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PREFACE

The Committee on Chemical Information is part of the Division of
Chemistry and Chemical Technology of the National Research Coun-
cil (NRC). The committee's broad function is to survey and report on
significant technical trends in needs, sources, usage, and methods in
the utilization of chemical information. A specific function of the
committee is to act as a clearinghouse for assembling, analyzing,
and disseminating knowledge about significant new developments.

In 1964, the committee issued Survey of Chemical Notation Sys-
tems*, which covers significant practices in the use of nonconven-
tional chemical notations in the United States through 1961. In 1965,
the committee issued a second report, Survey of European Non-
Conventional Chemical Notation Systems', which deals with signifi-
cant European practices in 1962. Since 1962, important additions to
the technology and new applications have been described in a multi-
tude of publications. Therefore, a new survey of chemical structure
information handling was needed to bring the earlier reports up to
date.

The earlier reports were based on actual interviews with organi-
zations doing significant work in chemical structure information
handling. The present review is based on a different approach, uti-
lizing the published and unpublished literature as input, augmented
by the personal communications and experiences of the committee's

*National Academy of Sciences Pub. No. 1150.
tNational Academy of Sciences Pub. No. 1278,
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membership. Furthermore, the scope has been broadened somewhat
to include additional aspects of chemical information handling, as
outlined in the Introduction.

Necessarily, boundaries were drawn setting limits to the objec-
tives of the review. In general, candidate material included develop-
ments in the handling of chemical structure information, such as
translation of linear notations to connection tables. Excluded from
consideration were discussions of general, widely applicable infor-
mation methods, even when such methods were reported as applica-
ble to the handling of chemical information. On this basis the report
does not include such topics as current-awareness and selective-
dissemination applications, computer-based editing and publication,
error prevention in the literature, microforms, and behavioral pat-
terns of users. Two particular topics set aside as beyond the objec-
tives of the review were developments in traditional chemical no-
menclature and sources of chemical information.

The objective of this review was to put into focus the various de-
velopments that have been reported in the field during the past few
years. Effort was devoted to bringing together programs and activi-
ties of similar intent and technical content, even though these activi-
ties may have been separated by time and distance and may have
been reported in different sources. Attempts were made also to sum-
marize the highlights of large-scale projects of long range that have
been reported extensively but the goals of which may have been ob-
scured by interim documentation.

Many authors give estimates of operational costs. These cost es-
timates are usually not comparable with others because of differ-
ences both in the quality of drawn structures and in the classes of
compounds covered. They are dramatically affected by accounting
methods, which seldom are stated. The committee considered omit-
ting cost data altogether because of the difficulties of meaningful
comparison, but decided to include them when reported. They should
be viewed with extreme caution, however.

Some special contributions deserve to be acknowledged. Partial
support for this report and other work of the committee has been re-
ceived by the National Academy of Sciences from the Army Research
Office and from the American Chemical Society. The project was
conceived, designed, and initiated by James M. Mullen of the Shell
Development Company, whose untimely death is deeply regretted.
The report was drafted by Madeline M. Henderson, consultant to the
committee, with assistance from Beatrice Marron and Mary Jane
Ruhl. Completion of the project was directed on behalf of the com-
mittee by Herbert R. Koller of Leasco Systems and Research Cor-
poration. All members of the committee participated actively in the
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preparation of the final draft, contributing input, comments, advice,
and criticism in creating what we hope is a useful state-of-the-art
report of chemical structure information handling covering the
period from 1962 until late 1968.

Bart E. Holm
Chairman
Committee on Chemical Information
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I
INTRODUCTION

A. CHARACTERISTICS OF THE CHEMICAL LITERATURE

Because of the nature of chemistry and its records, chemical re-
search-and-development activities demand frequent access to the
literature of the field. But that literature is beset by the same prob-
lems vexing the literature of all scientific and technical fields,
namely increasing volume, proliferating areas of specialization, and
the need for cross correlation with other disciplines. Although the
handling of chemical information and its organization for later
search, in general, involve the same basic information-processing
techniques that are used in other disciplines, this field is unique in
that its literature has as a least common denominator chemical
structure information, which can be used as a focal point for storage
and later search.

In attempting to cope with problems of chemical documentation,
chemists most frequently feel the need for reference to chemical
formulas and structures as methods of entry to the literature of the
field. ""Although there are many other aspects of chemistry, the
chemist is usually concerned with the molecular identity of materi-
als, and it is this kind of subject matter about which he most fre-
quently communicates."101 Synthetic processes, purification proce-
dures, biological effects of pharmaceuticals, physical and chemical
properties—these are meaningful only when associated with particu-
lar compounds or classes of compounds and their structures. The
means for designating or labeling chemical compounds and identifying

1
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2 CHEMICAL STRUCTURE INFORMATION HANDLING

their structures are therefore extremely important. Chemists desire
detailed understanding of the structural characteristics of chemical
compounds and materials in order to search out specific compounds,
groups of related compounds, or particular activities associated with
structural features.

The discipline of chemistry enjoys highly organized services and
tools to accomplish its needed access to the literature. For example,
the worldwide fame of Chemical Abstracts Service (CAS) as a source
of notification of chemical progress is well founded. In a British sur-
vey of information needs of physicists and chemists," the chemists
evidenced more regard for abstracts than did the physicists. ". . . the
central position held by Chemical Abstracts . . . has no counterpart
in physics. . . ." Abstracts and original papers are considered the
most important sources of specific information, while meetings and
conferences are the best vehicles for "current awareness.' Reviews
also are widely used, both for keeping up-to-date in one's specialty
and for learning about new fields. In the survey just mentioned, a
strong desire was expressed for more reviews, and particularly for
more introductory reviews. The same opinion was expressed in a
Symposium on Critical Reviews at the April 1968 national meeting
of the American Chemical Society (ACS).146

In handling the chemical literature, the description of chemical
compounds is of paramount interest, and the structural diagram has
become the basic medium of communication. "The structural dia-
gram is a two-dimensional projection of molecular structure.”*" It
is also '"the simplest and most familiar means for representation
and communication between chemists,""144

To complement the structural diagram, systematic nomenclature
has been developed as an essential part of the communication sys-
tem. As trivial names proliferated, it became clear that systemati-
cally derived names were needed to improve communication. Rules
provide for systematic numbering of atoms in the structural formula,
followed by generation of a name with standard prefixes, stems, and
suffixes, combined with numbers and, occasionally, Greek letters.
After sufficient exposure to such rules, the average chemist can
usually develop a reasonably descriptive name that will serve ade-
quately for discussing a given structure; but he has no confidence,
especially if the compound is a strange or moderately complex one,
that an indexer (or for that matter, another chemist) would use the
same name, That is, ""presently used systematic nomenclature is
based directly on the diagrammatic language and is therefore no
more exact than the diagrammatic language itself."181 The verbal
counterparts of structural diagrams can provide easier recognition
of equivalency than the diagrams themselves. However, for some
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classes of compounds, especially new ones or those only recently at-
tracting interest, nomenclature rules may be slow to develop and
may be obscure. In such cases, more-or-less uncontrolled nomen-
clature is introduced into the literature.

Naming of compounds is necessary for oral communication among
chemists, but the inadequacy of names as an indexing tool is becom-
ing increasingly evident as the quantity of chemical information
grows. Both structural diagrams and systematic nomenclature aid in
identifying specific compounds, and names can be suitable for index-
ing when they provide specific addresses for compounds so that they
can be located again. But names provide a poor basis for the classi-
fication or grouping of compounds that have similarities in structure.
"The information required to answer a question may be accessible
through the index, but it often involves too much human effort to seek
out those kinds of detail which are not high in the established order
of the classical index's hierarchical priorities."215 Difficulties with
traditional methods, together with the need for more flexible methods
for handing large numbers of compounds, have stimulated the devel-
opment of alternative techniques for representing structures. Signif-
icantly major developments and uses for structure coding have
evolved in pharmaceutical and medical research organizations,
where comparative evaluation of large numbers of complex com-
pounds is a constant requirement.

B. IDENTIFICATION OF CHEMICAL STRUCTURES

Techniques for identifying structural features by numeric or alpha-
betic codes were developed along two major lines: fragmentation
techniques and notation techniques. In a fragmentation code," . .
pre-selected structural aspects of compounds [are represented] by
identifying atoms or groups of atoms (fragments) that have signifi-
cance for later searching."59 These fragments are recorded on
equal terms, but their context is lost. The original structure usu-
ally cannot be regenerated. However, such codes have proved to be
adequate and practical for many purposes.

A notation is a "unique code for the structure of a compound
which uses a group of letters and numbers that can be written essen-
tially on one line."99 Notations are designed to represent complete
two-dimensional descriptions of three-dimensional structures. No-
tation systems here refer to systems designed to be used by chem-
ists, with manual or automated procedures. Thus, notation systems
attempt to "retain the majority of the element symbols already fa-
miliar to the chemist." 70 If new symbols are introduced for fre-
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quently encountered atoms and functional groups, they are often mne-
monically suggestive. Such notations can be organized and printed in
list form to make a useful index, which then can be searched man-
ually or by computer. Notations can also be permuted (the order of
their symbols interchanged) to make a multiple-entry index, just as
titles are permuted to make a keyword-in-context index.

Work aimed toward establishing a major system for handling
chemical information requires the ability to designate chemical
structures precisely and without recourse to structural formulas.
An adequate information-handling system must accomodate not only
all known structural types, but also structural types on which there
has merely been speculation. To this end Tauber proposed an aug-
mentation of the Cahn-Ingold-Prelog (C-I-P) rules for designating
absolute configuration and the addition of a new (specialized) set of
rules to cover a wider range of molecularly dissymmetric structural
types.183 The C-I-P rules claim to cover all known types of dis-
symmetry deriving from tetracovalent and tricovalent atoms. 32 The
molecularly dissymmetric structures for which Tauber suggested
further rules are of two types: (1) substituted catenanes, which are
stereochemically related to substituted allenes and spiro compounds,
and (2) knots, compounds with dissymmetry due entirely to topology,
independent of substitution. The C-I-P convention is inapplicable to
knots and, before it can be applied to catenanes, requires a further
convention for defining the "near groups."183

The performance of a structure information system in a practical
application depends upon several factors, including use (that is, the
nature of the job to be done) and the principles underlying the design
of the system. Two completely distinct and exclusive functions to be
performed by the system have been identified as "description, defi-
nition, or delineation of a structure, and . . . organization of struc-
tures for indexing purposes."lg These are also the functions com-
monly expected of systematic indexing by name.

While the notation form representation of the structure of a chem-
ical compound may be thought of as a ''name," use of the notation in
lieu of the conventional structural formula, systematic name, or
trivial name in all the ways these expressions have been used is not
generally feasible. The use of a notation, for example to convey
structures in speech, appears to be less practical than in writing.
"Even in writing, chemists probably would find notations difficult to
follow when substituted for structural formulas in reaction flow
charts."19 Since the functions of delineation and indexing are dis-
tinet, a technique for serving one function may not serve the other
well. The structural formula, for example, does well in delineating
a structure, but does not function as well as a basic indexing tool.
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Consequently, the designer of a system must choose which of the
functions he wishes to emphasize. The relative emphasis given to the
delineation and to the indexing functions in the design of a structure
information system may be influenced by the use and manner of use
intended by the designer.

One of the problems faced in the introduction of a notation system
is that it represents a new "language' that the user must learn. How-
ever, in notation systems, rules are kept to 2 minimum and are gen-
erally simpler than those for nomenclature. Because of these char-
acteristics, a notation system can be learned quickly and used easily.
Interestingly, it is usually "easier to learn how to decode a cipher,
i.e., to derive the structural formula from the cipher, than it is to
learn to cipher COI‘I‘ECHY."IOI This, of course, is also characteristic
of systematic nomenclature, as suggested above. Nomenclature and
the principles of notation schemes must be taught if chemistry stu-
dents are to learn adequately how to handle their chemical informa-
tion problems.

""Substructure information in notations is carried in the cipher
symbols and their combination; generic retrieval is accomplished
through symbol comparison in a manner analogous to searching via
fragment descril:nl:ors."g’7 The dependence on hierarchical rules and
on an intricate symbol language analogous to the customary system-
atic nomenclature is a handicap; however, the "most serious limita-
tion is that a cipher is a condensed statement of the structure. The
condensation required prejudgment as to what will be of interest in
the way of chemical groupings to future generations of chemists, and
even to those at present whose field is widely removed from that of
the originator of the cipher."73 This deficiency is neutralized to
some extent by the possibility of generating an atom-to-atom con-
nection table from the cipher by way of a computer program and a
topological code.

C. COMPUTERS IN CHEMICAL INFORMATION HANDLING

"It is natural that those working in the information field would begin
to investigate the capability [of the computer]."20 Just as the avail-
ability of punched-card equipment influenced the development of the
fragmentation and notation techniques, so the increasing availability
and acceptance of the computer as an information-handling machine
has opened further possibilities. Topological codes are being used as
structure descriptions showing atom-to-atom connections, with the
atoms as nodes and the connections as branches of a network. In a
sense, such a code "is a mathematical snapshot of the complete
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structure, and the corresponding matrix representation is a numeri-
cal analog and a structural model which can be handled via computer
programs."' 7 The theories and techniques of network analysis that
have evolved in recent years provide the basis for several systems
using matrices to encode structures.

In the practical systems that have been developed, generic infor-
mation is stored within the topological structure code, and retrieval
is determined by the substructure selected for the search. In con-
trast to other methods, the degree of discrimination is optional and
is determined by the choice at the time of search, not by a prior
structure dissection at the time of indexing. Thus, in concept, the
topological description approaches a maximum in coding technique:

a unique, complete description of structure and a flexible, unlim-
ited substructure classification. The code can provide a versatile
method for both identification and generic classification.

The capabilities of computers for information processing have
fostered developments in total systems as well as in techniques for
identifying structures. The Chemical Information Program (CIP) of
the National Science Foundation (NSF), supported on an interagency
basis by the federal government, was established to '"'modernize
existing chemical documemtation services and to develop new con-
cepts and tools for handling chemical information on a large
scale."191 The basic contract with the American Chemical Society,
in particular CAS, during the early years of the program (1965-1966)
called for development of a large registry system for filing informa-
tion about chemical compounds and creation of a file of sufficient
size to test many problems of utility, serviceability, and economics
of the operation of such a system on a national sn::ale.143 Much of the
effort has gone into developing systems for handling chemical struc-
ture that are adaptable to mechanization.

Chemical Abstracts Service contracts with the NSF in 1967 in-
cluded support from the Food and Drug Administration (FDA) and
the National Library of Medicine (NLM). An activity of growing im-
portance was the exploration of potential areas of cooperation be-
tween CAS and other processors and users of chemical information.
Significant progress in this direction was made in 1967 in a joint
effort by FDA and NLM to use the CAS Registry and substructure
search techniques as a common basis for assignment of index terms
and coordination of nomenelature and literature references for chem-
ical substances.” The CAS/FDA/NLM cooperative arrangement
should "produce valuable experience and highlight problems of gen-
eral applicability."154

In addition, the Chemical Society (London) established an informa-
tion center at the University of Nottingham to adapt CAS computer-
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based services to the needs of British scientists and engineers and
continued a program of reciprocal internships through which staff
members of each organization are working in the other's informa-
tion program. In 1967 ""a representative of the Karolinska Institute
of Sweden joined the CAS staff to gain experience in various phases
of computer information-handling operations [and] discussions and
reciprocal exchange visits with German chemical information groups
also continued."7

It has become obvious that the objectives of the CIP cannot be di-
vorced from the multifold computer activities and plans of federal
agencies, of industrial firms, and of leaders in other scientific dis-
ciplines. The interrelationship is brought out in a survey of federal
chemical information and data systems conducted for NSF by the
John 1. Thompson Co. to collect "basic data for use in the planning
of a National Chemical Information Systnf.-m."w2 Information Man-
agement, Inc., made another study for NSF of plans and specifica-
tions for a national chemical information system.lz‘*!l25 Science
Communication, Inc., studied chemical data-compilation activities
at ten major centers and made an exhaustive analysis of many data
services in chemistry to determine the degree of emphasis to be
placed upon data compilations in the design of a national sysl:ern.23
Of course, examination of the needs of chemists must not be limited
to those who practice chemistry or chemical technology alone. "Med-
ical, biological, physical scientists and others, have information
needs in chemistry. . . . By the same token, people whose primary
interests are chemical have information needs in other disci-
plines."2 15

Many problems remain to be solved in the realm of chemical in-
formation handling. Among them are: (1) automatic analysis and
coding of the textual and diagrammatic materials that are found in
the chemical literature, (2) better knowledge of the chemists' spe-
cific needs for information in a wide variety of environments, (3) de-
velopment of ""conversational'' systems that guide the searcher to
improve his questioning technique through partial and intermediate
answers produced by the machine system, and (4) improved tech-
niques for comparing and evaluating the economics and utility of
different information systems and t;echniques.w1

These are "problems that exist as general problems in informa-
tion retrieval, but each has special importance for chemical infor-
mation systems. [In addition] four problems are peculiar to the
chemical information field." 101 These are (1) computer composi-
tion of structural diagrams for transient display and for preparation
of graphic-arts materials, (2) the handling of information dealing
with inorganic chemistry (the small amount of work produced in this
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area to date is, in general, less advanced than that produced in or-
ganic chemistry), (3) classification approaches commensurate with
the logical characteristics and capabilities of computers, and (4)
methods for adequately correlating structural features of materials
with functions and properties and for predicting structures having
specified properties and uses.

D. SCOPE OF THIS REPORT

Since the appearance of the National Academy of Sciences—National
Research Council reports, Survey of Chemical Notation Systems
(1964) and Survey of European Non-Conventional Chemical Notation
Systems (1965), the literature dealing with chemical information
handling has burgeoned impressively. Those two publications were
based on first-hand study of on-going projects and operating instal-
lations. They were not concerned primarily with the literature of
their subject areas, but major references up to 1962 were cited in
them.

The present report reviews the published literature from the
period of those two reports through the spring of 1968. Specifically,
it includes the papers presented at the April 1-5, 1968, symposium
on Chemical Notation Systems sponsored by the Division of Chemical
Literature of the ACS. A very few more recent references are also
covered.

The word "'published"” in the context in which it is used here in-
cludes technical reports as well as journal articles, books, and pub-
lished proceedings. It also includes papers presented at professional
society meetings that were distributed as preprints or as copies
made available by the authors.

As the literature was analyzed, it fell into several categories of
specific discussion. The flow and interrelationships of these cate-
gories are reflected in the Contents. The arrangement reflects the
interests and viewpoints of the members of the Committee on Chem-
ical Information. In addition to documents pertaining to particular
categories, there are several of broad scope that serve as back-
ground or summaries of the entire subject of the report. For exam-
ple, worldwide chemical information facilities were extensively sur-
veyed by the NSF14% as a contribution to the study jointly sponsored
by the International Council of Scientific Unions (ICSU) and the United
Nations Education, Scientific, and Cultural Organization (UNESCO)
of the feasibility of a worldwide scientific information system. The
report covers the full range of services from traditional publica-
tion through the developing computer-based systems. The survey is
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"concerned with documentation rather than oral communication and
with recognized systems . . . rather than informal systems. . . ." No
attempt was made to evaluate, although illustrative comparisons
were made; the overview is descriptive in nature. An extensive bib-
liography and a glossary of terminology were appended.

Lynch reviewed and compared various representations that have
been suggested for describing the topology of chemical moleculeslzo;
his paper includes a good bibliography. Developments in chemical in-
formation handling are examined broadly in the chapter by Tate en-
titled "Handling Chemical Compounds in Information Systems"lal
appearing in the Annual Review of Information Science, Volume II
(1967). Pertinent developments of 1966 are covered, as well as major
developments prior to 1966. A most useful bibliography is included.
Other documents of a general or review nature have been cited in the
present review in the sections relating to the individual topics cov-
ered.

In analyzing, summarizing, and organizing the literature and in
compiling this review, extensive use has been made of the terminol-
ogy and mode of expression of the authors of the articles cited. Such
passages are quoted, with references to their sources, but with spar-
ing use of quotation marks to make for easier reading of the text.
The authors' own words were used in this way to ensure clarity and
to avoid possible misinterpretation.
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SYSTEMS FOR STORING
AND SEARCHING
CHEMICAL STRUCTURES

A. PURPOSES AND USES OF SYSTEMS FOR SEARCHING
CHEMICAL STRUCTURES

The fundamental method of depicting organic chemical structures in
documents is by structural diagrams, or, as has been said, the ". . .
common denominator to the heterogeneous technical knowledge that
must be managed efficiently is chemical structure."13 Such dia-
grams convey for a given specific substance (a) what elements are
present, (b) which atoms are connected to each other in a molecule
of the substance, and (c) by what types of bonds they are connected.
For purposes of information retrieval, chemical structures can be
represented by graphical diagrams, nomenclature, fragmentation
methods, or methods of complete representation.

The latter can be further distinguished, especially in connection
with the effective computer-based management of chemical structure
information, as two-dimensional arrays of characters representing
structures, as do the usual structure diagrams (e.g., the machine
stores a set of characters and their coordinates), atom-by-atom and
bond-by-bond listings of the parts of the molecule (either in list form
or as a set of matrices), and notation schemes or linear ciphers
(one-dimensional arrays of symbols that represent the topology of
the molecules).

Fragmentation methods are based on the principle that various
atoms and groupings of atoms occur in molecules and that concur-
rences of such groupings are of importance in retrieving the struc-

10
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ture. Two limitations on these methods are that multiple occurrences
are not noted in most fragmentation schemes and that there is usu-
ally no indication of which fragments are bonded to which or of what
atom of a fragment is used for attachment. "A fragmentation method
of representing structures is [in effect] a coordinate indexing scheme
in which the structure fragments . . . are the indexing terms."185
The terms are chosen arbitrarily and in advance.

There are a number of operating information systems based on
fragmentation schemes, and their continued use is evidence of their
value. But what is considered a satisfactory scheme for represent-
ing structures is strongly dependent on the requirements put on the
system. What works well for recovering information from a rela-
tively small file covering a restricted field of chemistry might not
be adequate for, or even adaptable to, retrieving information from a
file approaching universal coverage, such as that of the U.S. Patent
Office or that of the Chemical Abstracts Service (CAS).

Complete representations can include notations or ciphers, con-
nectivity tables, topological coding schemes, and related devices.
The fundamental advantage of a mode of complete representation is
that the original structure diagram can be reconstructed because no
information has been lost. ""Each of the unambiguous representations
is isosemantic to the structure, and, of necessity, each is isoseman-
tic to each of the other unambiguous representations of the same
structure.'185 By any of the systems of complete representation,
the chemical structure can be presented in a machine-usable form,
at least to the extent that the systems have been worked out. The use
of one such system rather than another is, as suggested earlier, a
matter of expediency, personal preference, and the requirements put
on the operating system.

This report reviews developments in structure-searching sys-
tems through the spectrum of fragment codes, linear notations, and
topological and graphical coding systems,” ' ranging from systems
easily applied and familiar to chemists, through systems requiring
extensive rules but still recognizable to chemists, to systems de-
pending on manipulations within a computer to describe structural
features.

B. FRAGMENTATION TECHNIQUES

As defined in Survey of Chemical Notation Systems, fragmentation
codes assign code designations or terms mainly to specific groups
of atoms and bonds. The results are ambiguous codes that are not
completely descriptive of structures. As explained in that report,
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fragmentation-type codes were applied early for correlation studies,
and several systems then in operation were described in detail. Some
have undergone further development and are reviewed here along
with systems designed and put into operation since that report was
written.

National Cancer Institute

The Chemical Information Retrieval System at the Cancer Chemo-
therapy National Service Center (CCNSC) of the National Cancer In-
stitute was established for a broad analog searching of chemical
structure.9! It is based on the National Bureau of Standards Peek-a-
Boo System, which uses cards in the form of 5 x 8 inch, 8-10 mil
vinyl plastic sheets. One or several descriptors are used for selec-
tion by overlaying the plastic cards; the search can be varied if the
desired information is not found or, conversely, if too much "chaff"
appears.

Changes that have been introduced in the system of coding chem-
ical structures involve the ring systems and the fragment chains. In
earlier sets of descriptor cards, only aromatic rings, plus a few
special heterocyclic rings, were recorded as units. Partially hy-
drogenated aromatic rings were split into fragments. In the present
system, all fused and spiro rings are kept intact as indexing units.
Each ring system in the Ring Index has a serial number that is coded
into the Peek-a-Boo cards. A special group of 44 cards is numbered
for thousands, hundreds, tens, units places (10 cards each), and the
tenths place (0.1-0.4). A four-place serial number, the Revised Ring
Index Number (RRI#), is punched into the four appropriate cards. It
is stated that more than 10,000 ring systems can be recorded and re-
trieved with these cards.9! Occasionally, two or more ring systems
may occur in the same structure. About 22 of the most common and
frequently occurring rings have been entered on separate cards,
partly for easy retrieval and partly to reduce the need for punching
two numbers for the same compound, with false readings of numbers
resulting during retrieval. To retrieve ring systems in a more gen-
eral way, descriptors may be used. The prefix "hetero' refers to
substitutions in rings of elements other than carbon; several hetero
number cards may be punched, depending on how many ring systems
there are in one compound. The new method for coding ring systems
has been found to be very specific when using the RRI# and quite gen-
eral when using the allied descriptors, so searching time is lessened
and fewer false drops occur.

The fragment chain is defined as a series of atoms, linked bne to
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the other by single or multiple bonds in which there are no singly
bonded carbon-to-carbon atoms. Most organic radicals and func-
tional groups attached to carbon chains or aromatic rings are in-
dexed as units if there are less than four atoms in the radical or
group. The revision introduced in the treatment of fragment chains
involves groups having four atoms in a chain or those having three
atoms in a chain plus one or more branches on the chain. A special
group of sixty plastic cards is used to code the large number of com-
binations possible with nitrogen, oxygen, phosphorus, sulfur, and car-
bon in any one of five positions in a chain. An order of preference
has been established for coding these chains. Over 300 different frag-
ment chains have occurred in the first 5,000 organic compounds re-
ceived in one year (1964). A fragment chain may be wholly or par-
tially included in a heterocyclic nonaromatic ring, in which case it

is coded both as a fragment chain and by its RRI#.

Abbott Laboratories

The punched-card file of chemical and biological data at Abbott Lab-
oratories, described in Survey of Chemical Notation Systems, is
being converted to a tape-oriented computer system.134 A fragmen-
tation system is used for indexing and retrieving chemical struc-
tures. A complete interpretation of the structures and information
for the investigator was desired—a printed record that would remain
up-to-date as new data data were accumulated and that would be in a
language familiar to the investigator. The organic chemical fragmen-
tation code describes chemical compounds according to ring sys-
tems, carbon chains, and functional groups present. The code is a
multiple-punch code representing structures in tab cards for ma-
chine searching. Structures are also hand-drawn on the tab cards
into which they are coded. This multiple-punch code was converted
from the earlier electronic accounting machine (EAM) system in
stepwise fashion to the tape record for computer searching.

Organic chemicals are most commonly expressed and understood
in terms of two-dimensional structural formulas. Therefore, the
HECSAGON chemical structure display proposed by Horowitz and
Crane at Eastman Kodak Co. is used for computer printout of chem-
ical structure. (This system is discussed in a later section of this
review.) The structure of each compound is drawn on quadrille-ruled
paper, edited, and key-punched, using one card per line of structure.
One person working about three days per week drew some 20,000
HECSAGON structures in seven months. A computer program was
written to compact the HECSAGON structures onto magnetic tape
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and print them out from the tape with the Burroughs 280 computer.
In this way the investigator will receive a printed structure of each
compound that meets the requirements of his search request.

Still another card file had to be generated for input to the tape
record, giving for each compound the molecular formula, the source,
the notation of any clinical work, and the date of coding. This card is
used with a computer program to compute the molecular weight for
each compound, and a new card is then generated containing the pre-
ceding information as well as the molecular weight. This is the first
card read onto the tape record of a compound. Biological data are
contained in two major card files, one containing toxicity and symp-
tomatology data and the other containing screening data. The com-
puter program to interpret and print these data is a very significant
asset to the automated system. The tape record of a compound, then,
contains the following information: Abbott number, molecular weight,
source of the compound, notation of any clinical work, accession
date, molecular formula, two-dimensional HECSAGON structural
formula, chemical-structure search code, toxicity and symptomatol-
ogy information, and data from screening programs. Any part of the
record can be searched and printed out as desired, with the excep-
tion of the HECSAGON formula, which is used for printouts only. In
a search, the "hits' are written onto a hit tape, which is then used
with the print-edit programs to interpret and arrange the output in
any order desired. The hit tape is retained until the user is satisfied
that the output has been arranged in as many classifications as he
needs.

Kodak Research Laboratories

Kodak Research Laboratories at the time of the Survey of Chemical
Notation Systems had a system under development to index and re-
trieve chemical information from a large collection using tabulating
cards and standard tabulating equipment. Provisions have since been
made for storage and searching using computers. (&

Various features of chemical structure are separated into several
major groupings. Each major grouping is assigned to a separate
card, and specific columns in that card are assigned to the various
functional groups that may be a part of the major group. For exam-
ple, oxygen functions outside rings are recorded on one card, and
specific columns are reserved for specific groups such as carbon-
oxygen, oxygen—hydrogen, or carbon-oxygen-hydrogen. The cards
are filed in order of the major groups and can be divided into sub-
decks by specific function. The column reserved for one functional
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group can also show the manner in which the functional group is con-
nected to the other atoms in the molecule and the number of times a
functional group connected in a particular manner is present in the
molecule.

It is claimed that many thousands of compounds can be placed in
the system before it becomes too unwieldy for sorter-collator
searching so that conversion to computer operations is required.
However, no report of operating experience with this system has
been found.

Rotadex and RotaForm

Another system under development at the time of the Survey of
Chemical Notation Systems is the Rotadex (Rotated Index) of the In-
stitute for Scientific Information (ISI). "The proposed system is a
multiple listing of the molecular formulas and generic structural
codes for chemical compounds."52 The four-place structural codes
to be used in Rotadex are generated by looking up key aspects in four
tables of chemical features. The assignment of chemical features to
these tables is tentative. As an example, N, N-dibutylacrylamide
could be coded 99 QT; the first 9 describes the absence of any homo-
cyclic ring structure or spiro configuration, the next 9 indicates the
absence of any heterocyclic ring structure or bridge configuration,
Q shows that only one of five chemical configurations of oxygen or
sulfur is present, and T indicates a tertiary nitrogen and a double
or triple bond. The addition of a fifth character to the codes might
be useful if it were desirable to indicate additional chemical features
such as the presence of metallic salts, organic salts, polymers, or
incompletely known structures. With four characters, one may write
324, or over a million, different structural codes. Though almost
every one of these codes is theoretically acceptable, they will not,
of course, find equal use in actual applications. From a study of use
frequencies will come improved assignment of chemical features to
the tables.

The Rotadex structural codes were designed to facilitate the un-
ambiguous assignment of compounds to proper categories. Generic
searching with Rotadex is facilitated by a fixed-column format. The
rotation of molecular formulas and chemical codes is performed
without actually moving the characters out of their fixed-column
positions. Though proposed as a system to facilitate hand searches
of printed indexes, Rotadex would seem to be suited to mechanical
and computer searches also. No report of operating experience with
the system has been found.
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Another proposal from ISI suggests a rotated formula index, Rota-
Form Index, prepared as a by-product of the molecular formula in-
dexes to Index Chemicus. The computer duplicates the formula as
many times as there are different elements. A search for compounds
containing a specific element is facilitated because all the elements
are sorted alphabetically. The RotaForm Index supplements the con-
ventional formula index, permitting a limited range of generic
searches, and is particularly valuable for a search involving the less
frequently occurring elements. This index ""simply advises the
reader which molecular formulas contain a particular combination of
elements.""66 As a hypothetical example, C23 H20 Al2 Br3 F4 Na2 P3
would be repeated under the following arrangements:

Al2Br3F4Na2P3C23H20
Br3Al2F4Na2P3C23H20
F4A12Br3Na2P3C23H20
Na2Al12Br3F4P3C23H20
P3AI2Br3F4Na2C23H20

Again, no report of operating experience for this suggested tool
has been found.

University of Dayton

A fragmentation scheme employed by the University of Dayton is
based on the concepts of basic structure, substituents, and connec-
tors, which make possible the handling of a large number of organic
compounds by means of a relatively small number of fragment
terms. 99 Basic structures are named according to the International
Union of Pure and Applied Chemistry (IUPAC) nomenclature, except
for widely used common names; in more complicated compounds,
the basic structure is determined by the most important functional
group.

Atoms, groups, or radicals that usually replace a hydrogen atom
in an organic compound are used in the system as substituents. Sim-
ple substituents retain their identity, but more complicated ones are
fragmented. Claims made for the system are (1) its ability to re-
construct any organic compound from its fragments, (2) its ability
to search for a specific organic or organometallic compound, and (3)
its ability to search for a class of compounds. This capability is ef-
fected by the use of a special device called "U.D. Connectors,' which
are sets of two consecutive digits indicating the connection of a sub-
stituent with a basic structure.
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This fragmentation system has been applied to organometallic
compounds, metal complexes, and organic compounds of boron, phos-
phorus, and silicon. The system is designed to accommodate a large
number of organic compounds by means of a relatively small number
of fragment terms. As a consequence, there is some degree of un-
certainty, and screening of the search output is required. But index
and abstract cards provide the necessary information, so the screen-
ing does not require reference to the original documents. Materials
are associated with properties and processes by means of links suf-
ficient to designate the correlation of an organic compound with a
physical process, a property, or a use.

The system has been extended to an indexing vocabulary and cod-
ing system for high polymera.“‘\'0 The vocabulary is based on avail-
able nomenclature schemes, such as those of IUPAC and Chemical
Abstracts (CA), as well as on common or trivial names.

Imperial Chemical Industries, Ltd. (ICI)

In the Pharmaceuticals Division of ICI, the research department has
synthesized and examined for physiological activity over 50,000 dif-
ferent organic compounds submitted for nearly half a million sepa-
rate biological examinations covering the fields of both human and
animal diseases. ""To provide rapid access to this vast amount of in-
formation, the technical relations and intelligence section has in-
stalled an International Computers and Tabulators Ltd. (ICT)
punched card system, including a system designed for the represen-
tation of chemical structure on punch cards.'74 This system was
discussed briefly in Survey of European Non-Conventional Chemical
Notation Systems.

The code used is basically a fragment code showing some linkage
between the fragments. Altogether there are 288 coding features, and
the majority of compounds are represented by between twelve and
twenty of these features. The chemical code occupies twenty-six
columns of an 80-column card; the remaining portion of the card is
allocated to availability of sample and biological test data. By the
last quarter of 1962, when the collection approached 50,000 com-
pounds (at a growth rate of about 5,000 compounds per year) and
searches totaled 25 a month, the saturation point had been reached
for the system then in operation. There was also a gradual change
in the type of question asked. Questions were increasingly directed
toward searching for structures in which atoms occur in specific
order, requiring the machine to search for numerous alternate pat-
terns in one card passage.
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As a result of these demands, the newly developed ICT 335 statis-
tical sorter, linked to a summary gang punch, was installed. This
machine has an increased capacity for pattern selecting, so searches
can be grouped. It also has the ability to extract information from the
card and to reproduce it in punched-card form by way of the sum-
mary gang punch, thus preserving the sequence of the master file.

A new service available to the biologists and chemists is the anal-
ysis of their work on a particular disease at suitable intervals. Often
these analyses cover only one or two chemical classes, but some-
times, for statistical purposes, it is necessary to give full cover of
the entire file of compounds for which testing and activities have
been recorded. Such information calls for counting the frequencies
with which fragments of molecules occur in both the active and the
inactive compounds and presenting the results in the form of prob-
ability tables for further study by the research team. Master cards
contain chemical code, reference number, details of all biological
tests performed, and availability of samples. Detail cards contain
new biological and sample data to be transferred to master summary
cards. Catalogs, some in the form of dual dictionaries, have been
compiled. They provide guidance to the structure of compounds, each
of which is given a serial number. Some of the questions require the
structures to be searched atom-by-atom; the present system allows
for conversion to computer operations, via punched cards or tape,
whenever necessary.

Another system, based on numerical codes, was developed at the
Fine Chemical Service of ICL33 The system was operating with
punched cards, but it was decided to program typical searches ex-
perimentally for a Pegasus computer. The technique for coding the
file items was based on prime numbers, which resulted in savings
in storage space.

In the punched-card system, different structural features were
identified (for example, ring systems, amines, chlorides), and fixed
positions on a card were allocated, one to each feature. By analogy,
bits could have been set aside for recording structural features in
the tape system and, if a compound contained a particular feature,
the corresponding bit would have been made unity. But only a small
fraction of the possible configuration of bits would have been used,
resulting in inefficient utilization of storage space. Therefore the
first 208 prime numbers were allocated to the 208 structural fea-
tures. For any chemical compound, the primes corresponding to its
structural features were selected and multiplied, and the resulting
product was used as the code number for the chemical compound.
The presence of a particular set of structural features is tested by
dividing the code number by a factor formed from the primes for the
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corresponding features and testing for zero remainder. The program-
ming is no more complicated than the alternative of using collate and
not-equivalent operations followed by a test for zero result. No re-
port of operating experience with this system has been found. More
recent system developments at ICI are reviewed in later sections of
this report.

BATCH Number Fragmentation Codes

As early as 1953, Wiswesser had proposed for organic compounds a
Formula Index Number consisting of five simple numeric measures,
each having possible values from zero through nine.97 This struc-
tural "atomic' code was given the mnemonic designation BATCH
Number. In 1964, the definitions for the assignment of B and A digits
were revised on the basis of statistical study; the current assign-
ments are: the B digit relates to the nature (and number) of rings in
the structure; the A digit relates to the nature (and number) of atoms
present other than carbon, hydrogen, and oxygen; the T digit indi-
cates the number of atoms present other than carbon and hydrogen;
and the C and H digits are based on the carbon and hydrogen atom
counts. -

"The BATCH Number has been demonstrated to be of value in the
organization of structural-atomic indexes, which have been termed
BATCH Directories."13 Additional search discrimination can be ob-
tained from the BATCH Number by maintaining a single order of the
measures but treating various digits as primary, secondary, etc. in
sorting to a numeric order. For example, when the BATCH Number
is treated as a conventional five-digit number, rings are given pre-
cedence over the type and number of atoms present. When the A
digit is treated as primary, the T digit as secondary, the B digit as
tertiary, etc., types of atoms are given precedence over rings.

The BATCH Numbers also have proved effective in the manage-
ment of small collections in nonmechanized card files.12 Color cod-
ing facilitates the use of such files.

Since the BATCH Number, as a nonunique code notation, only fo-
cuses a search on a small number of entries, some further discrim-
ination must be provided. For storage and retrieval purposes, each
chemically distinct functional group or similar structure fragment
can be assigned an arbitrary address. These addresses constitute
a fragmentation code. In fact, some degree of meaning can be worked
into the assigned addresses, and to this extent a fragmentation code
becomes a fine-structure elaboration of a general classification
number, that is, it becomes a fragmentation number. Fragmentation


http://www.nap.edu/21566

20 CHEMICAL STRUCTURE INFORMATION HANDLING

codes have long been used in hand, edge-notched card, and punched-
card management of organic compound files. Such traditional codes
can be entered into a computer, there serving as tools for the an-
sweringlof search questions and the preparation of listings by such
codes.1

FMC Corporation

At the Niagara Chemical Division of FMC Corporation, a chemical
structure system not covered in the Survey of Chemical Notation
Systems is "based upon a combination of empirical formula and
functional group classification,"” and is adaptable to data processing
equipmem‘..208 The functional group classification is based upon the
classical approach to organic chemistry; the distinctive features of
the system are the handling of oxyacids and the handling of the ring
systems.

The various categories of oxyacids having central atoms of va-
lence 2, 4, or 6 are designated on the basis of the corresponding sul-
fur acids, viz., sulfenic, sulfinic, sulfonic, sulfurous, sulfuric. By
combining a search for the appropriate derivative in the oxyacid sec-
tion with a search for the particular element involved and the analog
punch, retrieval of selenium oxyacids and their distinction from the
corresponding sulfur acids are relatively simple. In the same man-
ner, the oxyacids having central atoms of valence 3, 5, or 7 are de-
fined on the basis of the corresponding phosphorus acids. Again,
multiple searching by combination punches allows distinction be-
tween phosphorus acids and other acids having the same central atom
valence, such as those of arsenic, antimony, or boron.

The handling of ring systems is a difficult aspect of the coding of
organic compounds. The FMC system is based on the total number
of rings present in the molecule and their types. A problem arose in
attempting to devise means for classifying bicyclic, heterocyclic,
and heterobicyclic compounds. In the case of bicyclic or polycyclic
ring systems, the basis is the length of the chains joining the bridge-
head atoms of the bicyclic structure. The handling of heterocyclic
rings is further complicated by the need to distinguish between the
various heterocyclic rings in a particular compound. They are clas-
sified first on the basis of the number of oxygen, nitrogen, or sulfur
atoms in the ring. The heterocyclic rings within the molecule are
further classified starting with the largest ring. When two or more
rings in a molecule are of the same size, the ring having the great-
est number of hetero atoms is given priority, and so on, in de-
scending order.
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Crompton and Knowles Corporation

A numerical system of coding organic structures by functional groups
has been employed in a chemical information retrieval system at the
Crompton and Knowles Ct::rpora.tic-n.5’s The "code is most useful with
small to medium-sized collections of structures,” and approximately
2,500 structures have been coded by the method. Each structure is
coded as a six-digit number, each digit having a value from zero to
nine. These six digits are selected by consideration of: (1) skeletal
structure; (2), (3), (4), and (5) location and composition of hetero
connectives and functional groups; and (6) carbon count of the struc-
ture. The first (left) digit indicates skeletal structure or ring num-
ber. Since the company is concerned primarily with textile dye inter-
mediates involving especially high percentages of naphthalene and
anthraquinone structures, the use of this digit was modified to give
special treatment to these frequently occurring structures. The next
(center) four digits indicate directly the presence (to a maximum of
four) of hetero atomic connectives and functional groups included
within or attached to the basic skeletal structure. These digits and
their order in the code are determined by visually scanning the
structural formula according to listed search-order phases. Hetero
connectives and functional groups found during each of the search
phases are cited in the order determined by their established order
of precedence. After four digits have been listed, any remaining pos-
sibilities are ignored. Search-order phases take precedence over
functionality. The last (right) digit of the code number is the units
digit of the carbon count in the empirical formula of the compound.

Case Western Reserve Medical Coding Scheme

A chemical coding scheme developed for use in the Comparative Sys-
tems Laboratory (CSL) of the Center for Documentation and Com-
munication Research, Case Western Reserve University, is contained
within the Medical Coding Scheme (MCS) developed there. The end
product of MCS is a faceted-type thesaurus in symbolic language
suitable for computer handling, which arranges index terms by em-
ploying individual classification schemes for various subject groups
of terms.18

One of the categories within MCS is the chemical coding scheme,
which provides a classification scheme and encoding method for
drugs and chemical terms. The chemical code is based on the frag-
mentation principle, with chemicals classified by the type of units or
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groups present. The code does not assign any importance to the se-
quence in which the functional units appear, and each group is coded
individually without reference to other parts of the molecule. Each
code may be thought of as an entry in a faceted-type thesaurus in
which chemicals sharing certain characteristics are grouped to-
gether, facilitating cross-searching. The thesaurus-like relation-
ships of the code allow searching on an extensive basis.

The chemical divisions are: (1) inorganic, dealing with all chemi-
cal elements and their compounds; (2) organic, carbon-containing
substances, subdivided into aliphatic and alicyclic, and aromatic and
heterocyclic; and (3) organometallic, compounds having carbon-—
metal bonds, the word bond being taken to include all types of chem-
ical combinations or linkages that do not involve an intermediate
atom. The CSL dictionaries include approximately 11,000 terms,
2,500 of which are chemical terms employing the chemical coding
scheme.

According to the authors,18 the chemical coding scheme, like
other systems, has faults and limitations. Among the most important,
as shown by use, are the following: (1) the codes were limited by the
system to eight punches on the IBM card, (2) not all compounds be-
longing to a particular structural system will have the same general
chemical classification, (3) there were difficulties in setting up mu-
tually exclusive classes and in arranging the order in which char-
acteristics or division should be applied, and (4) no generally satis-
factory way exists for classifying organic compounds as to aliphatic,
aromatic, or heterocyclic character.

Gordon Hyde Science Communications

The London firm of Gordon Hyde Science Communications has pro-
posed a coding system for chemical compounds to be used in docu-
mentation retrieval. The compounds are identified by a seven-digit
code in place of combinations of descriptors.34 The system is said
to be superior to word-indexed systems in specificity, in storage
capacity, and in simplicity of programming for updating and re-
trieval. It is compatible with manual, microfilm, punched-card, or
computer retrieval and can be used as a machine language between
different types of retrieval. With a total capacity of more than
300,000 descriptors, some 700 of which are used in the chemical
code, the system is claimed to have the capability of covering every
field of chemical technology and research with addition of suitable
subject descriptors.
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GREMAS System

Generic Retrieval by Magnetic Tape Storage (GREMAS) was de-
scribed in Survey of European Non-Conventional Chemical Notation
Systems as "widely useful and worthy of further trials." Further ex-
perience with this faceted classification system in organic chemistry
was described at the Elsinore (Denmark) Conference on Classifica-
tion l?.esnaa.r-‘.‘.h.6

JICST Code

The Japan Information Center of Science and Technology (JICST) has
been conducting, since 1963, retrieval experiments using a fragmen-
tation code, linear cipher, and atom-by-atom topological code. The
advantages and disadvantages of the respective systems have been
examined.189 The results of the comparison were tabulated as Table
1 illustrates.

JICST concluded that a fragmentation code seems to satisfy its
requirements and is now developing its own system. In looking to
future developments, the center concludes that even if an atom-by-
atom topological system is to be implemented eventually, a fragmen-
tation code system will still be necessary for screening purposes.

TABLE 1 JICST Comparison of Systems2

Fragmentation Linear Atom-by-Atom
Code System Notation System Topological System
Encoding Simple, and easy to  Voluminous rules, Rules are the sim-
Rule understand, but taking much time plest of all three,
needs chemical to understand. and anyone can
knowledge. Chemical knowl- encode.
edge needed.
Code List List needed, but far List unnecessary. List unnecessary.

less in volume than
old systems.
Encoding Average of 1 or 2 Average of 5 min- Average of 15 min-

Speed minutes per chem-  utes per chemical utes per chemical
ical compound. compound. compound.
Input Data 60 characters per 477 characters per
chemical compound. chemical compound.

ZThe particular systems were not further identified in this reference.
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Silk Fragment Code

At the meeting of the American Chemical Society (ACS) in San Fran-
cisco, April 1968, Silk described a notation-based fragment code, 162
The notation is used to construct meaningful code terms for molecu-
lar fragments, thus providing greater flexibility and specificity than
a system based on a predetermined set of fragments. The code has
been applied to pesticide patents and currently provides the means
of searching nearly 20,000 patents to retrieve comparisons for pur-
poses of analysis and correlation.

The chemical code was derived mainly from the original Silk no-
tation described and referenced in Survey of Chemical Notation Sys-
tems and in Survey of European Non-Conventional Chemical Notation
Systems. Considerable modification was needed to make the system
suitable for fixed-field coding on punched cards. The card system
has been supplemented by a computer-based technique that provides
comprehensive classified lists of patents. The format of these lists,
consisting of standardized one-line notation entries, makes them
easy to scan. Many queries can be answered by inspecting these lists
instead of searching the file. The two systems thus complement each
other usefully.

C. LINEAR NOTATION SYSTEMS

Notation systems offer a concise representation of structure and a
useful tool for indexing chemical literature. As previously men-
tioned, two of the possible means for the retrieval of chemical struc-
tures are a selective, nonunique fragment code that permits retrieval
of a group of structures, and a unique notation that allows unambig-
uous retrieval of a single structure. In Survey of Chemical Notation
Systems, the phrase ""chemical notation" was used for any represen-
tation of a chemical compound, and more specifically for non-con-
ventional representations. There the term "notation' was equated
with the phrase ""chemical code,' further characterized as classifi-
cation code, fragmentation code, topological code, or unique, unam-
biguous notation completely descriptive of structure. It is in the latter
sense that the phrase '"linear notation system'' (usually shortened to
"notation system'") is used in this review, that is, as a system for
the unique and unambiguous linear representation of chemical struc-
ture,

The fragment codes discussed in the previous section offer the
advantages of a system that can be mastered by the user in a short
time and that even provides him with a classified directory of struc-
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tures. Notation systems, discussed in the present section, also offer
some ease of use. "A chemist can write notations for relatively com-
plex structures more readily than he can write correct systematic
names."19

If a notation is used for the construction of a manually operated
type of index, such as a card file or a list, the principles used in de-
signing the notation will control the type of organization of structures
that will result from alphabetizing the notation. The system of rules
will put certain features of structures into indexing prominence and
will subordinate other features that will then be scattered throughout
the index. Consequently, the index will perform poorly for manual
use if the subordinated features are the items in which the searcher
is interested. However, machine manipulation of notations can over-
come this type of problem, and the systems to be discussed next have
developed such machine techniques.

The design of a linear notation system and the clarity of the sys-
tem's presentation have a marked effect on the ease and accuracy of
its use. It is extremely difficult to design rules to handle all foresee-
able situations and to state them with precision and clarity. This dif-
ficulty is reflected in coding accuracy. Any individual coding at a
reasonable rate of speed and not going back over his work is going
to have some significant level of error. Even after independent
checking of the coding effort, residual error of some magnitude
probably remains.

Notations, to be successful, must operate with a set of logical
rules; but inevitably, changes will be made in notation rules, which
may necessitate extensive revisions in notation indexes. Computer
programming, however, can make file changes practical with sur-
prisingly little manual effort.

The sheer magnitude of the problem of indexing chemical infor-
mation will force changes from past practice. The use of notations
could significantly reduce the amount of cross-indexing required.
Consequently, newer techniques have been, or are being, tested and
evaluated in the effort to develop even more effective tools for
searching structures.

The two ciphers or notation systems of major interest over the
past several years are the Wiswesser Line Notation and the IUPAC
(Dyson) notation system. The former has been applied broadly in a
number of installations. The latter has had limited use. Several
other systems have been developed for specialized operations.

Wiswesser Line Notation (WLN)

The Survey of Chemical Notation Systems listed five organizations
and individuals using the Wiswesser notation in active or experi-
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mental information-retrieval systems. As of June 1968, the list had
grown to thirteen, at least three of which have encoded over 100,000
structures in Wiswesser notation.

Development has taken place in the four main areas discussed
below, 166

1. Permuted notation indexes Studies have been made of the
feasibility of permuted indexes of Wiswesser notations and of meth-
ods for producing them by means of tabulating equipment for small-
scale files and computers for large-scale files. (These studies are
reported in more detail later in this section.) Programs exist for
making permuted WLN indexes on UNIVAC, IBM, Honeywell, Bur-
roughs, and GE computers.

Such indexes serve very well to locate ring systems, functional
groups, and structures that are expressed explicitly in the notation,
but they are not convenient for locating structures that are only im-
plicit in the notation. Searching for the latter structures would re-
quire computer processing of the notation itself.

2. Algorithms and computer manipulations Exploratory and
experimental computer programs for the manipulation of Wiswesser
notations have developed in several directions: (a) machine checking
of correctness of encoding, (b) machine conversion from card input
to magnetic-tape registry files and information files, (¢) machine
fragmentation of notations to give an inverted searching file, (d) ma-
chine searching of files, (e) machine printout of recognizable struc-
tural formulas from notation input, and (f) machine production of
connectivity tables from the notations.

3. Organization of users of the Wiswesser notation In the spring
and fall of 1964, a group of nine chemists met to study and vote on
proposals for changes in the Wiswesser notation rules. The nine
agreed to form an organization, The Chemical Notation Association,
to act as an official body for standardizing and controlling the rules
of the notation and to further its development in other ways. There
was need, for example, to specify the procedures for controlling the
rules of the notation, which, of course, must grow and change with
the growth in knowledge about chemical structures. The group in-
cluded individuals with extensive encoding experience who had ac-
cess to sufficiently large files of notations to enable them to test
proposed rule changes experimentally, and who wished to share the
responsibility of controlling the development of the notation on the
basis of experimentally acquired evidence.167

4. Revision of the Wiswesser manual The revision of the Wis-
wesser manual, including the latest changes considered, was car-
ried out under the guidance and control of The Chemical Notation
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and reflects the accumulated experiences of some thirty chemists
in encoding several hundred thousand structures. This revised man-
ual, published in 1968, describes in detail the Wiswesser chemical
line notation system.167 It gives complete encoding and decoding
instructions for most classes of compounds.

Times required for learning the Wiswesser notation from versions
of the revised manuscript were recorded by The Chemical Notation
Association.166 They found, in one instance, that a beginner can start
encoding compounds, at least the simpler ones, within a few days to
about two weeks. Within three months, coders can be fairly proficient
if they are doing a considerable amount of encoding. In another exam-
ple, it was found that a chemist learns the notation in two weeks. Dur-
ing this time he reads the manual, handles problems, encodes struc-
tures coming into the system, and reviews his errors after the
notations are proofread. After two weeks, very little supervision is
necessary because all proofread notations are routinely returned to
him for inspection of errors. Subsequent coding practice seems to
increase speed markedly but does not greatly affect error rate.

Members of the association state that they consider the notation
to be: (1) the easiest, cheapest, fastest method of preparing com-
puter input of this type; (2) the most concise representation of struc-
ture they know; (3) capable of serving as its own registry-file device;
(4) a language convertible by computer program to many other forms;
(5) a language useable from the lowest level of mechanization through
hand-operated edge-notch cards and other simple systems, to
punched-card systems, to small computer systems, to the largest
computer installations; and (6) an indexing device for chemically
oriented literature that is capable of offering an almost perfect list
of unit terms or descriptors. One does not need a thesaurus, there
are no synonyms or homonyms, there is no redundancy in meaning,
and great conciseness is the rule, 166

The Wiswesser Line Notation represents an important advance in
the efficient machine handling of information about chemical struc-
tures. Granito and his co-workers suggest that the notations are in-
telligible at sight to any chemist who studies them, so it is possible
to employ computer preparation of chemical structure indexes with
which many generic structure searches can be made without addi-
tional use of the computer.'m

The system uses a blank space as a symbol that breaks up the no-
tation into small, word-like symbol groups that are easy to read.
Letter symbols are used to denote functional groups, and numbers
are used to express the lengths of alkyl chains and the sizes of rings.
These symbols are cited sequentially from one end of the molecule
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to the other. All 40 symbols in use (10 numerals, 26 capital letters,
3 punctuation marks, and the blank space) are available on existing
computers and punched-card installations, so no modifications are

needed.

The line notation system brings together related compounds when
their notations are arranged alphabetically in printed lists. However,
a slight change in structure could result in a wide separation of no-
tations of similar compounds. A search of such printed lists for com-
pounds possessing the same functional group or atom, e.g., chlorine
(represented by G) is obviously impractical. One possible solution
reported is a list of permutations of chemical line notations alpha-
betized on individual symbols.170 Such lists are used to locate all
compounds containing any specified functional group, as well as spe-
cific compounds and specific classes of carbocyclic or heterocyclic
structures.

Developments in WLN

Most of the recent technical developments in the Wiswesser Line
Notation have been reported in three groups of publications. The
earliest of these, which appeared in 1964-1965, were from the In-
dustrial Liaison Office of the Army Chemical Research and Develop-
ment Laboratories at Edgewood Arsenal, Maryland. They described
the technique for generating permuted notation indexes that make
possible many generic searches that are not feasible in ordinary
alphabetized indexes. The second group comprises the Proceedings
of the Wiswesser Line Notation Meeting of the Army Chemical In-
formation and Data Systems Program in the fall of 1966.132 These
papers discuss use of the notation for registration, storage, and re-
trieval of structures in several industrial and governmental collec-
tions; generation of structural fragment codes by computer from the
notation; a partial algorithm for development of connection tables
from the notation; and many details regarding costs and techniques
for encoding and searching. The third group of papers, for the most
part presented at national meetings of the American Chemical So-
ciety in Miami (spring 1967) and San Francisco (spring 1968), deals
with computer programs for manipulating the notation in various
ways. The most important of these are (1) a program that checks
accuracy of encoding by calculating the molecular formula from the
notation and comparing it against the known molecular formula; (2)
programs that convert the notation to a connectivity matrix and
search the matrix for substructures; (3) a program that generates
the canonical notations for complex polycyclic structures from sim-
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ple ring-connection input data; and (4) a program that generates dis-
plays of structural formulas from notation input. Each of these
groups of papers is discussed in turn.

In 1964-1965, Sorter, Granito, Gelberg and others at Edgewood
Arsenal described a means of preparing the permuted index of Wis-
wesser notations that counteracts the scattering of related structures
produced by ordinary alphabetized indexes.170 The method was orig-
inally described for use with a card punch, a sorter, and a printer75;
later it was adapted to various computers and programmed for the
UNIVAC II, the IBM 1401, and the Honeywell 400 computers, among
others. 76 In this procedure each notation is scanned for the presence
of notation symbols on which it is desired to index the compound.
When such a symbol is found, the notation is shifted to the right or
left in the printing field to bring this symbol into a central vertical
index column. The notation is repeated in the index as many times as
necessary to index all its pertinent symbols. The notation list is then
alphabetized on those symbols lying in and to the right of the central
vertical indexing column. The resulting permuted list of notations is
printed out, making possible manual searches for all compounds hav-
ing any substructure explicitly stated with the notation symbols in-
dexed.

For the 55,000 compounds in the Edgewood files at that time, an
index containing 350,000 notation entries was generated, a cross-
reference ratio of about 6.4 notation entries per compound. Esti-
mated costs of about $12,000, or $0.22 per compound, are stated,*
including all encoding, card punching, verification, programming,
machine time, and other direct costs. 76 Additional compounds are
added from time to time by a program that updates the computer
tapes. By 1968 these indexes contained more than 100,000 compounds,
and they have met satisfactorily the structure searching needs of this
organization.

Since the Edgewood compounds are of a proprietary nature, these
investigators also produced a permuted notation index from public
information sources, both for their own use and for public demon-
stration of the system.210 The catalogs used included: (1) Gelberg's
checklist of the structures in Frear's Pesticide Index, 2nd edition;
(2) Sorter's checklist of the organic structures in the Merck Index;
(3) all the organophosphorus pesticides in Eugene E. Kenaga's 1966
revision of Commercial and Experimental Organic Pesticides, which
excluded those no longer available experimentally or commercially;
(4) most of the organophosphorus compounds in the Chemical-Biolog-
ical Coordination Center accessions that had been screened at

*Cost estimates should be viewed with caution, as noted in the Preface.
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USDA's Beltsville (Maryland) Center and at Fort Detrick, Maryland;
and (5) other old and unclassified organophosphorus compounds that
had been screened at Fort Detrick. The sets of cards for these cata-
logs were put through an editing program at Edgewood Arsenal to
eliminate duplicates before the notations were permuted. Only exact
matches were recognized as duplicates, so slight variations in coding
were accepted as nonduplicates (the encoding rules were being
changed at that time).

It is instructive to see how structural correlations among organo-
phosphorus pesticides are revealed by this permuted notation list.
The seventh page of the permuted listing shows the beginning of those
notations containing letters, "A" for unspecified alkyl groups, "C" for
"carbyl" carbon atom in nitriles, isonitriles, and the like, or two-
letter symbols for metals such as ""CA'' set off in hyphens, "E" for
bromine atoms, and "G" for chlorine atoms, with "F' for fluorine fall-
ing appropriately between them. The next six pages of the permuted no-
tation list reflect the abundance of chlorine atoms in these compounds.

Additional combinations are recognized in terms of the corre-
sponding functional-group combinations because the elementary
atomic definitions of the alphabetic symbols have been kept intact.
Thus, long strings of letters such as . . . OPQO&OPQO&O . . . are
comprehended just as quickly as any chemist scans the correspond-
ing line formula:

OP(OH) (O)OP(OH)(0)O
or diagram:
o O
—0-b-0-P-0-
on O

The notations are, in fact, nothing more than line formulas, stan-
dardized in terms of the limited set of symbols available in high-
speed printers to enable such computer-generated correlations to
be produced.

The second group of papers, appearing in the volume covering the
Wiswesser Line Notation Meeting of 1966,132 contains a wealth of
detail and experiences. Bonnett21 discussed the classified notation
indexes used at G. D. Searle and Co., which contain some 125,000
compounds, and he reconfirmed the reported input cost of $0.25 per
compound for generation of the printed indexes, starting from the
drawn structural formula. Horner8% had rewritten the Edgewood
permutation program in extended ALGOL-60 for a Burroughs B-5500
computer. He used this program to prepare two permuted indexes of
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small files, one for the 2,800 compounds in the files of Stanford Re-
search Institute, and the other for the 1,850 compounds in the four
collective volumes of Organic Syntheses. The total direct costs for
the two indexes were reported to be about $0.19 per compound, in-
cluding cost of programming, encoding, card punching, verification,
and computer time.

Granito " reported on the use of the computer to update the Edge-
wood notation files. A registration run for 7,000 new compounds as
input to a file of 86,000 notations required 90 minutes of computer
time, including card-to-tape input, sorting, checking, registration,
updating, and printouts, at a cost of about $0.20 per compound. Fur-
ther details of this process were added by Renard,193 while Sorterl7l
gave details, including a flow chart, of the computer updating of the
Hoffmann-La Roche notation files.

Bowman and others24 described in some detail the Dow Chemical
Company's computer program (for a Burroughs B-5500 computer)
for generating from the notation and molecular formula a structure-
fragment code with more than 40,000 terms. The code is overlapping
and redundant to ensure complete retrieval, and it is searched in an
inverted file order by a master search program, which is also used
for other purposes. This system, as well as others reported at the
meeting, is discussed further in the section of this report devoted
to interconversion of structure representations.

Munz reported on the formal analysis of notation systems, which
is strongly interconnected with the pragmatic approach evident
among users.137 Because there are regular semantic relations be-
tween the expressions of linear chemical notations and chemical
structures, notations are practical tools for storing and processing
chemical information.

A paper by Hyclea8 described an open-ended fragment code gen-
erated by computer from the Wiswesser notation. One by Fraction
and others61,62 described in considerable detail the generation by
computer of connection tables of the conventional atom-and-bond
type for acyclic and benzene compounds from Wiswesser notations.
In general, this one volume gives a good idea of the state of develop-
ments in the Wiswesser Line Notation as of fall 1966.

The third group of papers covers more recent developments and
deals with computer programs actually in operation, as distinguished
from some of those described earlier. For example, Bowman and
others23 discuss the existence of a computer program at Dow that
checks the accuracy of encoding a notation by calculating the molec-
ular formula and comparing it with the correct molecular formula in
the input data. A few checks were made on the syntax of the notation
as well, but this aspect of the checking program had not been fully
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worked out at the time of publication. Among other things, the pro-
gram calculates the hydrogen atom count, which was found to be one
of the most powerful checks of all in determining the accuracy of the
encoding. To avoid problems with methyl contractions in the notation,
the program looks for those and expands them into an uncontracted
form at an early stage. An algorithm was developed for calculating
from the notation the number of ring atoms in cyclic structures, and
this has proved to be a powerful checking tool, both in the computer
program and in manual checking by the encoder.

Bowman and others25 have also written a program in extended
ALGOL-60 for the Burroughs B-5500 that can generate the canonical
Wiswesser notation for complex polyeyclic structures from simple
input statements of the nonconsecutive locant pairs of any continuous
path of locants through the ring structure. From this information the
computer constructs all the possible paths and compares them with
the first seven hierarchic requirements of the fundamental Wiswes-
ser rule for determining the canonical path. A three-ring system
with two bridge atoms and one multicyclic point required 8 seconds
of computer time for analysis; a four-ring system with two bridge
atoms and two multicyclic points, and two internal spiro points, re-
quired 124 seconds. Thus the computer time required is not trivial,
and the program will be used only for the most complex ring struc-
tures where manual encoding is most difficult. The program elimi-
nates the main source of encoding error—the uncertainty that suffi-
cient locant paths have been investigated by the manual encoder to
find the canonical one.

Granito described a computer program written to include biologi-
cal data in an index of permuted Wiswesser Line Notations.* The
approach is from the chemical point of view: questions deal first
with chemical structures and then with data. Ofer described a com-
puter program written in FORTRAN II that can be run on almost any
computer and that can be used to index or search files of linear no-
tations. 142 Although the program was designed to process WLN en-
tries, it can be adapted to other linear notations, according to the
author.

Other papers in this third group describe computer programs for
converting Wiswesser notations to connectivity matrices for organic
compounds. These papers are covered in the section of this report
devoted to interconversion of notations.

At the national meeting of the American Chemical Society in San
Francisco in April 1968, a tutorial session was held at which princi-

*Paper presented at 155th meeting, American Chemical Society, Division of
Chemical Literature, San Francisco, 1968.
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ples and techniques for use of the Wiswesser Line Notation were pre-
sented. 168 More than 50 persons attended the session to try encoding
and decoding the notations. Also at the San Francisco meeting, the
Institute for Scientific Information described plans for the Index
Chemicus Registry System, using Wiswesser Line Notations,92

In summary, these papers and activities indicate the growing in-
terest in the WLN and the adaptability of the system to a variety of
machine procedures.

Decoding Study of WLN

At the time Survey of Chemical Notation Systems was published, a
decoding study of the Wiswesser Line Notation system was being
conducted by the Reading Chemists Club with National Science Foun-
dation sponsorship. The final report, issued in December 1965, is of
interest to chemists, although the system itself has been modified,209
As noted previously, a revised version of the manual for the system
was published in 1968; the decoding test was based on the 1954 man-
ual. Nevertheless, the results are applicable to the decoding process
with the new manual and the revised system.

The study material consisted of ten notation-reading tests. The
ten tests corresponded to the ten major topological groups of chem-
ical structures, sequenced in increasing order of complexity. The
decoders numbered some 690 students, teachers, and practicing
chemists from about 250 academic, industrial, and other organiza-
tions. They devoted a total of 1,015 hours to 2,071 tests, and an ad-
ditional undocumented number of hours repeating 479 tests on no-
tations they had decoded incorrectly the first time, mainly through
oversight or lapses of attention to detail. The high scores of the re-
peated tests indicated that this method of describing chemical struc-
tures is simple and reliable to the initiated. The author concluded
that there were no basic decoding difficulties with commonly en-
countered structure types, other than some minor details already
corrected in the revised notations.

IUPAC Dyson System

The Survey of Chemical Notation Systems traced the history of the
development of chemical notation schemes and the acceptance by
IUPAC in 1961 of the report of the IUPAC Commission on Codifica-
tion, Ciphering, and Punched Card Techniques. This report took the
form of a revision of the Dyson system. The system was examined
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in the Survey in connection with the research program of the Chem-
ical Abstracts Service. Some additional developments have been de-
scribed by Dyson for generic groups in notation programs. 2

A generic group is one in which the structures composing it have
one or more common factors of a specified character. Such groups
may be small or very large. An example of a small group is "the
dimethyl derivatives of benzene," of which there are three. On the
other hand, "the alkyl derivatives of naphthalene" is a very large
group. Although useful in many areas of chemical documentation, the
concept of generic series and searches is of paramount importance
in the field of patents. In chemical patents it is customary to cover
groups of related compounds rather than individual compounds. The
definition of chemical series for patent purposes is difficult and
leads to complex situations. Two main problems arise in this field:
first, the means by which a generic search may be made among com-
pounds of definite individual structure, and second, means by which
the genericity of a group can be mathematically defined.

The techniques used in performing generic searches on a range
of precisely known structures to extract a particular group of closely
related structures may be illustrated by selecting structures that are
alkyl derivatives of naphthalene. In particular, only hydrocarbons are
to be selected in which the naphthalene structure remains intact. The
most suitable medium for searching for such substances is a list of
notational equivalents of the geometrical structures. The algorithm
for locating the required alkyl naphthalenes is based on a search
first for B62, the naphthalene residue. If found, then the letters that
follow B62 must be examined. If B6g is followed by "C'" as the next
letter, the search is continued; if followed by any other letter, the
structure is rejected. The program goes on to look for B62ZCsq.
Thus, the algorithm pulls from the collection all alkyl derivatives
of naphthalene in which all substituents are saturated alkyl groups.
Having narrowed the algorithm to the smallest class, it is easy to
add modifiers to broaden it in any direction.

The hierarchical system of the IUPAC notation, as published,
makes no provision for the ciphering of generic groups, mainly be-
cause it was devised for individual compounds. Nevertheless, such
groups can be incorporated into the notation. It would then be feasi-
ble to use generic notations to express the coverage intent of a pat-
ent claim or the allowed extent of such a claim when modified by
an examiner.

Additional modifications and provision for using abbreviations in
the IUPAC system were described in another paper by Dyson, which
was prepared for the ACS meeting in San Francisco.?4 The changes
were recommended for computer handling, to decrease the complex-
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ity of some of the notations; in particular, the more complex nota-
tions are more readily interpreted. Abbreviations are recommended
to gain clarity and brevity where basic structures repeat themselves
many times as parts of larger molecules.

Shell Research Ltd. System

The IUPAC notation is incorporated into the information storage and
retrieval system at the Shell Research Ltd. Woodstock Agricultural
Research Center.42 The research data collection there is small com-
pared with the literature collection, but the technical staff is pro-
ducing, in reports, in data record cards, and in other forms, ten to
twenty million characters of research data per year. The computer
storage and retrieval system has been concentrated on these re-
search data.43

One of the original justifications for computer use has been the
need to search effectively for chemical substructures in a rapidly
growing file of chemical compounds. In 1962, it was decided to use
the IUPAC notation to convert chemical structures to linear ciphers
suitable for computer input and search. The system based on this ap-
proach became operational in mid-1965 and covers nearly 50,000 or-
ganic chemical structures.

Coding is fast and takes, for an expert coder, an average of about
20 seconds per compound. With less ciphering experience, the cod-
ing time is roughly double this value. Keypunching (transferring the
cipher to standard 80-column punched cards) is done at virtually the
normal speed for an experienced keypuncher, i.e., 3-5 characters
per second, or 5-8 seconds for an average cipher. Use of the nota-
tion thus enables very fast input of chemical structural information
at a low cost. The average cipher length for the 40,000 compounds
stored so far on magnetic tape is, including shift signals, 25-30
characters. Storage as variable-length records is obviously of ad-
vantage.

The cipher as a search medium has the advantage not only of
being compact but also of behaving as an effective screen, the ma-
jority of structural features being displayed in the cipher as it
stands.43 It has therefore been economically acceptable to carry
out searches by processing the cipher file sequentially. The cost of
a computer search has been found to be of the same order as that for
the average nonmechanized substructure search using a classified or
molecular formula index, particularly if several queries are in-
cluded in a search run.

The cipher lends itself readily to fragmentation into character-
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istic features indicating the presence of, for example, carboxylic
groups, a Cg chain, or keto-groups. Such features are being used to
generate a feature-card system for manual (visual) consultation.
This subsystem is the most economic and efficient means of dealing
with queries in which speed of response is more important than com-
prehensiveness. The features can also be used to set up suitable file
subdivisions in a random-access store. FORTRAN programs have
been written to select the features automatically from the ciphers;
using the IBM 7094, selection according to a permitted set of 83 dif-
ferent features took about 30 seconds of processor time per 1,000
compounds. Hence, the cost of automatic fragmentation coding would
appear to be only a fraction of that for manual coding.

The cipher file can be ordered using conventional sorting proce-
dures. The resulting ordered file provides an efficient means of
automatically checking the presence of specific compounds in a large
file by matching whole structures (complete ciphers).

The Shell group is now moving toward on-line use of a large cen-
tral computer installation (UNIVAC 1108 system) backed by very fast
drum stores. Marked improvement in search cost and speed of re-
sponse should result, so it is to be expected that within the next year
there will be a sharp increase in the percentage of structure queries
answered by using this computer system.

Data on biological properties are keypunched onto punched cards
in fixed field arrangement, sorted and tabulated by punched card
equipment, and transferred to magnetic tape for computer process-
ing. The system allows selection of compounds according to desired
property criteria. The system is under further development. Consul-
tation of the master file will eventually take place through on-line
computer facilities.43

Swedish Patent Office System

At the Swedish Patent Office, a study was made of the possibility of
mechanizing the searching process carried on by a patent exam-
iner.213 The primary task would be to create a file comprising as
much information as necessary for identification of a document. In
developing methodology, a file of 60 patent specifications was col-
lected from the class of '""Medicines, Organic' (invention resides in
the use of a definite organic compound or its preparation for thera-
peutic purposes). The information stored included chemical compo-
sition, i.e., empirical formula, structure formula, Markush vari-
ables, IUPAC notation (somewhat simplified), and trivial name or
equivalent.
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The IUPAC system was simplified to some extent and expanded by
including further characteristics. Unknown or variable locants and
other numeric characteristics have been symbolized as «. Unknown
or variable substituent atoms were represented by 8. Markush
groups were assigned consecutive numbers; in compounds with vari-
able groups, the corresponding Markush group numbers were substi-
tuted for the ciphers for the groups.

The compound ciphers have been split into groups (fragments) in
order to institute a screening capacity that might, under certain cir-
cumstances, have such a resolving power that it would eliminate the
need for a final search for compounds. The splitting takes place at
the site of the punctuation marks of the ciphers, so insofar as it is
possible, the ciphers split into aggregates, bridges, and interrelated
bridging elements. The total number of fragments from the 60 docu-
ments analyzed amounted to about 150.

In order to find out how the number of terms varies with the num-
ber of documents in the file, 60 more patents were analyzed, and the
information was added to the test file. Approximately 70 compound
fragments not found in the previous patents were extracted.

The sample sizes reported here were too small to draw meaning-
ful conclusions or to predict anything about the future utility of the
file for actual searching.

Comparison of WLN and IUPAC Systems

In 1963, Bonnett reviewed the similarities and differences between
the Wiswesser Line Notation and the IUPAC Notation.1® He pointed
out that the designers of the systems had different objectives in
mind: in acyclic compounds, for example, Dyson gives indexing
precedence to the carbon skeleton, and Wiswesser gives it to func-
tional groups.

While the principles underlying both notations lead organic com-
pounds to be divided broadly into acyclic and cyclic structures, the
notations diverge widely in the handling of benzene and acyclic struc-
tures. Benzene compounds are grouped with other cyclic structures
in the IUPAC system, while Wiswesser treats the benzene ring ina
manner analogous to aliphatie structural fragments.

The order of precedence used in the IUPAC system for acyclic
compounds assigns to the most prominent position, i.e., the initial,
indexing position, the single letter ""C' followed by the number of
carbons in the senior component, the side chains, any unsaturation,
and the substituent functional groups, in an arbitrary hierarchical
sequence. This procedure results in a notation structurally analo-
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gous to the familiar molecular formula that, for indexing purposes,
must perform like a molecular formula.

Wiswesser cites the structural fragments in an end-to-end man-
ner, choosing as the starting point that fragment whose symbol is in
latest alphanumeric position. Wiswesser notations tend to mirror the
structure as drawn; they, too have some hierarchical characteristics.

The difference in the performance of the two notations on different
compounds is striking. In some instances the IUPAC notation will
group compounds of similar structure together, whereas the Wiswes-
ser notation results in different notations that do not reveal the iden-
tity of the carbon skeleton and that would be scattered in an alpha-
betized list of notations. Conversely, in some cases the IUPAC cipher
effectively conceals the close relationship of particular compounds,
whereas the Wiswesser notation for the same compounds tends to
preserve their relationships and to group them in alphabetized lists.
Of course, any set of rules must subordinate some functional groups,
with the result that an index created by a simple alphabetization of
the notation will perform poorly when used manually if the subordi-
nated groups are the subjects of searching interest.

In denoting cyclic structures (except benzene), both IUPAC and
Wiswesser consider the ring system as the senior component, using
a symbol to signal a ring system and an assembly notation for de-
noting multiple cyclic structures. Both systems define hetero seg-
ments after defining the rings and mode of attachment. The two sys-
tems then differ in the evaluation of the characteristic to be used in
the first and major indexing position of the notation. In the IUPAC
system this position is used to classify a ring system broadly as
"aromatic" or "saturated'; Wiswesser uses the initial indexing po-
sition of the notation to classify the ring system as carbocyclic or
heterocyclic. Ring substituents are cited by the IUPAC system in
hierarchical order, whereas Wiswesser cites them in locant order.

The IUPAC notation would classify organic compounds into only
four groups, namely, "acyclic," designated by ""C'"'; '"'saturated" ring
systems, designated by ""A'"'; "aromatic," designated by "B" (which
includes benzene); and macrocycles, i.e., rings of ring systems,
designated by ""M." Wiswesser notations for acyclic and benzene
compounds are divided into many groups according to the initiating
functional group symbol; other ring systems are classified as carbo-
cyclic or heterocyclic. Since the number of known organic compounds
is in the millions, classification of such a number of compounds into
a few main groups in a single index system would result in groups
of tremendous size.

The IUPAC notation utilizes uppercase and lowercase letters,
normal, superscript, and subscript numerals, and several other
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symbols. In 1963, the symbols used for the Wiswesser notations were
the 26 letters, the 10 numerals, the ampersand, the hyphen, and blank
space. Since then, the slashbar has been added.

Of greater importance than the normal complement of symbols
available on the typewriter is the equipment available on accounting
and computing machines. Equipment of this nature is required for
mechanically manipulating and organizing chemical structures in
their notation forms. Generally speaking, standard unmodified ac-
counting equipment offers a limited number of symbols, including
uppercase letters, the ten numerals, and perhaps as many as a dozen
additional punctuation and accounting symbols.

The limited group of symbols used in the Wiswesser notation is
not an unmixed blessing, since it is necessary to assign multiple
meanings to some symbols and to depend upon context for distinction
as to meaning. This problem is analogous to that of homonyms in
natural language.

Both Dyson and Wiswesser feel that their respective notations are
more readily understandable than the other. However, it appears
likely that familiarity and experience are the dominant factors.

Conciseness is an important attribute of a notation. The IUPAC
notation has been shortened considerably by the omission of some
punctuation marks. The use of blank spaces in the Wiswesser nota-
tion makes the notation somewhat longer but tends to break the no-
tations into "words," which are easier for the human eye to read.

The fact that neither system can be considered perfect for all
uses may be reflected in the development of other specialized nota-
tions designed for particular problems in information handling.

Hayward Notation

Project HAYSTAQ, a comprehensive computer system for searching
chemical information, had its origin in the search for techniques to
relieve the burden on U.S. Patent Office examiners.82 The system
was examined in some detail in Survey of Chemical Notation Systems,
and its development has been more fully described in a National Bu-
reau of Standards report by Marden.121l Part of the cooperative
research effort of the Patent Office and the National Bureau of Stan-
dards (NBS) was spent on the development of a unique and unam-
biguous linear notation system for chemical structure.”™ The
notation system, essentially that of Hayward, was also described in
Survey of Chemical Notation Systems. Routines were developed to
find either individual complete compounds or simple but common
types of chemical structures. The technique relied on matching a
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symbol string characteristic of the substructure sought (or an entire
notation) with strings within the complete structure notations, pro-
vision being made for interruption of the symbol string by arbitrary
substrings and for a special type of permutation associated with cy-
clic substructures.122 Rules have also been devised for certain types
of Markush structures and for coordination compounds (described in
a later section of this review).

The line-formula notation system for Markush structures was de-
scribed by Sneed and co-workers as a supplement to the existing
Hayward system developed for specific structures. Markush
structures are generic expressions of structures or structure
classes; the proposed system is limited to determinate structures
of several isolated Markush forms. Investigation has isolated five
distinct forms of variable substructure groups. A single Markush
structure can have many enumeration patterns because of the flexi-
bility possible in selecting a starting atom. Once a starting atom is
chosen, the enumeration and ciphering are similar to the general
rules of the Hayward system, except that special rules and symbols
are needed for the Markush nodes and the frequency variables.

The NBS staff has reported on an extension of the HAYSTAQ sys-
tem to search for embedded substructures in a retrieval system
based on chemical structures.108 The predominant technique is one
of tracing paths from selected points in both the structure input for
checking and the structure chosen for comparison on the basis of
prior screening, and comparing these paths at each point along the
way. The search routine, TOPKAT, is limited to consideration of
topological properties of structure only. The current format is
adapted for use on the UNIVAC 1108 computer.

Additional developments in the Hayward notation are discussed
later in this report.

Hercules Incorporated Notation

A linear notation system has been installed at Hercules Incorporated
to handle chemical structures of interest as pesticides.164 The var-
ious codes possible, depending on the viewpoint of the indexer, are
stored and sorted on punched cards.

An index of chemicals of interest as pesticides must be designed to
express the subject content of chemical structures from the following
viewpoints: (1) the whole structure, or essentially the whole structure,
(2) the toxophoric group or groups, (3) other functional groups or moi-
eties, (4) relationships between parts of the structures within a tox-
ophoric class, and (5) relationships between toxophoric classes.
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The notation system developed at Hercules for the indexing of
pesticides has features of the Dyson, Silk, and Wiswesser systems,
plus several new features. The cipher is started from any functional
group or moiety in the chemical structure. Positions of substituents
on rings are not designated. In an extremely large file, of course,
positions of these substituents would need to be designated. Within a
given toxophoric class of pesticides, however, position designation is
an unnecessary refinement. Ciphers are written in the order of pre-
ferred toxophoric group, followed by that portion of the molecule
containing other toxophoric groups or moieties of interest.

The same order of citation is followed when a second index entry
is made for the same compound, It it is important that a compound
be considered from more than one viewpoint, the necessary number
of entries may be made in the index. The degree of detail in the
cipher and the depth of indexing are influenced by the number of
chemicals to be indexed, the complexity of the chemicals, the inter-
relationships that have to be correlated, and, most important, the
needs of the users. The notation code, by design, is as flexible as
any machine card code in denoting functional groups and moieties,
with the additional advantages of showing relationships between func-
tional groups and moieties and of being particularly suitable for the
production of machine printouts.

LINCO Notation

The LINCO notation, devised at Shell Internationale in The Hague,
the Netherlands, is described quite clearly in Survey of European
Non-Conventional Chemical Notation Systems, where it was assessed
as "'one of the more promising notation systems observed in Europe."
At the time of that evaluation, there had been only a limited amount
of computer searching with the notation. Since then, a paper pre-
sented at the national meeting of the American Chemical Society in
April 1964, and later published,22 gives more details of the system's
development.

The system is based on treating structural formulas as networks
containing branching points (points where three or more series of
bonded atoms other than hydrogen interlock), giving to these points
an arbitrary number, and writing down the series of atoms between
two points of that type ("bridges') together with the series of atoms
extending from such branching points but not meeting others
(“"'chains").

Although the data in any of the storage lists that can be obtained
are sufficient for searching purposes, more rapid searching without
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computation steps would be possible if the list could be standardized
by revision of the reference numbers alloted arbitrarily to the
branching points. For this purpose, each of the branching points is
given a special number, known as a yardstick number, calculated for
each branching point in each step. The counts, in short, are: all in-
coming connections, all outgoing connections, and all connections
going to the next level. The results are put in weighted order and
used as a yardstick number for the top branching point of the network
investigated, to be compared with the similarly obtained yardstick
numbers for the tops of the other networks.

The simplicity of the system for the user is obtained at the cost
of relatively complex, albeit straightforward, machine actions, since
the machine has to substitute something for all the details (such as
priority rules) which a human using another system ordinarily has
to take care of.

Substructure searches can be made in several ways, including the
special case of the search for rings. Those present can be deduced
from the matrix used: it is not necessary to ascertain the smallest
rings present. If desired, every ring present in a compound can be
filed, together with the storage list, as a series of bonded atoms. If
for complicated structures this would mean too many rings, those
noted can be restricted to medium-size rings only. By adding the
reference numbers encountered in the ring, the place of substituents
is easily ascertainable.

An extended matrix forming an atom-by-atom connection matrix
can be used to translate the information stored by the LINCO system
into other codes (such as the IUPAC notation). It may even be pos-
sible to base a system of unique names for compounds on the stan-
dard representation developed.

Polymeric Species Code

Lissant described a method of defining polymeric species and of dif-
ferentiating between species and between individual members of a
species.117 The technique consists of mapping the properties of
members of a class of polymers in a suitable composition space
chosen in such a way that the interrelationships are readily dis-
played. Monomer and product proportions, physical properties, and
reaction conditions are considered. With such a system, each poly-
mer has a unique "name' in a sequential notation, and all data per-
taining to that polymer can be filed under that index entry. The sys-
tem is amenable to searching for specific polymers, subclasses of
polymers, or polymers with specific properties.
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D. TABULAR AND GRAPHIC REPRESENTATIONS

The preceding sections of this report have reviewed the methods of
recording chemical structural formulas that involve fragmentation
into atoms or groupings of atoms and generation of two-dimensional
strings of characters. This section is devoted to other means of com-
plete representation of chemical structures, for example, atom-by-
atom and bond-by-bond listings of the parts of a molecule. For some
aspects of computer processing and output, the atomic groups and
connectivity information must be separately available and yet form
a unity, known as a connectivity table. Various possibilities exist for
composing and storing a connectivity table.

Developments in the field can be reviewed with reference to an
outline proposed by Opler of eight different schemes that have been
used with computers144:

1. Diagrammatic representation A matrix of symbols when
written out row-by-row on a line printer produces a crude diagram-
matic representation. Special programs have been written to recog-
nize structures (and substructures) by "geometric matching.”" The
Survey of Chemical Notation Systems described the Monsanto sys-
tem of Waldo and DeBacker, which is an example of this approach.

Jacobus and Feldman at Walter Reed Army Medical Center (Wash-
ington, D.C.) have developed a chemical typewriter by means of
which the identity of a struck key is recorded on paper tape, along
with the coordinates at which the impression is made on a graph or
grid.130 The typist may type the structure in any sequence. The ini-
tial paper-tape record is fed through a small computer that acts as
a sorting machine to sort out the strokes, arrange them in sequence,
and punch out a new paper-tape record. This new paper-tape record
may then be fed back to the typewriter, which will then type out the
structure line by line. (The Walter Reed System is described in
more detail later in this report.)

2. Use of dummy connectors The arbitrary numbering of nodes
allows a computer to recognize the connective properties of a se-
quential list of atoms (nodes) to which these artificial (dummy) num-
bers refer. Again, the Survey illustrated the method in descriptions
of the systems of Mooers and Norton and Opler.

3. Juxtaposition and concatenation It is possible to store and
manipulate ciphers (such as Wiswesser's) in computers. Recogni-
tion rules may be programmed. Examples are described in an
earlier section of this report.

4. Node-pair lists Graphs have been represented as ordered
lists of node pairs, with Newell-Simon-Shaw list structures.
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5. Lists of symbols Opler represented structures as linear,
branched, and cyclic Newell-Simon-Shaw lists in which the nodes
contain symbols for the element, while the list structure (as repre-
sented by computer elements) represents the structure of the graph.

6. Tabular representations Structures can be represented as a
table in which the entries are numbers representing atoms along with
the entry numbers of atoms connected with them, as described, for ex-
ample, by Dyson and others.50 This method is akin to Number 2 above.

7. Incidence matrix representations In the representation as a
matrix of 1's and 0's, the so-called incidence matrix is square and
of the nth order, where n is the number of nodal elements. The 1's
represent connections between nodes; the 0's represent no connec-
tion. Sussenguth treated the matrices from a chemical viewpoint.

8. Polish Notation In "punctuation-free' notation as developed
by Hizs and Eisman55 after the "operator-free' algebraic notation,
simple algorithms give the encoding rules. The decoding rules are
more complex and preferably left to a computer.

"Notch and punched card equipment made the fragmentation tech-
nique practical. The computer . . . offers the capability of process-
ing the type of detailed record produced by fragmenting all the way
to the atom and interatomic bonds while retaining the context be-
tween these fragments. . . ."20 Few and relatively simple rules are
required for human manipulation at input. Functional groups and
other structural features need not be identified as such. The coder
is not concerned with any priority, ranking, or sequence problems.
As is generally the case with systems, chemical knowledge is re-
quired for 