provide the capability for new
experiments in the detection and wutilization of data on
metastable ions. These capabilities would then be available as
required for application to our wider goal, solution of
biomedical structure elucidation problems of community of
researchers,

The upgrading included several items of hardware and
software development, as follows: 1) Acquire stand-alone computer
support for the mass spectrometer because existing facilities
were 1nadequate and very expensive; 2) convert existing software,
written in the PL/ACME language into FORTRAN so that it would run
on the new system; 3) develop new software as required for the
demanding task of GC/HRMS; 4) provide hardware and software for
semi-automatic acquisition of data on metastable ions. The
initial development phase of this upgrading included performance
tests to determine the capabilities and 1limitations of the
GC/HRMS system to define the scope of problems to which it can be
applied.



The present status of this effort is that the computer
system has been purchased, installed and 1is operating. The
software has been converted and is operational. The GC/HRMS
system is in the trial stage and is working. Future developments
include significant improvements in the software to provide more
routine and reliable GC/HRMS operation and to provide better
information to the operator on instrument performance and to the
chemist on the characteristics of his data. The metastable ion
work has been deferred until now because of the more pressing
demands of the GC/HRMS system, but work can now begin on this
aspect of our research.

We presently are in a position to provide routine LRMS and
HRMS support for our chemical research and program development.
The GC/HRMS system is working well enough to commence study of
real problems. The above developments and future goals are
summarized in detail in the subseguent sections.

1.2 Hardware Acquisition and Development

We have, in the mass spectrometry 1laboratory, two mass
spectrometers which were connected to our previous computer
system (ACME), the Varian-MAT 711 mass spectrometer, and the AEI
MS-9, both high resolution mass spectrometers. We have
concentrated our efforts to this point on development of the
711/computer system because this (much more modern) instrument is
the spectrometer of choice for the GC/HRMS experiments. It was
already eauipped with the gas chromatograph and GC/LRMS work was
already routine as far as the mass spectrometer system was
concerned. We were granted some money for minor upgrading of the
MS-9 so that it could relieve some of the burden of routine HRMS
analysis from the 711 (see Future Developments).

At the time the grant was awarded, we were essentially
without computer support in the mass spectrometry laboratory.
Interim funds were provided to permit us to connect to the ACME
system running on a different computer system. This connection
was made and permitted us to obtain some HRMS data while purchase
and installation of the stand-alone system was completed. The
interim ACME system was even less effective than in its previous
environment, and did not permit GC/MS experiments due to slow
response time.

We concurred with the study section’s recommendation that
stand-alone computer support be provided for efficiency and long-
term cost effectiveness, and that such support be a PDP 11/45 or
equivalent as the machine with the capabilities to handle the
heavy data burden imposed by GC/HRMS. We were able to adjust our
first year budget to allow purchase of this computer. It was
ordered on Feb. 11, 1974 as a contingent order (contingent on
award of the grant). The firm order was placed March 18, 1974.
It was actually delivered on August 2, 1974. Together with the
Digital Egquipment Corp. (DEC) PDP-11/45, we obtained a disk
system from Systems 1Industries because it was considerably less
expensive than the comparable DEC device.
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A diagram of the current hardware system is shown in Figure
1. Note that this system is interfaced to the mass spectrometer
through a previously existing PDP-11/26. There are two important
reasons for this configuration. The 11/29 contained the
necessary hardware extensions for computer control of the mass
spectrometer under the old ACME system. This drastically reduced
the mass spectrometer/computer interface problems. The 11/20
acts as a buffer between the mass spectrometer and the 11/45,
thus freeing the 11/45 for computations during the course of data
acquisition. This is an important element of future
foreground/background processing.

1.3 Software Development

Conversion of existing PL/ACME programs to FOKTRAN was
begun on the award of the grant. The delays in delivery of the
11/45 system caused delays in this development because no machine
was available for certain tests of the programs, and of course,
no work on new mass spectral data could be done until the mass
spectrometer and computer system became operational. Conversion
of these algorithms also included many system software
developments to ensure that previously batch processing programs
could function in a real-time environment under the reouirements
of GC/HRMS operation. This development included not only
improvements and extensions to existing algorithms, but building
a file management system for facile 1logging and storage of
spectra with the ability for simple recall to examine or
recompute old data, and a diverse package of debugging, display
and plotting and mass spectrometer evaluation programs.

Because we view GC/HRMS as the most important new
capability of our mass spectrometer/computer work, the
requirements ot GC/HRMS have guided development of the software
system. These reguirements include continuous automatic
monitoring of instrument performance to avoid wasting time
collecting poor or erroneous data. Because we have <chosen to
approach GC/HRMS with an electrical recording system, as opposed
to nphotographic, we are able to monitor the instrument
continuously, both during initial setup and during the course of
the GC/HRMS experiment. Major sections of the software and how
they interact among one another are summarized below.

1.4 Software Architecture

Fiqures 2 and 3 show the various software configurations
possible within the GC/HRMS system. The data paths and options
available in obtaining reference spectra for instrument
diagnostics and calibration are illustrated in Figure 2.
Successful operation of the mass spectrometer depends on
successful setup and verification of the performance of tne
spectrometer. The various routines outlined in the Figure permit
the operator to acquire data and examine it during each stage of



the subsegquent reduction, A typical run might be (using the
REFRUN command processor for control of the system) to acquire a
spectrum (RRYMOD), reduce the scan data to peak times and areas
(RRORED) while saving the raw data on magnetic tape for future
reference. Time to mass conversion and display to the operator
(on a CRT display) are automatic and provide both the results and
diagnostics (RROREP). These data may be examined further, e.qg.,
via spectrum bar plots, peak profile examination.

The data paths and options available to the operator for
collection of high resolution mass spectral data (whether for
single samples or for GC/HRMS) are summarized in Figure 3. The
various processors summarized in the Figure have a simply-stated
but computationally difficult task; to acquire and quickly reduce
a spectrum to masses, elemental compositions and intensities.
The task 1is completely automatic. It is based on information
about the particular setup of the mass spectrometer (scan time,
duration, reference ions, etc.), determined during the reference
ions, etc.), determined during the above procedures. Again, raw
data are saved for future perusal and the operator can examine
the data at any stage during data reduction. Diagnostic and
instrument performance information are available after each scan
to monitor continuously the status of the mass spectrometer. 1In
normal use, the process runs without interference. Completely
reduced data, for the normal spectrum, are available within 2-3
seconds after completion of the scan. This 1is so much better
turn-around than the previous ACME system that it has opened new
possibilities for data acquisition and reduction. For example,
in cyclic mode, where spectra are acquired repetitively, the
computer system can easily keep up with the mass spectrometer.
Diagnostics can point out instrument problems before sample is
wasted in another run.

1.5 System Philosophy

The underlying philosophy governing the design and
development of the software system 1is dominated by three
considerations, First, the operator-data system interface must
be flexible enough to meet the changing and often times novel
demands required by the experimental nature of the GC/HRMS
procedures. Wwhile predefined operational secuences are essential
for production processing, such sequences must not be so rigidly
defined that deviations cannot be made to accommodate
experimental modes of instrument operation. Second, the system
must maintain its integrity under severe environmental
conditions. Unforeseen and often uncontrollable conditions can
cause catastrophic hardware failure. The filing system must be
made immune to contamination by such occurrences. Third, the
overall system structure must be amenable to organized software
growth and expansion. It must be easy to add facilities and to
implement and evaluate experimental algorithms and heuristics.



1.6 System Flexibility

Due to the dual role of the system as both a production
instrument (at this point HRMS) and an experimental instrument,
(GC/HRMS and metastable work), the operator-data system interface
must provide both a convenient means of executing often utilized
operational seguences as well as a flexible means of exploring
sequences amenable to the experimental work. Towards this end
each major system program consists of a resident command driven
interpreter, This interpreter accepts a two letter keyword
command from the operator and then invokes an overlaid semantic

routine, If an unknown command 1is entered by the operator,
facilities exist for refreshing the operator’s memory of which
commands are appropriate under the circumstances. Semantic

routines may interrogate the operator directly or may utilize
default information contained within a disk file. Such a simple
structure provides for easy expansion of system facilities while
also providing for explicit control of the secuence of operations
by the operator.

In addition to the control structure within the PDP 11/45,
facilities also exist for controlling the PDP 11/20 directly.
Each process which can be loaded into the PDP 11/28 has a finite
number of distinct states. Operator commands exist to cause
transitions between each of these states. Thus, it is impossible
for the PDP 11/20 processor to get °‘stuck’ waiting for an event
which will never occur. '

1.7 System Integrity

The minute quantities of certain samples which have been
submitted for analysis prohibit the re-running of any experiments
associated with these samples. The system operates in a somewhat
hostile environment. The physical laboratory environment
dictates that the computer system be located in close proximity
to the GC/MS instrument. The instrument can cause severe
electromagnetic disturbances (sparks within the source, high
voltage shut down, etc.) which can bring down either the entire
data system or portions of the system. Static electric
discharges from the operator through the system console have also
resulted in catastrophic consequences for the data system. These
occurrences are quite unpredictable from the software point of
view and are difficult to alleviate in the physical environment.
Therefore, the software must file data as soon as it is acquired
in order that in the event of system failure any data gathered up
to that point is maintained intact. It is for this reason that
the thresholded data is logged directly onto magnetic tape by the
PDP 11/260 processor. It is for this reason also that the reduced
data filing mechanism insures that the last data block of a scan
is actually written out onto the disk and not 1left in a DOS
system buffer.

Some of these topics are amplified in the subsequent
sections where several features of the system are described in
more detail.



1.8 Operating System

[Between the time this section was drafted and finished,
the conversion to the DOS 9 operating system was made.]

DOS version 8 is the operating system currently in use.
However, we have converted the software to DOS 9 and are awaiting
the installation of the 1IMS disk system. The major mandate for
this conversion is the vastly improved overlay system offered by
the new operating system, Cverlaid files are maintained as a
single, contiquous file on disk as opposed to the DOS 8 method of
maintaining a separate linked file for each overlay. The DOS 8
strategy demands that a 1linked file be opened, read, and closed
for each overlay load. DOS 9 allows an overlay to be loaded with
a single disk read. Also the DOS 9 overlay facility provides for
tree structuring process which was completely absent from DOS 8.
Considering that the current version of the system has 17
overlays the importance of efficient overlay loading is obvious.
In addition to these factors, DOS 9 provides us with batch
processing facilities which make it much easier to do system
generation, archive data, etc. The decision to use DOS 9 was a
major factor in switching from the System Industries, non-DEC
compatible drives to the IMS fully software compatible drives.

1.9 GC/HRMS Software System

On top of DOS the GC/HRMS system has been constructed.
This system has both real time as well as non-real time
facilities. The real time facilities include: 1) the acquisition
and reduction of a reference run to calibrate the instrument and
2) the acouisition and reduction of a sample run. Both processes
must install the acquisition routines into the PDP 11/28.

The non-real time facilities include the ability to re-
examine reduced data files, to re-run the reduction processes
from the back-up medium, to communicate to the PDP 10 or other
nrocessors the results of composition matching for use in other
processing, for example, mass spectra for MOLION, PLANNER or
INTSUM (see Part 2, below).

1.1¢ General Data Acquisition Procedure

The actual data acquisition procedure is accomplished in
two steos. The first step involves calibrating the instrument
for the particular set up of the MAT 711 and the second step
involves the actual analysis of the sample.

The program REFRUN provides the calibration facilities for
the instrument. The operator runs the program and informs the
system of the sampling rate, the direction of the wmass scan,
routing of displays. The final tweaking of the MAT 711 is
performed and a scan command is performed. The PDP 11/45



commands the previously loaded process in the PDP 11/280 to start
the scan. The 11/2¢ checks that the MAT 711 interface is set up
properlv and then initials the scan. When the scan completes the
PDP 11/20 is signaled through the mass spec control interface and
it compiles a spectrum trailer which it tacks onto the end of the
peak profile data it is logging and sending to the 11/45. Acs the
11/2¢ feeds these data into the 45, it is crunched down into time
intensity pairs. when the spectrum trailer comes througn the
11/45 invokes the mass computation algorithm which attempts to
locate the prominent 1landmarks in the PFK spectrum. If this
process is successful, a display is produced showing the model
peak profile, the resolution as a function of mass, and the
projection errors for calibration of the mass/time curve of the
instrument. In addition, signal and noise information is
displayed. 1If this process is repeatable (in the sense of taking
2 or 3 scans which yield essentially the same results) and
performance at a sufficiently high level, then the reduced data
is filed for later use by the sample analysis routines.

The program SAMRUN provides the sample analysis facilities.
It is run after a successful REFKUN. The information about the
time to mass conversion from the preceding refrun is used to
perform the time to mass conversion for the sample spectra. The
rapid, automatic nature of this procedure was mentioned above.

1.11 Filing Systems

The filing system c¢an be roughly divided 1into tnree
components. First, when a spectrum is acquired from the MAY 711
it is thresholded and background removal is performed to produce
what 1is called peak profile data. This data is 1logged
immediately onto magnetic tape by the PDP 11/28. Second, as data
is being reduced into mass amplitude pairs by REFRUN or SAMRUN it
is filed onto disk for easy retrieval for later examination. The
format of the reduced files for SAMRUN and REFRUN 1is sliahtly
different due to the fact that a refrun contains only one
spectrum while a sample may have any number of spectra. Third,
the system maintains files which contain control information,
spooled hardcopy information and composition output to be
transfered to the PDP 1@ for further analysis.

1.12 Bufferigg

Buffering is a central issue in the system. Due to the
uneven distribution of data, high data rates, slack periods, it
is desirable to provide a large amount of buffering between the
instrument itself and the reduction processes. It is the case
that data from one spectrum can be reduced while another spectrum
is being acauired. Currently the PDP 11/20 has sufficient buffer
capacity to hold almost a complete spectrum of a sample. The
11/45 will soon have the capability to run the peak profile to
intensity~time reduction process concurrently with the time



intensity to mass amplitude conversion process or the disrlay
processes, Such concurrence 1is another side effect of the
operation under DOS 9 due to the ability to tree structure
overlays.

This software system permits a great deal of flexibility in
operation of the system. Where time between scans permits (a few
seconds) the HRMS data can be reduced completely to accurate
masses and intensities, and feedback provided to the operator on
the ouality of the scan. This output is the data used to
determine the gquality of the spectral data. One can disregard
scans which are poor and know when one is of high guality.
Alternatively (and in addition to the above mode), data (peak
profiles and intensities) can be spooled onto tape for later
processing. The operator can choose to print out results
immediately for critical samples, or defer final output until
later while additional data are being collected. An archival
system provides the facility for storing and retrieving old
spcectral data for review or reanalysis.

1.13 Present Status and Performance Tests

As mentioned previously, the system is operational now and
is in routine use for HRMS and in experimental use for GC/HR!S.
New developments (see below) and routine use are proceeding in
concert. We maintain the previous version of the programs for
routine use while work continues on a separate version to add
improvements, remove program "bugs" and so forth. We are rapidly
proceeding toward a system which is relatively "crash proof" in
spite of what the mass spectrometer might do and in spite of
abnormalities which might appear in the data. Such a system is
critical to ensure the integrity of data collected during a long
GC/HRMS run.

We have been running many performance tests on the GC/HRIMS
system to determine what problems arise when the mass
spectrometer and computer system are pushed to their wutmost, and
to determine the sensitivity in terms of sample size of the GC/MS
combination. 1In several instances, additional programming had to
be done to cope with the demands of GC/HRMS. These additions are
largely complete now (e.g., allocation of extra memory and dick
space for REFRUN when the GC is at high temperature and
considerable numbers of ions from GC column bleed are present in
addition to the internal mass standard, perfluorokerosene) and we
have turned our attention to measuring performance samples.

In nerforming sensitivity tests we can always make the
system look good by choosing samples which have characteristics
such that excellent mass spectra can be obtained on minute
amounts of material. We have not done this. Wwe have chosen
samples which are representative of the types of material that
are the focus of our current chemical research interest. For the
simpler case of fatty acid methyl esters, we can obtain, in 8-1¢
sec. per decade in mass scans, HRMS displaying ions over a
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dynamic range of 1¢#:1 with about 1 microgram of material per
component. For the harder case of free sterols, such as
cholesterol, 2 micrograms per component yields the same
performance (such sterols have many more ions over a wider mass
range, thus requiring more material for the same dynamic range of
ion intensities). We do not claim that this sensitivity is the
ultimate achievable. It is certainly sufficient for many of our
problems. It will be insufficient for those problems where there
are components over a wide range of concentration. Because the
GC column cannot be overloaded too severely for the major
components it is difficult to increase greatly the concentration
of the minor components, Additional chemical or physical
separations can solve some problems of this type. But with this
sensitivity we can get much useful work done as we progress with
improvements to our technigues (see Future Developments).

Current applications of the mass spectrometer/computer

system to biomedical structure elucidation problems are
summarized in Part 3 of this report.

1.14 Future Developments

The second year of our grant has several specific goals for
the mass spectrometer/computer system. These goals, outlined
below, will improve the performance and reliability of the
current system to ensure the integrity of results on precious
samples. This year will also be taken up with implementing the
other hardware and software items mentioned in our original
prooosal (metastable ion work, MS-9 hook up, multiplet detection
and resolution) now that the primary goal of GC/HRMS is well in
hand.

1.14.1 tlardware

— s bt i

The following are the important goals in hardware
development, necessary to fulfill our research objectives.

A) Installation and testing of the hardware for control of
the mass spectrometer for semi-automatic acquisition of data on
metastable ions. This hardware, including circuitry to interface
the metastable scanning system of the Varian MAT 711 to the 11/45
system, and a high precision A/D converter, will permit semi-
automatic detection and analysis of metastable ions which relate
a "daughter" frogment ion to its progenitors, "parents". It will
allow us to explore the inverse relationship, 'determination of
all daughter 1ions from a given parent ion by simultaneous
variation of two of the three fields in the instrument,
accelerating voltage, electrostatic analyzer voltage and magnetic
field. The feasibility of this technigue has apparently been
demonstrated by Lacey and McDonald in Australia.

B) Reconnection of the MS-9 to the new 11/45 data system.
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There is a relatively minor amount of work which must be done to
enable us to acquire data from the MS-9 under the new instrument
control structure of the 11/45 computer system. This will enable
us to divert routine samples to the MS-9 for analysis and permit
us to devote more time on the 711 to the more difficult task of
GC/HRMS, ’

C) Connection of a plotter to the computer system. An
existing Cal-Comp plotter will be connected to the system so that
hard copy of graphical (e.q., mass spectra, instrument
performance curves) output can be obtained. Presently only CKRT
output of this information is available.

1.14.2 Software

With the hardware largely installed and functioning, the
software (the actual programs which acquire, manipulate, reduce
and output the mass spectral data), requires the greatest
attention in the coming year. There are several steps to be
taken which will improve the capabilities of the GC/MS system in
general, GC/HRMS in particular. These are outlined below.

a) Improve data reduction facilities for scanning at lower
resolving powers. HRMS data are usually collected at a resolving
power sufficient to separate many (but never all) of the possible
multiplets of ions possessing the same nominal atomic mass but
differing 1in elemental composition. However, for maximum
sensitivity, with relatively little degradation in data quality,
one would like to run the mass spectrometer at lower resolving
powers. This increases the the likelihood of overlapping peaks
which are viewed as single peaks according to our present data
acquisition system. Our proposal discussed ways to use both
mathematical routines and chemical intelligence to help solve
this oroblem, thus providing effectively higher resolution via
data processing, at high sensitivity. We are just implementing
the first phase of this approach, to resolve gquickly those
overlapping peaks whose profiles are well-defined. We view these
developments as essential to the success of GC/HRMS because of
the improved sensitivity.

B) Better inter-computer communication. We are currently
implementing better inter-machine communication between the 11/28
and 11/45 computers (see Fig. 1). This will improve the
reliability of the system by allowing "clean" (i.e., restartable)
recovery from error conditions in the mass spectrometer, in the
input data stream or during data reduction between scans.

C) Implement a GC/LRMS system. Because of our focus on
GC/HRMS, the ability to handle efficiently GC/LRMS data has been
neglected. We will remedy this situation in year two because
some of our problems do not reguire HRMS data and rapid
presentation of LRMS data to the chemist in graphical form will
be very wuseful. The LRMS system will be relatively simple to
implement because almost all of the same data acquisition and
reduction programs written for HRMS data can be utilized.
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D) Software for metastable ion analysis. Routines must be
written to enable facile calibration of the mass spectrometer
operating in metastable ion mode, and to allow subsequent
reduction of data. Existing control and data acquisition
software will be used for initiating the metastable ion mode.

1.14.3 Summary

As the above hardware and software improvements are being
made we will continue evaluation of the GC/HRMS system in
parallel with its actual application to real problems. GC/HKMS
is a relatively new and difficult techniqgue for routine
application. In order to wuse it effectively, we will have to
exert some effort toward determining and optimizing the
performance of the many elements of the system, the GC, the MS,
and the computer hardware and software.

2 PART 2: DEVELOPING PERFORMANCE AND THEORY FORMATION
PROGRAMS

TO ASSIST IN BIOMEDICAL STRUCTURE ELUCIDATION PROBLEMS

2.1 lntroduction

The Heuristic DENDRAL computer programs assist with
structure elucidation problems by helping interpret mass spectra
and helping generate structures that are consistent with the
interpretations. The Meta-DENDRAL programs assist with rule
formation problems in cases where the rules of mass spectrometry
are not known.

In this section we describe our progress on the computer
programs. Generally speaking, it has been a productive year
because of the interactive computing environment provided by the
SUMEX facility. Not only are we able to develop programs much
more rapidly than in a batch environment, but we are able to make
the programs themselves highly interactive, and thus more useful.

All programs have been transfered to the SUMEX machine and
most have been considerably improved from their previous
versions. The CONGEN and PLANNER programs, in particular, have
been 1improved substantially because these two were thought to
offer the most to scientists with structure elucidation problems.
TWO new programs were developed in this period: CLEANUP and
MOLICN. The CLEANUP program helps separate the mass spectra of
individual components from a GC/MS analysis, and eliminates the
background due to GC column "bleed". The MOLION program
determines the mass and empirical formula of the whole molecule
from its mass spectrum, without prior knowledge of any of the
features of the molecule. Both of these new programs solve major
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problems that we had previously assumed were already solved
pbefore a scientist used the DENDRAL programs.

2.2 CONGEN.

The CONGEN([48,53] program represents a significant extension of a
program which has developed over the last several vyears, the
cyclic structure generator(49,41]). The purpose of CONGEN 1is to
assist the chemist in determining the chemical structure of an
unknown compound by 1) allowing him to specify certain types of
structural information about the compound which he has determined
from any source (e.g., spectroscopy, chemical degradation, method
. of isolation, etc.) and 2) generating an exhaustive and non-
redundant 1list of structures that are consistent with the
information. The generation 1is a stepwise process, and the
program allows interaction at every stage; based upon partial
results the chemist may be reminded of additional information
which he can specify, thus limiting further the number of final
structures.

CONGEN fits with the other DENDRAL programs as a "backston"
solution to structure elucidation problems. If the mass spectrum
of an unknown compound is available, then CLEANUP and MOLION
could be used, but if the general <class of the compound 1is not
known, PLANNER has no starting point from which to work. In such
cases, structural information can be extracted manually from the
spectrum and given to CONGEN for analysis. Because CONGEN makes
no assumptions about the source of this information, other
spectroscopic or chemical techniques may be wused to supply
supplemental data.

At the heart of CONGEN are two algorithms whose accuracy
has been mathematically proven and whose computer implementation
has been well tested. The structure generation
algorithm[31,37,40,41] is designed to determine all topologically
unicue ways of assembling a given set of atoms, each with an
associated valence, into molecular structures. The atoms may be
chemical atoms with standard chemical valences, or they may be
names representing molecular fragments ("superatoms") of any
desired complexity, where the valence corresponds to the total
number of bonding sites available within the superatom. For
example, in a compound known to contain a furan ring, the
quadrivalent superatom FRN might be defined, which has the
structure N. Here, the bonds with
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unspecified termini represent available bonds to hydrogen or
other atoms or superatoms. Because the structure generation
algorithm can produce only structures in which the superatoms
appear as single atoms (we refer to these as intermediate
structures), a second procedure, the imbedding algorithm{48,53]
is needed to expand the superatoms to their full chemical
jdentities. For example, N+1 is a simple intermediate structure

CH3  CH3 H CH3 H CH3 CH3 H
\ / \ / \ / A4
CH3 C=C C=C Cc=C C=C
I (AN I\ I\ I\
H=-FRN=-CH3  ====-- > | 0] ] 0 | 0 | 0
I imbed | / | / | / | /
H FRN Cc=C C=C C=C Cc=C
/\ / \ / \ / \
H H CH3 H H CcH3 CH3 H
N+1 N+ 2 N+3 N+4 N+5

which might be produced by the structure - generator. The
imbedding of FRN vields four final structures, N+2-N+5. The
output of the imbedder is exhaustive and, in a 1limited technical
sense, free from duplication. But when a list of intermediate
structures undergoes imbedding, duplicates can arise. Thus the
imbedder is also equipped to post-test such lists for duplicates
and retain only unicue structures.

These two routines give the chemist the ability to
construct structures from a given set of molecular “"building
blocks" which may be atoms or larger fragments. By itself, this
capacity is of 1limited utility because the number of final
structures can be overwhelming in many cases. Usually, the
chemist has additional information (if only some general rules
about chemical stability, which the program has no concept of)
that can be used to limit the number of structural possibilities.
For example, he may know that because of a compound ‘s stability,
it cannot contain a peroxide linkage (0-0) and thus the programs
need not consider such structures when there are two Or more
oxygens in the "building block" list. buring the past year, a
substantial amount of effort has been devoted to modifying these
two basic procedures, particularly the structure generation
algorithm, to accept a variety of other structural information
(constraints), using it as efficiently as possible to prune the
list of structural possibilities.

Specifically, there are six types of constraints that we
have implemented. GOODLIST and BADLIST are used respectively to
require and forbid the presence of user-specified substructures
in intermediate or final structures. The peroxide constraint
above could be specified on BADLIST, for example. On GOODLIST
are placed desired substructures which cannot be entered as
superatoms either because their number is uncertain (each
GOODLIST entry has an associated minimum and maximum number of
occurrences), or because they may share atoms with other
superatoms (the “building blocks" must be mutually disjoint
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