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I. INTRODUCTION

In recent years the different branches of analytical chemistry, especially those deal-
ing with the identification of individual molecules, as well as qualitative and quantita-
tive analysis of molecular mixtures, have become increasingly important. Questions in
these areas often arise in solving a number of global problems. For example, the anal-
ysis of compounds produced in chemical reactions under ordinary conditions is com-
mon, and more work is being done under conditions of plasma, photochemistry under
different interaction energies, laser synthesis, and so on. The analysis of molecules and
molecular associates is also encountered with regard to environmental pollution: or-
ganic impurities in water, the state of the atmosphere, the state of biological objects,
and many others. It should be remembered that molecules in natural media enter into
various reactions and change with time, thus forming innumerable derivatives. More-
over, a problem for a number of industries is automatic protection of the final product
from contamination by different kinds of by-products formed in the course of produc-
tion. At some stage in the research, all these problems call for exact and express anal-
yses aimed at investigating both individual molecular systems and their associates as
well as mixtures. The need for mass-scale analysis inevitably leads to the creation of
automatic indentification systems. In some respects, this reminds us of the situation
which existed a few decades back when the rapid advances in metallurgy and the crea-
tion of diverse alloys called for the development of highly reliable and express methods
of analyzing metals and alloys at the final stage and during production. This problem
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was essentially solved after an effective quantitative analysis method had been devel-
oped on the basis of emission spectral analysis and a series of automatic analyzers (of
which the best is the quantometer) capable of performing quantitative analysis of met-
als and alloys (often simultaneously for several dozen compounds) in a few seconds
and sometimes in a fraction of a second.

Similar problems will also have to be solved in the near future with regard to the
analysis of molecular systems. Automation of these processes has only recently begun.
For example, about 10 years ago only occasional papers dealing with the automated
analysis of molecules were published. Today, however, there are not only a large num-
ber (already more than a hundred) of fundamental reports on this topic, but also real
prototypes of several systems for solving certain problems in identifying molecules
belonging to a particular class, as well as systems capable of solving a number of
extremely complicated problems.

It would be no exaggeration to say that we are witnessing the birth of a new science,
which may be tentatively called analytical molecular physics. Considerable progress
has already been made in this field, and definite research trends have taken shape.

New problems and future development prospects are gradually coming to the fore.
The aim of this review is to outline the present state-of-the-art in this field and to draw
certain conclusions about its development prospects in the near future.

First, it may be noted that the principal difficulties are encountered in designing
rapid automatic methods of the analytical chemistry of molecules. The task is undoubt-
edly more complex than the identification of individual atoms, because molecules as
systems are imcomparably more complicated than atomic systems, and they are, in
addition, characterized by numerous different features. These compounds cannot,
therefore, be frequently identified with the help of just one of these methods on its
own.

All the known methods, developed specifically for the identification of molecular
systems can roughly be divided into two groups: chemical methods and physical tech-
niques. The latter is also known as the instrumental method. The methods of optical
spectroscopy, resonance techniques, mass spectroscopy, and the recently developed
photoelectron spectroscopy all come under physical methods. These techniques are
increasingly being used in analyses, and they do, in fact, underlie almost all of the
sophisticated automatic systems designed for analytical purposes. This is not acciden-
tal.

The analytical use of purely chemical methods stems from the fact that molecules
of a particular class can enter into one chemical reaction or another. If a molecule is-
sufficiently large, then its ability to enter into a reaction of a specific kind depends on
the presence of a proper reaction center in this molecule. The presence or the absence
of this reaction center is precisely determined in the course of the chemical reaction.
The environment of this center, particularly the remote surroundings, may not have
any bearing on the pattern of the chemical reaction, and therefore, the fact that a
reaction does take place is of no help in inferring information about the structure of
this molecule. This is precisely the reason why a chemical reaction usually can only
help in determining the class of compounds. Complete identification of a molecule as
a whole is, therefore, often a complicated scientific problem, and calls for a large
number of diverse and intricate chemical reactions to be carried out. Such a problem
does not frequently yield to automatization.

Although, theoretically, we may conceive of the construction of automatic chemical
indentification systems for certain molecules or a specific class of molecules, it is prob-
ably beyond our imagination to perceive the complexity of a universal system that
could concurrently identify, say, 30 to 40 different classes of molecules and their struc-
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tures as well. This does, perhaps, explain why instrumental methods of analysis are
finding wider and wider application in analytical practice. These instrumental methods
have certain important merits: first, they are universal (for instance, IR spectra can
be recorded even in a trace concentration and in any aggregate state of the specimen),
they are rapid (just a few seconds or sometimes even a fraction of a second is sufficient
to record the IR spectrum by means of modern equipment), and it is easy to connect
spectral instruments to computers, thus making it possible to transmit the information
to computing centers where the information is rapidly analyzed with respect to many
different features.

The main superiority of instrumental methods over purely chemical techniques is
that the specimen is exposed to such a weak influence of radiation that it hardly
changes in the course of analysis, whereas in a chemical analysis, the specimen is al-
most completely destroyed and cannot be further used. In the instrumental methods,
the same specimen can be first used in IR spectroscopic analysis, then for recording
the UV, visible, or NMR spectra, and finally for mass spectroscopic examination.

It would be possible to give a long list of the other merits of instrumental methods;
however, they can be found in many sources in the literature. Apparently, as they are
improved, these instrumental methods will become so effective that no other approach
may ever be able to compete with them. Nevertheless, one should not be misled into
believing that instrumental methods will prove to be a push-button procedure for solv-
ing analytical molecular problems. It is not as simple as that.

At a later stage we shall dwell on different kinds of approaches to this problem. At
present, it is only possible to say that all these methods call for the recording not only
of various spectra, but also mathematical treatment of these spectra which will finally
give the necessary information.

In the mathematical treatment of spectra, use is often made.of the techniques of the
pattern recognition theory, symbolic logic, graph theory, and some other approaches.
To solve the problem of spectrum identification, a special algorithm had to be de-
signed, a program written for the synthesis of molecular structures, and theoretical
spectra constructed which may have different degrees of complexity and approxima-
tion, etc. These questions will be dealt with in due course.

The complexity of the problem encountered in a systematic molecular analysis lies
in the fact that in a large number of cases it is impossible to create a completely auto-
matic system, and it may be undesirable. The most rational system comprises man and
his intellect as integral components which participate in the logical treatment of the
data obtained directly from the instruments and computer.

At present, we can distinguish the following trends in the development of special
methods for automatic molecular analysis by spectra. These methods are based on the
atlas approach realized in information retrieval systems, pattern recognition tech-
niques, and methods involving the construction of a so-called artificial intelligence,
which is supposed to be capable of executing several complicated logical operations
usually carried out by man.

In our review, we shall outline the ideology which underlies each method and the
principles of the approach which determine the realization of the method, the merits
and demerits of each method, and the future development prospects of each. We shall
not touch upon questions pertaining to the equipment used in automatic systems. This
is rather a rapidly developing and changing area, which is increasingly being sup-
planted by newer and newer equipment. Therefore, this topic requires a separate sur-
vey. All that can be said here is that today's equipment of automated systems includes
a variety of facilities which provide for instrument-computer interconnection, diverse
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i display devices, and appliances which make possible man's interaction with the com-
puter.

Instrument-computer interconnection devices include a vast number of different
, analyzers, analog-digital converters, equipment for primary spectra processing, mem-
I ory and storage devices, and noise suppressors which detect weak signals against a
) noisy background and thus give an opportunity to record spectra in unfavorable con-

ditions. For example, special instruments exist today which can record IR spectra of
organic molecules dissolved in water in trace amounts. A few years ago, the recording
of spectra of aqueous solutions was an extraordinarily complex, and at times insur-
mountable, problem in IR spectroscopy.

Display devices include a variety of digital printers, data plotters, black and white
and color displays, etc. Man-machine systems include terminal typewriters, light pens,
devices for feeding graphic information into the computer, and many others.

All these devices form the functional components of highly developed automatic
systems designed to identify complex compounds. They provide rapid data input and
processing, man's thinking, and other processes up to final information output, which
in many cases is delivered in a few seconds, and in the most typical cases, a few minutes
after the start of the experiment.

In regard to the delivery time of the final result, it varies within rather wide limits,
depending upon the devices available and the computer potentialities. The range of
these devices, of course, greatly depends on the degree of instrumentation of the re-
search center. In this respect, there is no universal approach. Indeed, we can assert
that there is no scientific problem; there are only problems of a technical and organi-
zational nature. Therefore, as already mentioned, these problems will be touched on
only briefly.

This review will consist of three sections and cover the following topics. In Section
I, information retrieval systems will be described. Section II, systems in which identi-
fication of compounds is effected by means of pattern recognition will be considered.
Section III is devoted to systems based on the ideas underlying the design of the so-
called artificial intelligence. Our professions naturally compelled us to focus attention
mainly on those works dealing with optical spectra, although other trends have also
been given treatment. A large number of works concerned with the automatization of
mass spectroscopic analysis have not been included in this review.

We cannot claim to have given complete coverage to all the extensive literature avail-
able today in the field, because this is a rather difficult task. Such attempts are being
made in different countries, and considerable progress has already been made in this
respect.

We can say with confidence that, while in the early stages of computer application
in chemistry, the percentage of correct answers given by the spectroscopist in the iden-
tification of molecules by spectra was slightly higher than the percentage obtained in
a computer-assisted analytical system. Today the situation is reversed, and frequently
the machine is apparently "cleverer" than even an experienced specialist.

This review is more a critical survey than a collection of abstracts. We have, there-
fore, endeavored to dwell in detail on those works which, in our opinion, clearly out-
line one trend or another. Consequently, some works are dealt with in detail, while
others are only briefly touched upon so that the reader may have a clear idea of the
works of others.

In the conclusions, an attempt has been made to put forward our opinion regarding
the future prospects and problems in this area of science.
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II. COMPUTER STORAGE AND SEARCH SYSTEMS

A. General Characteristics of Search Systems
As already pointed out in the introduction, there are several trends in the develop-

ment of methods to automate molecular spectral analysis based on the use of spectral
instruments and computers.

The first trend is that of developing the so-called information retrieval systems
(IRS). By IRS we mean the set of all linguistic and technical means designed for stor-
age, search, and output of the information needed. IRS provide for the automatic
search for information. They are capable of executing two types of functions: giving
out specific information on a particular question and searching for the information
needed by comparing the features coded in the question and those stored in the com-
puter.

The first class of problems include, for example, output of answers in the form of
spectra, absorption band frequencies, intensities, etc. directly by the name or structural
formula of the compound fed into the computer.

The second class of problems is only solved when there is a need to find out whether
the IRS storage contains a spectrum identical or similar to the spectrum fed into the
computer.

The need for such search systems naturally arises in molecular spectroscopy because
the data contained in the different kinds of atlases already run to more than one
hundred thousand spectra. Evidently, such a vast amount of information can only be
handled conveniently when it is stored in a computer and appropriate algorithms are
available for the search for compounds. Manual search for information from such a
data bank stored in the form of ordinary atlases or punched card catalogs is almost
impossible.

At first glance it seems that such IRS are capable of solving a large number of
analytical problems by a formal comparison of input spectra with the spectra contained
in the atlas. Thus, when the input and the atlas spectra coincide, they establish the
identity of compounds and solve the analytical problem. However, in practice it is not
so simple as that. For example, consider the IR spectrum shown in Figure 1. It consists
of a set of bands characterized by various frequencies, intensities, and half widths. In
order to feed the spectral curve into the computer without any loss of information
contained in the spectrum, we have to represent the information in the form of a large
number of points, each of which is defined by a number, and then store this sequence
of these numbers in the computer.

Suppose that these points are located every 5 cm"1. The spectrum in this case will
consist of a set of points as shown in Figure 1. It is evident that this set of points
represents the spectrum in sufficient detail, but the number of points in the interval,
say, from 400 to 3600 cm"1, is fairly large (more than 600).

If we were to code 100,000 spectra by this method, the computer memory would
then contain the information in the form of more than 60 million numbers. The point
here is not that this number is rather large for the memory of a modern computer,
but it is very difficult to compare a spectrum represented in such a way with analogous
spectra stored in the computer. The search in real time may, therefore, take quite a
while and it may in many respects be devoid of sense.

Hence, we may adopt a different procedure, that is, represent the spectrum of a
compound in the form of an analytical expression, say, the sum of Gaussian or any
other similar curves which correspond to the whole spectral curve. In this case, the
number of digits needed to describe the spectrum is considerably reduced. For exam-
ple, the spectrum shown in Figure 1 can now be characterized by only 66 parameters
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FIGURE 1. A part of the IR spectrum of polystyrene.

too 700 Cm'1

of 22 Gauss ian b a n d s a lmost wi thout any loss of in format ion . Thus , the spectral da ta
are compressed. Nevertheless, this app roach is no t very advantageous in tha t consid-
erable compu te r t ime has to be spent in deriving an analytical expression for each
spect rum stored in the compute r . These circumstances natural ly suggest that in any
IRS , as a rule, we have to code no t the whole spec t rum, but just certain individual
features of it, f requently, the posi t ion of peaks on the frequency scale. In m o r e modern
systems, the posi t ion of peaks , their intensities and half widths are also coded in a
specific scale. This addi t ional compress ion of in format ion invariably leads to certain
informat ion losses a n d , consequent ly , to a s i tuat ion in which complete identity may
escape detect ion in the course of compar i son of the at las spectrum and experimental
spec t rum, which should also be coded by the same number of features. In this case,
we are faced with the intricate p rob lem of designing special algori thms which could
collate the roughly encoded atlas spectra with the experimental spectra and thus give
out similar spectra for further investigation by m a n . In those cases where the number
of similar spectra is no t too large, for instance, a b o u t 50, the problem may be regarded
as resolvable. If the number of spectra similar to the experimental one a m o u n t s to
several hund red , then m a n is in n o posit ion to collate the spectra. Moreover , m a n ' s
par t ic ipa t ion , at least in the last stage of collation of the experimental and at las spectra,
implies the availabil i ty of a l ibrary of atlases, the creat ion of which is in itself by no
means a simple task , and is beyond the reach of m a n y laboratories conduct ing analyt-
ical research.

These cons idera t ions natural ly suggest tha t , a l though they have several obvious mer-
its, the IRS are , nonetheless , no t such a powerful tool as it would first seem.

It should also be ment ioned tha t , despite the large number of spectra found in dif-
ferent kinds of a t lases , there are , nevertheless, far less of them than the total number
of c o m p o u n d s k n o w n today (abou t four mil l ion). Moreover , in laborator ies engaged
in creat ing new subs tances , we are faced with ano the r type of problem, i .e . , identifi-
cat ion of a c o m p o u n d the spect rum of which canno t be found in any a t las . In such
cases, therefore , IRS are al together ineffective.

B. Information Retrieval System at the Siberian Division of the U .S .S .R . Academy of
Sciences

A typical example of IRS intended for extensive use in molecular spectroscopy,
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which we shall dwell upon in detail, is the system designed by Professor V. A. Koptyug
and colleagues at the Institute of Organic Chemistry and the Computing Center of the
Siberian Division of the U.S.S.R. Academy of Sciences.1'8 This system is intended for
use with the BESM-6 and Minsk-32 computers and is capable of conducting the follow-
ing operations: input, verification and entry of spectrum files on magnetic tape coded
by special methods, entry of amendments and corrections into the files in storage,
search for the spectra of the compounds according to given features and print-out of
this information, search for compounds whose spectra are close to a given spectrum,
statistical treatment of archives for the purpose of obtaining different kinds of corre-
lation dependences, and print-out of these correlation tables which could subsequently
be used in designing, say, a system of artificial intelligence for constructing diagnostic
tables in the dictionary of features. The name of the compound, its serial number in
the atlas, empirical formula, molecular weight, melting point, boiling point (if avail-
able in the atlas), and the spectrum description are entered into the system catalog.

The programs which form the software of this system includes a control, a subrou-
tine for comparison of the inquiry with spectral entries in the computer storage, a
program for evaluating the similarity between input and atlas spectra, a program for
extraction of search results, calculation of correlation tables, duplication and print-
out of information files, and a program for editing inquiries. The search program
operates with entries of a fixed format. The file in which the search is effected is stored
on a separate magnetic tape. Each zone of the tape contains entries which must not
be split between zones. Information regarding each compound consists of a fixed set
of signs. The system operates with three types of signs: Boolean signs, single-digit
integers, and symbolic signs. The file structure description carries all the data necessary
for the search in a given information file. The structure description of any file is
formed by a special subroutine of file structure description. Information is retrieved
by means of a search program which scans the magnetic tape file and thus searches
for an entry consistent with the inquiry. The search inquiry contains an obligatory and
desirable spectral signs.

Since the data have to be entered in a discrete form in the memory of a digital
computer, the question naturally arises as regards the breakdown or simplification of
spectral curves; in particular, the number of discrete spectral features which should
desirably be used in the search for compounds by their spectra.

In a general form, this question can be formulated as follows,1 Let us suppose that
the number of frequency intervals is n and the number of gradations of the absorption
band intensities is m. Out of all the spectral intervals, it is desirable to choose only
those intervals s in which the absorption bands have sufficient intensity. This elimi-
nates the information noise. Use of only these absorption bands provides for variety
in the search. This variety is expressed by the following formula:

N = (m - l)s C*
n

where C'n is the number of modes which allows us to select s intervals from n intervals,
(m — 1)* is the number which shows how many different spectra may be coded using s
intervals, considering that each interval can include one band with an intensity having
m gradations, and N is the number of different spectra which may be coded using this
procedure.
Taking the logarithm, we obtain

H is, m) = log N = J log (m - 1) + log Ĉ
,-uS nl

log C = log — ^ - — = log «! - log X! - log (n -s)\
si (n — s)l

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



October 1979 119

UOOO 3200 ZWO tSOO nOO 1500 1300 1100 900 700 500 300 WOcm
+1 • / a

nooo 3ioo moo mo mo isoo ism noo soo
6

700 500 300 WOcm

FIGURE 2. IR spectrum of diphenylacetylene (a) and the search'inquiry filled for its search (b). (From
Drobyshev, Yu., P. , Nigmatullin, R. S., Lobanov, I. K., Korobeinicheva, I. K., Bochkarev, V. S., and
Koptyug, V. A., Vestn. Akad. NaukSSSR, 8, 75, (1970).With permission.)

It is clear that even when m = 2, i.e., in using data on the presence or absence of
an absorption band in the spectral region without any regard for the quantitative data
on its relative intensity, 10 to 20 spectral intervals having intensive absorption bands
provide a range of N = 1010 - 1013, which is sufficient to describe the spectra in the
existing collections.

Proceeding from these considerations, the authors of this IRS chose the following
procedure for coding the IR spectra. The whole frequency range of spectra was divided
into 48 intervals of steps 50 cm"1 in the range from 100 to 2000 cm'1, and of steps 200
cm"1 in the range from 2000 to 4000 cm"1. Sixteen strong absorption bands are coded
and the intervals in which they occur are noted. The coded bands are likewise charac-
terized by the relative intensity (five gradations) and half widths (six gradations). Also,
information on the melting point, molecular weight, empirical formula, and molecular
structure are coded as a supplement to the spectral information. In the structural de-
scription, note is also made of the presence or absence of special structural fragments
if such preliminary information is available. In searching for a compound using IR
spectra, the operator fills in a standard search questionaire bearing 48 positions corre-
sponding to 48 spectral features (see Figure 2). Note is made of the spectral intervals
at which the spectrum of the unknown compound should have the obligatory features
(shown in Figure 2 by black triangles) and the spectral intervals at which the spectrum
of the unknown compound has absorption bands, but it is not excluded that they will
be masked due to absorption of the solvent or may not be present due to some other
reason in the reference spectrum. These desirable spectral features are shown by light
triangles. The spectral intervals at which the spectrum of the unknown compound has
no absorption bands (negative features) are shown by a broken line. If the absorption
bands, which are subsequently used as obligatory features, exist near the boundary of
the spectral interval, and if the recording conditions change (for example, when the
solvent changes), they may shift to the neighboring interval. Then a plus or a minus
sign is placed over the triangle denoting this band (to indicate that this band may fall
into the preceding or succeeding spectral interval). The inquiry is then fed into the
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computer. The search program is so designed that the spectra chosen by the computer
on the basis of spectral features (positive and negative features) are ordered in the
increasing number of coinciding desirable features. In the answer, the first 126 spectra
that have been chosen from the atlas of spectra are numbered and ranked in order of
probability. The computer-selected spectra are then divided into groups with respect
to the number of coinciding desirable features.

The number of spectra chosen by the computer essentially depends on the number
of obligatory spectral features. Thus, if only three spectral features are given, the num-
ber of selected spectra lies in the range from 350 to 2300. On increasing the obligatory
features to five, the number of selected spectra descreases by four- to sixfold. A further
increase in the obligatory features results in a further reduction in the selection spectra,
but at the same time there is an increased probability that the reference spectra of the
initial compounds in the file will not satisfy any of the obligatory features. Experience
shows that five to seven obligatory features are optimal for this system.

A change in the number of desirable spectral features does not very much affect the
number of selected spectra, but has a strong influence on the position or ranking of
the unknown spectrum given out by the computer. Ambiguity in the answer can be
considerably reduced if additional data (molecular weight, probable presence or ab-
sence of certain structural fragments) are included in the inquiry besides the spectral
features. For example, in searching for the compound

(C4H9O)2P(=S) S-S

by means of only spectral features (five obligatory and seven desirable), the computer
would give out 185 compounds. For the same inquiry which also carries information
on the presence of a benzol nucleus in the molecule, the number of selected compounds
drops to 55. The number falls to 17 if the inquiry includes an additional condition that
the molecule contains a chlorine atom. On including the tentative molecular weight of
the compound to an accuracy of about ±20 atomic units, the answer contained only
two substances of similar structure. In general, inclusion of information about one
structural element in the inquiry, in addition to the obligatory spectral features, re-
duces the number of selected spectra by 2 to 3 times, information about two structural
elements by 8 to 15 times, and three structural elements by 20 to 50 times. If the inquiry
carries information about three structural elements plus the tentative molecular weight,
then the answer contains only one to five compounds.

Since the data on molecular weight perceptably decrease the number of selected spec-
tra, a special algorithm has been incorporated into the system. This algorithm makes
it possible to design a satisfactory filter on the basis of molecular weight, and thus to
discard any molecule that does not satisfy this filter.

Besides the information on IR spectra, data about electron spectra are also intro-
duced into the system. In this case, the spectrum is coded by approximation with the
help of a broken line. The broken line is so constructed that all the characteristic points
of the spectral curve (maxima, minima, inflections) are the nodal points (Figure 3). In
this coding procedure, each spectrum in the machine catalog is presented by a table of
numbers characterizing the coordinates of the selected nodal points. Since in this cod-
ing procedure the spectra have no reference point, comparison of an unknown com-
pound with the machine catalog data means that the encoded spectra have to be rees-
tablished in the form of broken lines. A special algorithm has been designed for this
purpose. The search program has been constructed on a block principle. The set of
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400 nm

FIGURE 3. Coding of UV spectrum with the help of coordinate rectangles.

routines makes it possible to carry out the search, using the following criteria: the
serial number of the compounds in the main catalog file, the position of the maximum
and the logarithm of molar absorptivity of the most intensive absorption bands shown
by the coordinate rectangle in which this maximum should occur (see Figure 3); the
positions of the maxima and minima in the spectral curves given by a set of coordinate
rectangles.-which this curve should be drawn through; the code of the chromophore
groups; presence or absence of certain elements in the empirical formula; the range of
molecular weight; and melting points and boiling points in a given temperature range.

The following facts immediately attract our attention: since coordinate rectangles
are used in coding the spectra, the spectra of not only the compound being identified
but also those of similar compounds, may in principle, fall in these coordinate rectan-
gles. This is especially true of the UV spectrum which is, as a rule, characterized by
fairly wide bands and poorly expressed fine structure.

Figure 4 shows a number of spectra which all satisfy a given set of coordinate rec-
tangles, but belong to different compounds. This ambiguity in the results is character-
istic of any atlas approach and probably cannot be avoided altogether. Even in those
cases where the entire curve is subjected to comparison, the difference in spectrum-
recording conditions may lead to a situation where the atlas and input curves may not
be identical. This is one of the demerits of this search system.

Of course, with the introduction of additional data, as already pointed out, the
answer becomes less ambiguous. Use of molecular weight and an empirical formula,
in particular, alleviate the situation. Without these additional data, the IRS may pro-
duce an unduly large number of answers. It is highly likely that this set of answers
may not at all contain a single spectrum similar to the input one.

Side by side with the data on IR and UV spectra, information on NMR is also fed
into the search system. Spectra have been chosen which contain signals falling within
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200

FIGURE 4. Set of spectra which have passed through the coordinate rectangles of the inquiry. (From
Barkhash, V. A., Sokolov, S. P., Sekerina, L. F., Drobyshev, Yu. P., and Koptyug, V. A., Izv. Sib. Old.
Akad. Nauk SSSR, Ser. Khim., 14(6), 111 (1974). With permission.)

at least one of the following intervals: 0.95 to 1.05, 2.03 to 2.13, 4.05 to 4.15, 7.43 to
7.53, and 8.01 to 10.11 ppm. The corresponding routines provide for a search in two
stages. In the first stage, the machine analog search is conducted by a complete set of
signals of the specimen under investigation, where the positions of the signals are given
with possible experimental errors. The next stage in the analysis of the chosen spectra,
using the criteria of signal intensity and the presence of structural fragments common
to all compounds, increases the degree of certainty of the answer.

This IRS also contains a catalog of mass spectra. On the whole, the computer mem-
ory contains about 63,000 IR spectra, 5000 UV spectra, more than 15,000 NMR spec-
tra, and 17,000 mass spectra. For the sake of ease in handling, dialogue with the com-
puter is also incorporated into the system, so that the inquiry can be fed directly into
the computer with the help of a special typewriter. About 4 to 5 min are sufficient to
get the answer when the BESM-6 computer has to scan through 20,000 spectra. If the
operator so desires, the search can also be conducted only within a preset class of
spectra if it is known that the compound to be identified belongs to a certain class.

This system has been in use over the last few years and is quite efficient in structure
recognition.

The system is built up by connecting the following three types of terminal complexes
to the processor via a multiplex channel:

1. Complexes for investigation by different types of molecular spectroscopy
2. Such complexes for investigation by the chemical or physical methods that are

capable of communicating with the computer by means of a dialogue in solving
computational or search problems
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3. Special-purpose complexes for the formation of machine catalogs; for example,
catalogs of search systems including spectral, structural, and other data.

These terminal complexes considerably widen the field of computer utilization, es-
pecially in conducting experiments and in the subsequent processing of experimental
results. From the viewpoint of hardware, these complexes have almost the same struc-
ture and constitute the standard peripheral equipment of the Minsk-32 computer de-
signed for man-machine communication. In those cases where it is necessary, they are
supplemented by special interfaces for connecting nonstandard devices to the computer
(for example, various types of spectrometers). The interfaces are based on integral
circuits of standard CAMAC.

The range of terminal complexes can easily be varied, depending on the nature of
the problem to be solved, by connecting the various auxiliaries of the multiplex channel
of the Minsk-32 computer (punched card or punched tape devices, alpha-numeric
printers, data plotters, etc.). Experimental data can be recorded and processed with
on-line or off-line modes.

The interfaces designed on the CAMAC principles make it possible to use CAMAC
devices for surveying the experimental data, and consequently, to

1. Considerably widen the scope of experimental work due to the utilization of special
equipment (even a minicomputer) in the terminal complexes

2. Rapidly rearrange the terminal complexes to suit the problem being solved
3. Retain the same software even when the system is being expanded

Moreover, the CAMAC devices provide for easy passage to multi-machine systems.

C. Combined Use of IR, UV, PMR, and Mass Spectra in Search Systems
Information retrieval systems based on other principles are described in.9"12 Machine

atlases of IR, UV, NMR, and low-resolution mass spectra are used side by side in this
modification. All the spectra in this system are coded by a binary code, i.e., unity
stands for the presence of a spectral feature in a specific interval, and zero for the
absence of the same. For each reference compound, the codes of all the types of spectra
are grouped in one line, the signature of the corresponding compound. Spectral inter-
vals are chosen within fairly wide limits (for IR spectra from 50 to 300 cm"1 and UV
spectra through 20 nm), and the intensities of the strongest bands are marked in each
interval of IR and UV spectra in a three- or four-grade scale. For NMR spectra, the
presence or absence of signals and their multiplicities are marked in 16 intervals on
the chemical shift scale. The position and intensity of peaks are coded for the mass
spectra. The signature of an unknown compound is constructed in a similar manner.

In a simple comparison of the signature of an unknown compound, X, with the
signature of the Ah reference spectrum, C,-, it is possible to calculate the number of
positions, S,-, in which the features for X and C,- coincide. Then the reference com-
pounds, which have the maximum S,, will be taken as the compounds most resembling
8substance X. This simple comparison procedure has been improved upon for the fol-
substance X. This simple comparison procedure has been improved upon for the fol-
lowing reasons. Comparison of two features encoded by binary codes may lead to four
different results, namely:

1. The unknown compound and the reference compound exhibit the same feature.
2. A feature is absent in both the signatures compared.
3. The feature of the unknown compound is absent in the reference compound.
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4. The feature of the reference compound is absent in the spectrum of the unknown
compound.

Moreover, on the basis of the empirical estimate of spectral and information signif-
icance, each feature is assigned a weight factor. Thus, the result of each elementary
comparison of features was interpreted with the help of the following estimate matrix:

Code of unknown compound

0 1

0
•oa c

o c o
o 2 P- 1

R*

R,

R4

R.

where the weights, R,, are so determined that R, > R2 > R3 > R4. Depending upon
which one of the four alternatives is realized, the corresponding weight factors, R,,
are summed up. Thus, we obtain a set of reference compounds with the highest S, and
consequently, they exhibit a high degree of similarity to the spectrum of the unknown
specimen. This procedure proves highly effective, especially when the data bank does
not contain the spectrum of the substance under identification, and we are required
to find a substance of close structure, or in those cases where the spectrum has been
recorded with a high amount of distortions or the specimen is contaminated with im-
purities.

Comparison of the signature of a specimen with all the spectra in the data bank
calls for a fairly long machine time. It can be reduced if a strategy is used in which
the comparison is stopped when the signatures do not agree. In this system, prior to
starting the comparison, the maximum possible contribution to the sum, S, of each
feature is determined for each element of the signature by means of previously com-
puted values of Ri and R2. This procedure makes it possible to establish a priority
sequence for the features, depending upon their significance during comparison of
signature X, and to determine some threshhold magnitude for S.

Search begins with a comparison of the most important features, and the current
value of S is compared with the threshhold value. If S drops below a certain lower
limit, comparison is stopped. As a result, the obvious differences are detected quite
early, and thus the machine time is saved.

In accordance with the similarity criterion introduced, the computer gives out 20
compounds ranked in the order of decreasing similarity.

Erni and Clerc10 pointed out that the data bank has to be formed with due regard
for the demands of constant users. This system automatically counts the number of
times each spectrum is chosen as the reference spectrum, and thus eliminates from the
bank those spectra that are of little use to the user. At the same time, the system takes
into account the discriminating efficiency of the features. As a result of regular correc-
tion, the data bank is constantly updated to keep in line with the user's changing inter-
ests.

An experimental run of the system was conducted using a data bank containing
spectra of about 1000 compounds. The operation modes were tested by conducting
the search by one spectrum type or by simultaneous use of IR, UV, NMR, and mass
spectra. The tests gave satisfactory results which can be judged by the following ex-
amples quoted by the authors. Unknown compound:
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OCH,

Compounds given out by the system:

o o
II II
C-CH3 c - CH3

O
II
C-OCH,

-OCH 3

OH

Unknown compound:

CH3

I
OCH - C-CI

O
CH = CH — COH

NH, OCH3

HO~

C o m p o u n d s given out by the system:

OH ° H

NH

Unknown compound :

CH,
CHj — N

\

c — c
CH3

CH,

Compounds given out by the system:

CH, . C H '

C —C —CH, — N

O CH,

/ H ,

"CH,
C — CH = CH,

II
O

- C - C = CH,
II
o

. C _ CH

II
o

\
CH,-N(CHj),

CH,
I

C — C = CH,
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D. Account of Shape and Intensity of Bands
Since in the atlas comparison, the identification result depends upon the degree of

thoroughness to which the spectra have been coded and upon the quality of the record-
ing of spectra (of the compound to be identified and of the reference compounds), it
is worthwhile developing systems in which these circumstances are given due consider-
ation and the corrections are introduced automatically by the program itself. Such an
attempt has been made.13

Penski, Padowski, and Bouck selected 60 IR spectra of organophosphor com-
pounds. They applied a special method for coding the spectral features of these com-
pounds. The bands were divided into eight classes with respect to the intensities and
half widths, and each class was coded by a special code, for example, strong and nar-
row, strong and very broad, weak and narrow, weak and very broad, etc. Each band
class was assigned a weight which is taken into account during comparison of the
corresponding peaks in the spectra of the unknown compound and the reference com-
pound. In comparing the peaks belonging to different classes, the comparison result
is assigned a weight factor according to a matrix which gives these factors for all con-
ceivable cases. The specimen preparation method (gas, liquid, KBr pellet, solution in
CCU, etc.) is coded by a special code, and the spectral region (in pm) not suitable for
analytical work is shown in each case. The cell material, spectrometer type (grating,
NaCl prism, LiF prism, etc.) are also coded in a similar manner. The program only
collates those peaks that fall within the operating range in the spectra of the unknown
and the reference compounds. A measure for the coincidence of two spectra is regarded
as the quantity computed by a formula which takes account of the special data coding
procedure, i.e., it is assumed beforehand that coincidence of maxima of two narrow-
peaks is not equivalent to the coincidence of the maximum of a broad weak band with
the maximum of a narrow strong peak, etc. The coincidence measure, M,, is expressed
in percent.

The system was tested as follows. The data bank comprising 60 spectra was so
formed that it can include spectra of the same substance recorded under various con-
ditions (different types of spectrometers, cells, and other factors). Each spectrum is
considered to be a separate unknown entity in conducting the search in the general
file. The degree of coincidence is estimated by the magnitude of M,. Here it should be
expected that if the spectra of the unknown compound and the reference compound
had been recorded under identical conditions, M, should be 100. Some typical results
listed in Tables 1 and 2 show that, in comparing the spectra of the same compound,
M, always assumes a value greater than 80 to 90. This discrepancy from 100 is not due
to the shortcomings of the system, but is caused by the differences in the spectrogram
recording methods. Moreover, it was found that the identification was quite successful
even with a small number of peaks (say, up to four).

The authors investigated how recognition is affected by the shifts of the whole spec-
trum which might occur due to the differences in the calibration of spectrometers or
in coding. Shifts within 0.03 to 0.07^m were found to improve coincidence by 10%.
It is interesting to note that the attempts to recognize a substance absent in the machine
atlas resulted in obtaining a compound of close structure with M, = 60.

The experimental results have shown that the procedure proposed by the authors to
overcome the difficulties caused by the differences in the recording conditions of spec-
tra of the specimen and the reference is promising, and the method should be given
due consideration in designing new atlas systems. This approach may, however, need
a long machine time, and it may therefore be impracticable for large machine catalogs
containing tens of thousands of spectra.

In addition to the papers reviewed above, there are several reports dealing with the
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TABLE 1

Matching Results of "Unknown Spectrum" (Diethylchlorophosphate, Liquid Film)

Match result
Compound

Diethylchlorophosphate
(liquid film)

Diethylchlorophosphate
(liquid film)

Triethylphosphate
(liquid film)

Triethylphosphate
(liquid film)

Compared peaks

14

12

12

14

(M/)

100.0

82.0

70.3

64.2

Cell

Csl

NaCl

KBr

Csl

Spectrometer

2.5—40 ym grating

NaCl prism

NaCl prism

2.5—40 jim grating

Reprinted with permission from Penski, E. C , Padowski, D. A., and Bouck, J. B., Anal Chem.

46, 955 (1974). Copyright by the American Chemical Society.

TABLE 2

Search using the Spectrum of Tri-n-butylphosphate (Liquid Film, Csl Cell, and Grating
Spectrometer [2.5—40 pm] as the "Unknown")

Compound

Tri- n-butylphosphate

Spectrum type

Liquid film, Csl cell,

(2.5—40 f/m) grating

Tri-n-butylphosphate

Tri-n-butylphosphate

Liquid film, KBr cell,
(2.5—25 (im) grating

Liquid film, KBr cell,
prisms (2—25 pm)

Di-n-butyl-n-butyl- Liquid film, KBr cell,

Match result
(M,)

100.0

88.6

82.0

77.7

Compared peaks

14

14

14

14
phosphonate (2.5—25 pm) grating

Reprinted with permission from Penski, E. C , Padowski, D. A., and Bouck, J. B.,
Anal. Chem.,46,955 (1974). Copyright by the American Chemical Society.

various aspects of development of atlas systems.14'20 We cannot dwell on them in detail
due to lack of space. Therefore, we shall pass on to information retrieval systems
designed to solve the important and complicated problem of identification of com-
pounds in mixtures.

E. Identification of Compounds in Mixtures
Considerable difficulties are encountered in isolating a substance in its pure state.

Even if one succeeds in doing so, the substance is often obtained in such minute quan-
tities that it is impossible to record all the spectra needed. Consequently, the approach
based on an atlas comparison of spectra of mixtures with reference spectra of pure
substances seems particularly attractive. The first results of such investigations are
reported in the papers.2I-" Sebesta and Johnson21 were the first to point out one such
procedure for identification of components in a mixture without preliminary separa-
tion. The MIRET system developed by them is based on the following assumptions:
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(1) the spectrum of a mixture can be represented in the form of a linear sum of spectra
of the components, (2) the intensity of the absorption peaks follows Beer's Law, and
(3) the changes in the spectrum of a component in the mixture should not exceed cer-
tain specific limits. Hence, it follows that the spectrum of a mixture can be decomposed
into subsets of spectra, each giving a solution to the problem; moreover, it is highly
likely that the solution will fall into the set of spectra of substances to which a small
number of absorption bands corresponds. The main difficulty here is how to reduce
the number of solutions (number of subsets). The following criteria are applied in the
MIRET system to screen out the superfluous solutions: (1) a good solution should give
a better fit to the pattern of the spectral curve of the mixture than others do, and (2)
the solution should contain the maximum possible number of bands coinciding with
the bands of the specimen. The use of these two criteria is illustrated in the example
shown in Figure 5, where (a) and (b) are the spectra of individual components, (c) is
the spectrum of their mixture, and (d) represents the best approximation to the spec-
trum of the mixture under the assumption that it is the spectrum of an individual
substance. Evidently, the spectra (a), (b), and (d) may be regarded as the solutions of
our problem, but (d) will be taken to be the most probable one.

These general principles were realized in the form of an appropriate program which
was tested by analyzing artificial mixtures, using IR spectra. The data bank comprised
the machine atlases, ASTM, and the mixtures were made of only those substances
whose spectra are contained in the atlases. The spectra of mixtures were coded, using
enumeration of strong peaks, other peaks, and regions in which there is no absorption,
and the spectral regions discarded in the investigation. In order to eliminate the influ-
ence of instrumental distortions, the positions of the strong peaks were widened to
±0.1 (jm.

A provision is made in the MIRET system for the utilization of additional chemical
information. This is quite understandable because a chemist can often predict which
functional groups and chemical elements should not be present in the reaction products
and which groups or elements will most likely or necessarily be present in the final
products. In this system, it is possible to set information regarding 312 chemical prop-
erties, the code words being "present", "absent", and "no information".

The search strategy of solution consists of the following. First, using a negative
logic, the maximum possible number of standard spectra are discarded which do not
satisfy the chemical data or have peaks in the range where there is no absorption in
the mixture spectrum. Then potential components are eliminated by discarding the
compounds, which have simple, weak absorption bands in the IR spectrum. For each
solution, the significance factor is calculated by comparing the solution with the spec-
trum of the mixture in which the maxima of the strongest bands have experimental
wavelengths (without spreading by ±0.1 f4m). The final result is stored in the form of
three sets of the best solutions for 50 spectra in each set, the sets being formed with
the help of three different methods of accounting for the chemical information. The
list of 50 best solutions, ranked in decreasing order of the significance factor, is printed
out.

The MIRET system was tested in the identification of individual substances and
components of artificial mixtures. An analysis of a mixture containing anthracene and
benzoic acid is treated in detail by the authors.

Of the 50 alternatives given out by the computer, four compounds (including an-
thracene) were characterized by a significance factor of 100. Benzoic acid was found
in the next group consisting of nine compounds with a significance factor of 90.

Although it is somewhat early to speak of the practical utility of this system, none-
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FIGURE 5. A simple explanation of MIRET multicomponent solution criterion. (Reprinted with permis-
sion from Sebasta, R. W. and Johnson, G. G., Anal. Chem., 44, 260 (1972). Copyright by the American
Chemical Society.)

theless, the restricted number of components (not more than about 20) should serve
as a basis for planning further work in this direction.

An IRS designed for identification of organic compounds, both individual sub-
stances or mixtures, has been described by Fox in a recent paper."

This system is based on machine atlases of IR spectra in which the position and
intensity (in a three-grade scale) of peaks are coded. The degree of coincidence of the
spectra of an unknown specimen and of the reference compound is estimated empiri-
cally, using a numerical factor in which the higher the value of the factor, the better
the coincidence. The peaks are compared for the wavelengths and peak intensities. If
the spectrum of a reference compound does not contain any one of the bands in the
spectrum of the specimen, the reference spectrum is usually not considered as a com-
petitive alternative. However, depending on the search strategy used, it may also be
retained as a probable substance.

If the system is to operate effectively, it is important that there should be a proper
balance between the intensities in the spectra of the reference compounds, i.e., the
most intensive bands should not go beyond the scale. Special attention is paid to the
coding of the strongest and medium intensities in the spectrum of the specimen, al-
though as experience has shown, the program is not very sensitive to coding accuracy.

Several search strategies can be used with this system, the strategy chosen depending
on the nature of the problem and the characteristics of the specimen. We shall now
take up this question in brief.

The identification strategy for an individual compound lies in comparing the spectra
of the specimen and the reference, and then discarding those reference spectra which
have strong or medium peaks in the range where there is no absorption of the speci-
men. A similar procedure is used for the identification of mixtures, the only difference
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being that the reduction in the band intensities of an individual substance in the solu-
tion is given due consideration.

If the spectrum of the specimen contains bands which are rarely found in the spectra
stored in the data bank, this circumstance is also given due consideration in the pro-
gram.

Frequently in identifying a mixture, it happens that several compounds having a
close structure with a high degree of similarity are selected even after the first scanning.
Thus, after identifying one of the components in the mixture, the remaining peaks in
the specimen spectrum are artificially intensified by giving higher ratings (5, 6, 7 in-
stead of the usual 1, 2, 3). This strategy helps in "pulling out" the spectrum of correct
components of the mixture.

Fox called the last two strategies the liberal strategy and the simplest spectrum strat-
egy, respectively. The liberal strategy is applied in those cases where the unknown
spectrum is obviously not contained in the machine library, or when it is required to
establish a correlation between certain peaks and functional groups and thus to detect
allied compounds. Liberal strategy lifts those limitations imposed by the main strategy
and does not admit elimination of references. The simplest spectrum strategy is always
used in combination with the liberal strategy. In this strategy, each reference spectrum
is assigned a number proportional to the number of peaks in the spectrum. Higher
degrees of coincidence are attributed to those references which contain certain desira-
ble peaks but have the least number of bands (simplest spectra). This strategy is effi-
cient in searching for spectral structural correlations.

The system was tested using the atlases containing the IR spectra of commercial
specimens. An experimental run has shown that these strategies, when used in different
combinations, give good results. Individual substances almost always yielded to iden-
tification if the corresponding reference is found in the data bank. A stage-wise anal-
ysis was found necessary in analyzing mixtures. For example, in identifying pyridine-
dimethylphthalate mixture, the first search was conducted with a strategy intended for
mixtures, and thus dimethylphthalate was detected. Then a strategy was applied in
which the intensities of the peaks not belonging to dimethylphthalate were intensified,
thereby leading to the identification of pyridine. Another example is also given which
illustrates how a commercial mixture of two oils was analyzed using only one strategy.

On the basis of experience, Fox suggested that identification of an unknown speci-
men should be conducted in four consecutive searches, using the following strategies:
(1) strategy for the search of an individual substance, (2) the same strategy with due
regard for the unusual peaks, (3) liberal strategy in combination with the strategy of
simplest spectra (to detect allied compounds), and finally, (4) the strategy for analysis
of mixtures. The final result of the search should be checked and analyzed by man.

The system developed by Fox is still under experimentation. At times, as Fox himself
has noted, the results of analysis are obscure, and as such, the system needs further
improvement. Nonetheless, as compared to the MIRET system, one step forward has
already been made in this system: a flexible search strategy has been developed based
on man-computer interaction. Judging by the examples cited, it is apparent that the
system features high selectivity. Further advancement is probably to be expected in
this direction.

F. Comparison of Spectra by Correlation Cofficient Method
As is evident from the works examined above, success in atlas comparison largely

depends upon the similarity criterion used in the system. In turn, the choice of the
criterion depends on the method employed for representing the spectra of the specimen
and the reference compound. As has been demonstrated,13 a detailed description of
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spectra carrying information on the band intensities and half widths and due consid-
eration for the weight of the result of each comparison result certainly give the only
spectrum and sometimes several similar spectra from the catalog. It is, therefore, very
tempting to use the whole spectral curve if there is an appropriate method available
for estimating the similarity between two complete spectra.

Recently Tanabe and Saeki24 have reported some important results in this field. They
have studied the feasibility of comparing the spectral curves, using the correlation coef-
ficients. For this purpose, they recorded the IR spectra of 110 liquids, using a Perkin
Elmer spectrophotometer Model 180 equipped with a digital recorder. A liquid cell
0.015 mm thick with KBr window was used. From these spectra, 6000 pairs were cho-
sen, and the correlation coefficients between two spectra were calculated by the for-
mula:

£ xpi - i (S *,-) (2 yt)
r =

1 1 2 i - r 2 I / v \2 1 \ M2
/ /i * ' in '

where xt, y, are the ordinates of two spectra (Xand Y) at the Ah point of the abcissa,
! and n is the number of reference points on the spectral curves.

The use of correlation coefficients reveals a number of important circumstances. A
comparison of the histograms (Figures 6 and 7) shows that in the range 1750 to 650
cm"1, ten pairs of spectra assume a value of 0.95 for the correlation coefficient,

i whereas in the range 1200 to 650 cm"1, only one pair has a correlation coefficient
; exceeding 0.95. Hence, we can say that the correlation coefficient technique is most
\ effective in the fingerprint region (this result was to be expected). This small but highly

informative range constitutes only one sixth of the whole IR spectrum (200 to 3650
/ cm"1), and this range was employed in comparing the two spectra.
, The number of reference points needed for the calculation of r can be further re-

duced if we can determine the maximum intervals of quantization of a spectral curve
in which the correlation coefficients do not suffer reduction. The dependences of ron
the width of quantization interval for hexane-heptane, cumene-secondary butylben-
zene, hexane-secondary butylbenzene are shown in Figure 8. It is obvious, that rbegins

j to change when Av > 10 cm"1. Hence, the range 1200 to 650 cm"1 can be described
I without any loss of information, using the ordinates at only 56 points.

Tanabe and Saeki also studied the effect of relative shifts in the frequency scale of
two spectra of the same substance. From Figure 9, it is obvious that for rto be greater
than 0.95, the frequency shift should not exceed 3 cm"1. For greater shifts, corrections
have to be introduced, and this calls for careful calibration of the spectrophotometer.

It is known that the pattern of the spectral curve changes, depending on the thickness
of the absorbing layer. The spectra of the same substance recorded in cells of thick-
nesses differing by five to ten times may not exhibit any common features in a formal
comparison. Therefore, in the literature it is recommended that the spectrum of the
specimen to be identified by atlas comparison should be recorded in conditions where
the absorbance of the strongest bands is no more than 1.0 or 1.5. Tanabe and Saeki
have found that if the spectra are recorded in the absorbance scale (rather than in the
transmission scale) for a variation in the cell thickness from 0.025 to 1 mm, the corre-
lation coefficient between the corresponding spectral curves remains quite high (above
0.99).

Figures 10 and 11 show the dependence between the correlation coefficient and the
purity of the specimen. The plots show that rdoes not decrease uniformly as the con-
centration of the impurity in the specimen increases. In the examples cited, r attained
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FIGURE 6. Histogram of correlation coefficients for the
wave number range from 1750 to 650 cm'1.(Reprinted with per-
mission from Tanabe, K. and Saeki, S., Anal. Chem.,41, US
(1975). Copyright by the American Chemical Society.)
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FIGURE 7. Histogram of correlation coefficients for the
wave number range from 1200 to 650 cm". (Reprinted with
permission from Tanabe, K., and Saeli, S., Anal. Chem.,
47, 118 (1975). Copyright by the American Chemical Soci-
ety.)

a value greater than 0.95 at a purity of 53, 80, 90, and 96%, respectively. It is therefore
rather difficult to discern the permissible limits for the impurities. The authors never-
theless believe that for a purity of more than 95%, the correlation coefficient should
be greater than 0.95 in all cases.

Moreover, they found that the resolving power of a modern grating spectrophoto-
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FIGURE 8. Correlation coefficients vs. wave number
range for (a) hexane-heptane, (b) cumene-sec-butyl ben-
zene, (c) hexane-sec-butyl benzene, and (d) heptane-cu-
mene.(Reprinted with permission from Tanabe, K. and
Saeli, S., Anal. Chem., 47, 118 (1975). Copyright by the
American Chemical Society.)
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FIGURE 9. Correlation coefficient vs. wave number shift for
(a) anisole, and (b) cycloshexyl bromide.(Reprinted with per-
mission from Tanabe, K. and Saeli, S., Anal. Chem., 47, 118
(1975). Copyright by the American Chemical Society.)

meter (1 to 2 cm"1 at 1000 cm"1) is quite sufficient to retain a satisfactory similarity
between the spectra of the solids and the liquids. The correlation coefficient, however,
is rather sensitive to the method of preparation of the specimen, especially if account
is taken of the differences in the spectra of a gas, liquid, and solid. In such cases, r
proves to be far below 1.0. The correlation coefficient for spectra of liquids and solu-
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FIGURE 10. Correlation coefficients between (a) pure
and impure o-xylene, and (b) pure and impure m-
xyIene.(Reprinted with permission from Tanabe, K. and
Saeki, S., Anal. Chew., 47, 118 (1975). Copyright by the
American Chemical Society.)
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FIGURE 11. Correlation coefficients between (a) pure
and impure propyl chloride, and (b) pure and impure pro-
pyl bromide.(Reprinted with permission from Tanabe, K.
and Saeki, S., Anal. Chem.,41, 118 (1975). Copyright by
the American Chemical Society.)

tions is slightly less than unity. It is therefore imperative to record spectra either under
certain standard conditions or the atlases should contain the reference compounds for
all the possible recording methods. Since the latter procedure is not advantageous be-
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cause in this case the computer memory and machine time have to be unduly large,
the authors rightly tend to believe in recording the spectra of liquids without dilution
and the solids in KBr pellets.

Systems in which the correlation coefficient is employed as the similarity criterion
seem to be promising. In the comparison range 650 to 1200 cm"1 and quantization
interval 10 cm*1, they do not require an unduly large number of ordinates for spectrum
coding. In the opinion of Tanabe and Saeki, not more than a few minutes are required
to scan an atlas containing about 100,000 spectra. The main merit of these systems is
that the identification result is not in the least affected by the various subjective factors
that arise in considering the results of comparison. Moreover, for feeding the spectrum
into the computer in on-line mode, the operator is called upon only to correctly prepare
the specimen, without making any assessment of the spectral band parameters.

G. Deconvolution of a Spectrum of a Mixture into Spectra of its Components
To date, considerable experience has been gained in designing IRS for identification

of individual compounds, and routes have been opened for the development of these
systems for identification of components in a mixture. Since at present it is difficult
to foresee the potentialities of mixture analysis (number of components, complexity
of spectra, and other factors), a search has to be made for various ways of establishing
the structure of the unknown components of a mixture.

The emergence of devices possessing high technical capabilities and digital outputs
has stimulated the development of techniques for recording difference spectra. In a
situation where the number and the concentration of (n-1) components of an n com-
ponent mixture are known, there is a definite possibility of finding the spectrum of
the /rth component by subtracting the resultant curve of the known components from
the spectral curve of the mixture. The spectrum thus separated may be subjected to
further identification by some IRS.

Vasil'ev et al.25"27 have worked out several methods of qualitative analysis for mul-
ticomponent mixtures by their IR spectra. They have designed such an algorithm and
program suitable for quantitative analysis of the mixture, when not all of its compo-
nents are known, regarding the spectrum of the unknown components as the back-
ground. After determining the concentration of the components, the background is
separated in the form of a spectral curve which is used in identifying the unknown
components. It should be mentioned that the computational procedures employed in
this method are rather tedious and cumbersome and are based on linear and quadratic
programming techniques as well as algebraic correction for the background. Moreover,
this method presupposes that the main components in the mixture are known before-
hand.

In a case where the number of components in a mixture and their concentrations
are not known (such a situation is more frequent in practice), it appears that the com-
ponents of a mixture cannot be easily identified. Hirshfeld, however, suggested an
ingenious approach to this problem.30 He has developed a method in which separation
of a mixture is replaced by separation of the IR spectrum into its components. The
method consists in the following.

Obviously, the IR spectrum M(v) of the initial mixture can be represented in the
form of the sum of the spectra of its components, fn(y):

N

M (v) = r rn („)

n =

where N is the number of components (for the time being unknown). After redistri-
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buting the concentrations of the components by partial fractionization with the help
of evaporation, extraction, filtration, etc., the spectral curve of the mixture may be
represented as

M,(i.) = s an fn (i.)
n= 1

Now express the ratio of the spectrum as follows:

M,(v) =«„/„(•»)
R (v) =

M(«0

The function, R(v), will have a constant magnitude, a,, in those frequency ranges
where fn(v) dominates, and consequently, the graph of this function can be represented
in the form of flat sections of height, an alternating with the curve. Using this plot,
we can find the value of a, and the number of unknown components, N. Of course,
each component should have at least one flat section. This requirement is the main
constraint on the number of possible components which can be identified by this
method because there is an increasing danger of superposition of the bands with the
increasing number of components in the mixture. This naturally reduces the reliability
of the results. A weaker constraint is contained in the requirement that an # a,. In the
contrary case, both the substances (N and X) will give rise to a resultant spectrum in
the course of separation. Moreover, we should bear in mind that always a, + 1.

This method, as the author points out, always works out if N = 2; it works out in
the majority of cases if N = 3, and is rarely effective if N > 4.

In general, after determining the number of components, N, partial fractionization
is repeated (N-2) times, and thus the set of (N-l) spectra are obtained:

M,- <„)= £«t „/„(.>)

with the help of which the values of R,(v) are computed:

=/„ (»)
Then a system of linear equations is derived for /n(v) (Mr(v) and a,-,» are found exper-

imentally). The spectrum of each component is determined from the solution of this
system. Thereafter, the spectra can be identified, using any one of the IRS methods.

This procedure, according to the author, needs a spectrometer of resolving power
of not less than 0.01 cm'1, high signal-to-noise ratio, and computer output. The IR
Fourier spectrometer Digilab FTS may be used for this purpose. High precision spec-
trometers are evidently needed not only in fundamental research, but also in identifi-
cation of mixture composition. Such a change in the outlook on the purpose of instru-
ments is very essential.

Hirshfeld illustrated his method with an example of separation of the spectra of a
mixture containing toluene, cyclohexane, and hexane. The results obtained (see Figures
12 through 15) confirm the validity and the efficiency of the method. It may be ex-
pected that with the increasing availability of high precision spectrometers this method
will find ever increasing application, and in the case of simple mixtures containing two
or three components, it may even come out as a serious competitor to chromatography
due to high rapidity, ease, convenience, and reliability of identification.
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TOLUENE
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CYCIOMEXANE
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3000 2000 lOOOem-"

FIGURE 12. Reference spectra of pure components of ternary mix-
ture.(Reprinted with permission from Hirschfeld, T., Anal. Chem.,
48, 721 (1976). Copyright by the American Chemical Society.)

HEXANE- CYCLOHEXANE -TOLUENE MIXTURE

3000 2000 1000 cm-'-

FIGURE 13. Spectrum of toluene-cyclohexane-hexane mixture.(Reprinted with permission from
Hirschfeld, T., Anal. Chem., 48, 721 (1976). Copyright by the American Chemical Society.)
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"UNMIXING" COEFFICIENTS

3000 2000 1000cm —

FIGURE 14. Ratio of absorbance spectra of two successive mixtures.(Reprinted with permission from
Hirschfeld, T., Anal. C7iem.,48, 721 (1976). Copyright by the American Chemical Society.)
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FIGURE 15. Computer-resolved spectra of mixture components.(Reprinted with
permission from Hirschfeld, T., Anal. Chem., 48, 721 (1976). Copyright by the
American Chemical Society.)
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III. SYSTEMS BASED ON PATTERN RECOGNITION METHODS

A. Elements of the Pattern Recognition Theory
/. Essence of the Pattern Recognition Method

To date, quite a number of papers have been published dealing with pattern recog-
nition methods on various levels, ranging from simple theoretical consideration to a
description of algorithms.31'35

In mathematical language, a pattern is an ensemble of phenomena with common
properties. Thus, the IR spectra of a particular class of compounds, say, of the type
HC = CR, may be grouped into one class if they have an absorption band correspond-
ing to vibrations of C = C bond in the interval from 2140 to 2100 cm"1. This criterion

' may be used in identifying these compounds.
I Learning always precedes recognition. It consists of the following. The computer is

fed with a sufficiently large number (a few hundred) of spectra of chemical compounds
forming the training set. The elements of this set are usually so chosen that about half
of them contain a given atomic group which determines their state of belonging to
class A. Class B, in which the second half of the remaining elements are grouped, does
not contain a given structural element. Then an analysis is made of the distribution of
the points of classes A and B in a multidimensional space of the spectral features.
Here a distinction is made between learning with a teacher and self-learning. In the
latter case, algorithms are chosen that automatically classify the objects presented for
learning. On the basis of certain statistical algorithms, the computer reveals the typical
features of each class of compounds, and thus sorts out the spectra into several subsets.
If these features are already known, then they can be stored beforehand in the com-
puter.

) We shall now illustrate the construction of the system based on a pattern-recognition
j algorithm with the following example.

Suppose that a compound has a number of features that can be characterized quan-
titatively; for example, the position of intense lines on the spectral scale, melting point,
solubility, etc. Each of these features can be plotted on some coordinate axis, and the
set of all these features form a point in a multidimensional space. We shall illustrate
this by a simple example of identification of carbonyl compounds and monoalkylace-
tylenes.36 We shall characterize each compound by the percentage of the IR absorption
band in the range 1700 to 1760 cm'1 and 3300 cm"1. On plotting the percentage of
absorption at 3300 cm"1 along the ordinate, we obtain the plot shown in Figure 16.
Points corresponding to different compound classes fall into different regions: those
corresponding to carbonyl compounds fall in region 1 and those of substituted acety-
lenes in region 2. These two regions may be separated by a straight line. On receiving
the data on the percentage of absorption at 1700 and 3300 cm"1, the computer checks
on which of the regions a particular point falls, and then answers to which of the
classes the given compound belongs.

In a real system, the number of features characterizing a compound may be quite
large, sometimes more than 250. If the points corresponding to compounds belonging
to one class in such a multidimensional space are grouped in a particular domain with-
out overlapping with the domain defining other classes of compounds, then by deter-
mining the location of the points of the compound to be identified, we can solve the
analytical problem. The boundaries of the domains in which the points belonging to
different compound classes fall are recognized by learning.

Unfortunately, the domains characterizing different classes often overlap in a great
many cases. In spectral analysis and in other methods, not all the specimens exhibit
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FIGURE 16. Separation of acetylene derivatives and carbonyl compounds in the
space of features.

distinct boundaries, and consequently, the recognition programs cannot always guar-
antee errorless classification.

We shall now take up the techniques of the pattern recognition theory as applied in
analytical practice.

2. Probability Approach
If a specific probability measure, Pv, defined in a description space is put in corre-

spondence with each pattern, then the image, S(X), may be regarded as some (or all)
of the points or bands in the spectrum that have to be used in determining the proba-
bility that this image belongs to one of the patterns. The conditional probability that
an object belongs to one of the classes A or B (probability of the pattern, V,- provided
the feature Xis exhibited) is calculated from the statistical data by the formula:

V(Vj IX,-) = P(Vj) IVj) .) ]

Application of algorithms in the probability approach is restricted due to the need
at the learning stage for extensive experimental data if the information on the distri-
bution pattern is to be reliable. If the features are mutually correlated, as is often the
case in practice, the volume of computations needed in decision-making becomes ex-
cessively large. This is an important point. In fact, in spectroscopic practice, we are
rarely faced with a situation in which a few hundred spectra or more are used for
learning. Even most of the large search systems, which can be utilized in learning, have
at their disposal data on a comparatively narrow range of compounds of a definite
class. This is particularly true of newly synthesized compounds.
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3. Geometric Approach
The geometrical approach to pattern recognition is based on the assumption that in

the feature space (in a multidimensional space where each coordinate represents a
known property of a compound expressed in the form of numbers) one domain per-
taining to one compound class is distinctly separated sufficiently from a domain char-
acterizing another class. In the learning sequence, the set of n-dimensional vectors,
[XAP], represent molecules belonging to one pattern, and the vectors [XBP], molecules
belonging to another pattern. Moreover, there should be test sampling for each of the
patterns represented by the respective vectors. An image under test, V4( V,, V2 . . . VJ,
which is represented by a point in a multidimensional space, is attributed to the pat-
terns, [XA] or [XB], after its similitude to some references A or B has been established:

Vfc S ) X A [ ifR(V,A) < R(V,B)

In simple cases, the distance in the Euclidean space is used as a measure of similarity:

R(V,A)={ = [WB(VI|-A/I)]
n= 1

where W. is a weight factor and An is a reference coordinate vector.
In the potential function method, each point corresponding to a particular object is

assigned some function similar to the electrical potential. This potential is maximum
at a certain point and decreases in all directions from this point. An example of such
a potential function is

1 + a R3

where a is the decrease rate factor, and R is the distance between the source point and
the point at which the potential is calculated.

The quantity V in this case may serve as the measure for similarity between a given
point and the source point. For the references A and B, we may take certain volumes
in a multidimensional space which are specified either by man (learning with a teacher)
or found with the help of a separate algorithm and program (self-learning).

The geometrical approach is a common technique in pattern recognition. At the
learning stage it offers a possibility of varying the choice of similarity measure, mini-
mizing criterion, dimensionality of the initial space, and optimal references. Besides
the similarity measures which we considered earlier, namely, the distance in the Euclid-
ean space and elementary nonlinear potential functions, there are many other meas-
ures, too. For example, if there is a reference defined by the vector, V ({X,°, X2°, . . .
X° }, and the test object, S ({X,, X>, . . . X,}), then the question whether the test S
belongs to the class represented by reference V is decided upon after calculating the
angle between the vectors:

n

s v ' = 1
*(S, V) = arccos -2 = arccos

X X{ x.

IS I IVI 1SI IV!

For binary features it is more convenient to use the simple similarity measures, i.e.,
distance in the Hemming space or the scalar products of vectors:

. j
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R = \x,, - x,0 | + \x1 - x° I + . . . + I xn - x,° I

R = x, x? + x2 x2° + . . . + xn x°

Frequently, recourse is taken to the correlation method in which

R = (x, x,0 + x2 x2
0 + . . . + xnxn° ) -±(x, + x2 + . . . + x,,) (x,° + x2

0 + . . . + x,°)

An essential property of recognition systems is their ability to generalize the data de-
rived from a comparatively small number of representatives. In this respect, the pattern
recognition theory is an excellent example of the fundamental idea underlying scientific
progress — data compression without loss of the information contained in them.

A comparison of the dispersion of the various features describing the pattern under
test may reveal the extent to which each feature belongs to a given pattern. The choice
of references representing a pattern has a great bearing on the recognition results. As
a reference, we may take a point in a multidimensional space, the coordinates of which
are the mean value of the sampling coordinates. The references should be such that in
terms of "proximity measure" they should be as far away as possible from the extra-
neous patterns and as close to their own patterns as possible. In the recognition of
complex patterns, a pattern is sometimes represented by several references.

4. Characteristics of Recognition Systems
The identification systems based on pattern recognition principles may be character-

ized by several parameters, of which the most important are the recognition power,
R, predictive ability, P (probability of correct prediction), reliability, and convergence
rate.37 The recognition power is the percentage of members of the training set properly
classified in the course of learning.

If, for example, the training set has been completely separated, then obviously R =
100%. The probability of making correct predictions is a quantitative measure of the
ability of the method to correctly classify new patterns which had not taken part in
the learning process, whereas reliability characterizes the ability to correctly classify
elements of the training set when there are distortions (for instance, spectra recorded
with the help of various types of spectrometers or samples prepared under different
conditions). The convergence rate of the classification process determines the rate at
which the preset goal is attained in the course of learning. This parameter gives a means
to judge how far a particular method is economical in practice.

These characteristics of a system cannot be theoretically calculated beforehand.
They not only depend on the classification methods used, but also to a large extent on
the method of formation of the training set and preliminary mathematical processing
of the initial data. It is desirable that the training set be as large as possible, but at the
same time, it should be remembered that the set size has a significant influence on the
convergence rate. The order in which the elements are arranged in the training set
affects the quality of the learning process. The training set is therefore randomized
before starting the work with an algorithm, i.e., the elements of the training set are
arranged in a random manner. Of equal importance is the proper choice of the dimen-
sionality of the feature space (the number of descriptors) and the method chosen for
the preliminary data processing. Such methods as scaling, weighting of features, Ka-
runen-Loeve expansion, and other techniques (it is not possible to dwell on them in
detail due to lack of space) are treated in detail by Kowalski,38 but so far there is no
theoretical criterion which can be used for choosing the method of preliminary proc-
essing. As a rule, it is decided upon empirically.
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The basic ideas described above are employed both in learning with a teacher and
in self-learning as well. The brief analysis made above has demonstrated that as a rule
we can distinguish a small number of different patterns. Thus, using the algorithms
of the pattern recognition theory, we can determine to which class a given compound
belongs, but as a rule, we cannot identify a separate compound. If the whole analysis
ends in determining the fact that a given compound belongs to a particular class, then
methods based on the pattern recognition theory may be used very effectively. The
problem today, however, is quite a different one, namely, the complete identification
of compounds. For such purposes, pattern recognition techniques often prove unsuit-
able because the algorithms are so cumbersome that it is impossible to use them in
practice. Here, in our opinion, lie the main limitations due to which these methods do
not seem very promising.

We shall now take up certain methods for the purpose of solving some spectroscopy
problems.

B. Alternative Recognition and Linear Classifiers
Quite interesting is the classification of IR spectra,3' using an alternative recognition

program with a learning algorithm. The main idea consists in the following: all the
possible combinations of several spectral features (frequencies) present in the spectra
contained in the training set are examined, and then the most informative combina-
tions of features are chosen. These combinations are then used in working out a deci-
sion-making rule, according to which a given spectrum is assigned to one of the two
classes. The effectiveness of the algorithm was verified by determining the number and
places of the branches in the paraffin chains and the number and places of the substi-
tuents in aromatic compounds. An interesting result is that the spectral intervals re-
ported in the literature were found to be unsuitable for use in classifying benzene de-
rivatives with respect to the 12 possible types of substitution.

Quite a large number of papers37-38-40"48 have been devoted to pattern recognition
based on division of the spectra into two sets by means of a linear classifier. We shall
now discuss the essence of this method.

Suppose that certain objects to be sorted into two classes are given in a d-dimen-
sional feature space. Place a vector X(X|, X2, . . . Xd) in correspondence with each
object. Then we attempt to find a plane in the feature space that will divide the objects
into two categories. We shall impose a condition that this hyperplane should pass
through the origin. For this, add a new (d + l)th dimensionality that would give a
new vector, Y (Y,, Y2, . . . Yd, Yd + ,) Take the Ydt, component of each vector (pat-
tern) to be unity.

Now we have to find a criterion that can be used to determine on which side of the
plane a given object lies. For this purpose, take a vector, W, through the origin normal
to the separating plane. Call this vector the weight vector. Since W is perpendicular to
the plane, the scalar product of the vector, W, and the vector of the pattern, Y, will
determine the position of this pattern relative to the hyperplane. Thus, we have

S = w . Y= |W| I Y i cos e

where 0 is the angle between the two vectors. Since |W| and |Y| are always positive

S > 0 if - 90° < 0 < 90°

S < 0 if 90° < 0 < 270°

Hence, it is obvious that the position of the object relative to the hyperplane is deter-
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mined by the sign of S. Thus, this position can readily be found with the help of a
computer:

S = W • Y = u>, y, + w2 y2 + . . . + wdyd + wd + , yd + I

In order to derive the decision-making rule for this classification, it is necessary to
use a training set, the elements of which are assigned beforehand to one of the two
classes. The first element of the training set is taken in an arbitrary manner, and then
the sign of S is calculated. If this sign is correct, i.e., the compound falls in its proper
class for the vector, W, taken, then we proceed to choose the next element. This pro-
cedure is continued until we find an object with the wrong sign of S (evidently, such
an object does not fall within its class according to the position relative to the decision
surface). In order that the classification may not be false, correction is introduced into
the position of the partition plane by means of a feedback as follows: the hyperplane
is shifted along a perpendicular drawn from the wrongly classified point until this point
is located at the same distance (S) from the plane, but now is on the correct side.

The new position of the hyperplane is now characterized by a new weight vector,
W , so that

C

W • Y,. = S, W • Y,- = - S (1)

We shall find the vector W in a form

W = W + cY, (2)

where c is a certain factor.
From Equations 1 and 2, we find that

S' = W • Yj. = (W + c Y(.) \ .

hence

S' - S
c =

Y ,

Since by assumption that S' = -S , we have

- 2 S

Y,. • Y.

the expression for the new weight vector takes the form:

W' = W -

For the new vector, W, we have to verify whether the classification of the preceding
elements, Yi,Y2, . . . Y,-i has not been altered. An appropriate correction is intro-
duced in case the previous classification has been disarranged. This process is contin-
ued until all the elements of the training set are classified in a proper way.

After the problem has been solved and a vector, W*, that properly classifies all the
elements of the training set has been found, it may be taken that the computer has
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learned to recognize these objects. In order to assign a new object not contained in
the training set, it is sufficient to calculate S = W* • Y,; the sign of S will determine
to which class a new element belongs.

Although the possibility of linear classification is not proved by the theory, practical
experience evidently shows that this classification can often be effected within reason-
able machine time, using a finite number of feedbacks. In those cases where a large
number of iterations fail to divide the objects into classes, it is not clear whether a
desirable result can be obtained by continuing the calculations. Obviously, the algo-
rithm described can also be used in classifying the initial set into a large number of
classes.

The linear classification algorithm was tested by solving the problem of identifica-
tion of the structural elements of organic molecules by different kinds of spectra. A
series of papers published since 1969 deal with this topic. In this review we shall take
up just a few of them. The main aim of these works was to elucidate the way in which
recognition is affected by various factors like the size of the training set, dimensionality
of the feature space, the choice of the initial values of coordinate vectors, etc.

Kowalski et al.40 have examined the feasibility of applying linear classifier in inter-
preting IR spectra and in separating chemical compounds into classes according-to
spectral features. For this purpose, the first 4500 spectra that correspond to com-
pounds of a composition of no more than C,0O4N3Hn were selected from the Sadtler
atlas. The vectors of the patterns were selected in a space of 130 descriptors (including
the (d + l)th). This means the quantization interval was 0.1 nm. The peak intensities
were estimated in a four-grade scale: the strongest peak in the spectrum was assigned
an amplitude equal to 3, the strongest peak in the interval lpm was given 2, and other
descriptors were assigned either 1 (band exists) or 0 (no band). In order to feed the
data into the computer, they were preliminarily compressed with due regard for the
large number of zeros among vector components. Thus there was a 20-fold saving in
machine time.

For the purpose of learning, 500 spectra were chosen at random; 3500 spectra not
used in learning were employed in assessing the predicting ability. In the course of
learning, the training set was divided into 19 classes by the presence of one of the 19
functional groups in the molecular structure (COOH, CH2 - OH, NH2, etc.). Classi-
fication was effected with 100% result. The predicting ability P, however, varied from
75 to 95% for different groups, a percentage far higher than the results of man-as-
sessed intuitive classification (the effectiveness of man-made classification was preli-
minarily assessed by the authors).40

The authors have also studied the effect of the training set size on the probability
of correct prediction in identification of substances containing a carbonyl group. From
Table 3, it is evident that a gradual increase in the number of spectra in the training
set from 10 to 500 gives only a slow increase in the prediction ability from 62 to 71%.
It was therefore inferred that a training set composed of 300 spectra is quite sufficient
for finding a satisfactory weight vector. Consequently, the authors chose a training
set and a predictive set, each containing 300 spectra, for their further experiments.
With the help of these sets, they found that if the initial weight vector is so taken that
all its components are equal either to + 1 or — 1, the predictive ability is approximately
the same in both cases.

The authors have pointed out that there is a region near the partitioning hyperplane
in which the points fall that are difficult to classify. These regions remain outside the
range of application of the method. But the reliability with which an element is as-
signed to a class can be estimated by means of the numerical value of S. Indeed, the
value S shows how close a given point is to the plane.
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TABLE 3

Training for Carboxylic Acids with Train-
ing Sets of Different Sizes

Training
set size

10
20
30
40
50
100
150
200
250
300
350
400
450
500

Number of
feedbacks

5
10
10
15
22
36
103
167
199
341
398
597
1816

Prediction

percentage

62
63
61
56
61
67
71
71
72
73
71
71
68
71

Reprinted with permission from Kowal-
ski, B. R., Jurs, P. C , and Isenhour, T.
L., Anal. C/iem.,41, 1945 (1969). Copy-
right by the American Chemical Society.

Table 4 lists the correct and incorrect classification of compounds containing car-
boxyl groups, depending on the amplitude of the scalar product. It is clear that the.
degree of confidence in the classification grows rapidly as S increases and attains 100%
for large amplitudes.

C. Recognition by Means of Simultaneous Use of IR and Mass Spectra
It is known that the use of various physical methods for solving structural problems

considerably enhances the effectiveness of the experiments due to the large amount of
information obtained. It is therefore quite natural to inquire what is to be expected in
this respect if a machine is taught to recognize patterns. Such a study was attempted
by Jurs et al.41 Using certain cases, they investigated the effectiveness of recognition
by means of the combined use of IR and low resolution mass spectra and information
about the boiling and melting points. For this purpose, they selected about 300 com-
pounds for which all these data were available. The IR spectrum was represented by a
130-component vector constructed per Kowalski et al.40 The mass spectrum was de-
fined by 132 positions with amplitudes in the range from 10 to 100. About 200 com-
pounds were included in the training set, and 100 substances were used in prediction.
Learning was conducted in a space of combined (IR and mass) patterns described by
vectors composed of 262 components. In the course of learning, an investigation was
concurrently made to find how a decrease in the number of descriptors affects the
recognition results.

Compounds containing C=C double bond, ethyl, and vinyl groups were subjected
to identification by this method. In identifying double bonds, it was found (see Table
5) that each of the two methods (IR and mass spectra) taken separately gives an ex-
tremely modest result. In joint utilization, however, the learning process and the rec-
ognition power depend on the order of magnitude of the intensities in the IR and mass
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TABLE 4

Confidence Intervals for Carboxylic Acid Prediction

Calculated

scalar

-16
-14
-12
-10
-8
-6
-4
-2
0
+ 2
+ 4
+ 6
+ 8
+ 10
+ 12
+ 14
+ 16
+ 18
+ 20
+ 22

Number of

correctly as-

signed spec-

tra

1
8
11
22
21
39
41
41
37
48
47
43
27
26
13
11

5
2
0
1

Number of

wrongly as-

signed spec-

tra

0
0
1
2
1
9
13
17
29
24
27
11
7
5
4
2
0
0
0
0

Total

1
8
12
24
28
48
54
58
66
72
74
54
34
31
17
13
5
2
0
1

Confidence

percentage

100
100
92
92
75
82
62
57

67
63
80
79
84
76
85
100
100

100

Reprinted with permission from Kowalski, B. R., Jurs, P. C , and
Isenhour, T. L., Anal. Chem., 41, 1945 (1969). Copyright by the
American Chemical Society.

TABLE 5

Detection of Double Bonds

IR + Mass IR + Mass IR + Mass
I(M)>I(1R) I(M)<I(IR) I(M)~I(IR)

Number of IR Mass — — — — ^ — ^ — ^ — ^
descriptors P P P M/IR P M/IR P M/IR

262 86 136/126 78 136/126 89 136/126
162 84 99/6 80 52/110 88 76/86
125 79 87 87 92/33 83 24/101 89 61/64
100 83 88 85 88/12 80 11/89 90 46/54
70
50
30
20
10
5

82
77
62
47
50
69

85
84
81
81
69
56

85
85
79
82
61
61

69/1

50/0

30/0

20/0

10/0

5/0

81
78
69
52
52
55

1/69

0/50

0/30

0/20

O/.O

0/5

89
89
92
88
75
62

30/40

23/27

13/17

9/11

6/4
4/1

Note: P stands for prediction percentage, M/IR is the ratio of numbers of descriptors
in the mass and IR spectra, and I(M) and I(IR) are the intensities of the mass
and IR spectra, respectively.

Modified from Jurs, P. C , Kowalski, B. R., and Isenhour, T. L-, Anal. Chem., 41,
1949 (1969). Copyright by the American Chemical Society.
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spectra. Moreover, recognition is mainly effected by that spectrum in which the intens-
ities are represented by numbers of higher orders of magnitude. On normalizing each
type of spectra so that the amplitudes of the major peaks are equal, the degree of
utilization of both spectra in recognition is the same. This can be judged by the number
of IR and mass spectral parameters retained.

In the course of filtering the superfluous descriptors, certain vectors were found
which, even for a comparatively low dimension (about 20 to 50), are capable of guar-
anteeing a sufficiently satisfactory prediction (~ 90%). The recognition was hardly
affected on inclusion of the boiling and melting points as additional descriptors, but
they were retained to the end of the learning process as the number of components
was gradually decreased.

With respect to the identification of the ethyl group, joint utilization of IR and mass
spectra did not lead to any perceptible increase in the prediction percentage as com-
pared with the results obtained using mass spectra alone. The only advantage of com-
bined utilization is that the convergence rate becomes slightly faster.

Experiments have shown that the main role in the identification of the vinyl group
is played by the IR spectrum, which gives satisfactory convergence and recognition
when 20 descriptors are used. The authors note that the inclusion of mass spectra will
in no way lead to loss of information, the fact being that a mass spectrum has no
discriminating power in such a case.

This has demonstrated the convenience of linear classification in elucidating the sig-
nificance of intensity during the recognition process. Identification of a double bond
is not at all more difficult if zero-unity vectors (presence or absence of a given feature
in a given interval) are used in learning.

The results40-41 show that an approach based purely on a formal mathematical tech-
nique may give results which are difficult to interpret from a commonsense viewpoint,
and extreme caution has to be exercised in applying such a method. At the same time,
certain conclusions, which were inferred in the formal approach, are not objectionable
to the spectroscopist. For instance, the account that the intensity has hardly any effect
on the identification of double bonds is not an unexpected result. Even a weak band
in the range from 1640 to 1670 cm"1 serves as an indication of the presence of the C=C
bond.

D. Some Recognition Algorithms and Establishment of the Most Important Spectral
Features

For the sake of convenience in applying the pattern recognition method, it seems
tempting to work out such algorithms fo constructing a weight vector that, due to
rapid convergence and high recognition, might lead to the vector W which depends on
a small number of descriptors. A whole series of techniques were tested42'44 with this
end in view. Since it is impossible to foresee the result in every case, each method was
tested empirically. Here we shall outline these approaches.42'44

In developing the basic method of binary pattern classification, a new approach was
proposed42 which was called the method of learning with a normalized weight vector.
It consists in the following. As already shown elsewhere, the position of a point relative
to the decision hyperplane is determined by the scalar product of the vectors, X and
W. Let us introduce a threshhold number Z, and impose a condition that the scalar
product, W-X be greater than Z until the vector falls into its own class, i.e.,

Z < I W • X I , Z < I W I IXI cos 6 (3)

However, |X| cos0 is just the distance between X and the surface along the normal.
Call |X| cos0 the half thickness of the decision surface. From Equation 3, we get
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t =

If a specific thickness, 2t, is assigned to the decision surface, then the learning proc-
ess can be continued until all the points of the training set are found on a particular
side of an infinitesimally thin separation surface, and no point exists inside the sepa-
ration hyperplane of given thickness. In order to determine t, it is necessary to preset
Z and the initial weight vector. However, f is related to Z through W, and W undergoes
variations due to feedback. Consequently, f also suffers variations. Hence, although f
is specified prior to the beginning of the learning process, the user cannot influence
its final value. If, however, the vector W is normalized to a particular value after each
feedback, the magnitude of t will remain constant until the end of the learning process.
Such an approach gives a weight vector with better predictive ability.

The superfluous components have to be eliminated from the weight vector in order
to reduce its dimensionality. In other words, the only spectral features retained are
those that guarantee fast and correct identification.

The corresponding algorithm, proposed by Preuss and Jurs,42 consists in the follow-
ing. The distance of the point, X,, from the decision surface along the normal can be
defined by d,. Depending upon whether the point has been correctly or incorrectly

| classified, d, may be either positive or negative. The half thickness of the decision
surface can then be determined as the minimum value of d,in the training set, i.e.,

. IW • XI
dt = t

IWI

It is obvious that the half thickness, t, so determined is the maximum thickness typical
of a given decision surface, provided all the elements of the training set have been
correctly classified.

In order to verify the significance of a descriptor, it is temporarily discarded from
the data set, and then all d,and rare calculated. It is assumed that the elimination of
a significant descriptor will lead to a considerable decrease in t, while elimination of a
superfluous descriptor will give rise to an imperceptible change in t. All the descriptors
are tested by this procedure, and the results compared. The algorithm presupposes that
the maximum value of t will correspond to a descriptor that can be discarded more
easily than others. Then that descriptor is discarded from the data set. The most im-
portant spectral features are retained by repeated application of this procedure.

One more version of the classification algorithm is known as the fractional correc-
tion method (FCM).43 The learning weight vector, W, in this case is decomposed into
two components:

W, = Vfp + Wn

where papplies to the positive class and nto the negative class. Consequently,

S = W - xf

and the classification is effected as usual by the magnitude and the sign of S, the only
difference being that the weight vector is not changed by the feedback in the course
of classifying the elements of the training set. Instead, the following procedure is
adopted. Two sums
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"" S
S,, = S Si

1 = I

are formed, where the summation in SP is carried out for those patterns which belong
to the positive class but are classified in the wrong way (their number is equal to np),
and those elements in Sn are summed up which are wrongly classified (their number is
equal to n,). The feedback equation in this case takes the form:

W 'P =

where

n

(

i

-

SP

l.S ( S ,

Sn

- 2 (S,

X /

- Z)

- Z)

" X i

and the factor 1.5 is a given constant. Feedback is effected for W, and Wn, respectively,
np and n, times. The procedure is continued until all the elements of the training set
are classified correctly.

Other techniques are also available, for example, MAX/3 but we shall not deal with
them here.

The predicting power of these above-mentioned methods has been compared.*'
Learning was conducted in a space of 131 descriptors on a training set consisting of
126 arbitrarily chosen spectra. The predicting power was determined by means of 86
spectra that were not included in the training set. In the process of classification, a
program for identification of seven classes of chemical compounds had to be learned.
The experimental results are listed in Table 6. It can be seen from this table that the
first three methods give very similar values for the predicting power, whereas the frac-
tional correction technique gives slightly better results for some classes (from 93 to
100%). Of the four methods, the MAX technique is the least effective.

Interesting results were obtained in studying the way in which the predictive ability
is affected on decreasing the number of descriptors, i.e., only the most important spec-
tral features are retained.

Teaching a machine to select the most important features in the IR spectra of car-
bonyl acids, esters, and primary amines was investigated by Preuss and Jurs.42 Table
7 lists the predictive abilities that are attainable by decreasing the number of descriptors
characterizing the spectra of these compounds, while Figures 17 through 19 show the
components of the weight vectors for the groups COOH, CCOOC, and NH2 after the
superfluous components have been eliminated. Downward-directed components cor-
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TABLE 6

Predictive Abilities of Four Binary Pattern Classifiers (BPC) Using 131 Peaks

Functional group

Alcohols
Benzenes
Carbonyls
Carbonyl acids
Esters
Ethers
Ketones

Basic BPC

98.8
90.7

100.0"
96.5
97.7
98.8
97.7

BPC with nor-
malization

97.7
90.7

100.0
97.0
98.8
97.7
96.5'

Fractional
correction

method

97.7
93.0

100.0
100.0
98.8
98.8
96.5

MAX

98.8
84.7

100.0"
97.7
97.7

100.0
95.4

Prediction of least populous class low.

* Prediction invalid.

' Did not classify all training set correctly.

Modified from Liddell, R. W. and Jurs, P. C , Anal. Chem., 46, 2126 (1974).
Copyright by the American Chemical Society.

TABLE 7

Training and Feature Selection with Carboxylic Acids, Esters, and Primary Amines

O

-COOH c-cx o-c
C-NH,

Number of Prediction Number of Prediction Number of Prediction
descriptors percentage descriptors percentage descriptors percentage

128
34
22
18
16
14
12
10
8
6

95.9
95.6
93.5
94.5
91.7
90.7
91.2
92.6
88.5

128
36
24
14
12
10
8

—
—

96.6
95.5
94.4
93.5
93.2
91.5

—

128
32
24
18
12
10
8

—

95.2
95.5
96.0
95.1
92.3
92.6

Modified from Preuss, D.R. and Jurs, P. C , Anal. Chem., 46, 520 (1974). Copyright by
the American Chemical Society.

respond to positive correlation when the corresponding functional group is present,
while the upward-directed components correspond to negative correlation. From the
table it can be seen that a weight vector containing about 18 to 20 descriptors is suffi-
cient to guarantee a predictive ability of 95%. Certain interesting conclusions can be
drawn from Figures 17 through 19.

The weight vector of the carboxyl group contains 34 components. A negative corre-
lation is observed in the range from 2.4 to 2.8 ̂ m which the authors attribute to the
presence of a free hydroxyl group having no relation with the group COOH in this

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



152 CRC Critical Reviews in Analytical Chemistry

j L
2,0 6,0 10,0 14,0

FIGURE 17. Weight vector map of carboxylic acids.(Reprinted with permission from
Preuss, D. R. and Jurs, P. C , Anal. Chem., 46, 520 (1974). Copyright by the American
Chemical Society.)

frequency range; in contrast, the correlation is positive in the range of absorption of
associated acids (3.2 to 4.3 and 5.8 to 5.9 fjm). It is positive in the vicinity of 8 jmi as
well, a fact which is understandable. However, the negative correlations observed for
other spectral ranges and the positive correlation in the vicinity of 12 pirn cannot be
given any physical interpretation and are probably due to the imperfections of the
method itself or to imperfections due to a biased training set. An analogous conclusion
can be inferred from weight vectors constructed for esters and primary amines or from
the data reported43 for carboxyl, carbonyl, and alcohol groups (Figures 20 and 21).
The latter figure shows the positive (upward) and negative (downward) components
of weight vectors. For example, in the opinion of the authors,43 the negative compo-
nents observed for alcohols are a distinctive feature of the weight vector of this group,
and this makes it possible to identify them easily from other classes.

The latter results, indeed, are very interesting and promising. Despite the high level
of data noise, the information obtained by these methods on the vibrations of certain
groups in the IR range may prove to be very useful in determining the characteristic
frequencies of the functional groups. Here it has to be assumed that the accidental
and true correlations derived from the weight vector diagrams can readily be differen-
tiated by comparing the vector components with the calculated frequencies and shapes
of the vibrations of the corresponding structural fragments.

A knowledge of the frequencies calculated and the shapes can confidently be applied
in judging whether a given component of the weight vector is associated in any way
with the vibrations of the functional group under investigation.
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2,0 6,0 10,0 14,0

FIGURE 18. Weight vector map of esters.(Reprinted with permission from Preuss, D.
R. and Jurs, P. C , Anal. Chem., 46, 520 (1974). Copyright by the American Chemical
Society.)

IV. ARTIFICIAL INTELLIGENCE APPROACH

A. General Features of Artificial Intelligence Approach
The third group of methods, which are employed for solving analytical problems,

is based on the approach known as the linguistic method, or sometimes, as the artificial
intelligence method. The so-called dictionary of attributes is used in this approach.
This dictionary may contain, for instance, the following correspondences:

Structural element

-CH3

O

Rj _ C - O - R 2

0

R, - C - R 2

Attributes in IR spectra

1460, 1380 cm"1

1740 cm-'

1715 cm"1

With the help of this attribute dictionary, a relationship is established between the
presence or absence of some structural element in a molecule and the corresponding
absorption bands in the spectrum or some other measurable characteristics.

Of course, it is essential that this relationship between two attributes should be
unique and should not admit any other interpretation. If such an attribute dictionary
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2,0 6,0 10,0 14,0

FIGURE 19. Weight vector map of primary amines.(Reprinted with permission from
Preuss, D. R. and Jurs, P. C , Anal. Chem., 46, 520 (1974). Copyright by the American
Chemical Society.)

is available (a simple example being the tables of characteristic frequencies in IR, Ra-
man, and UV spectra or the characteristic chemical shifts in NMR spectra), then there
is a formal possibility of utilizing these attributes in the search and identification of
individual compounds and the structural elements by means of certain mathematical
techniques underlying the so-called proposition algebra or the Boolean algebra.

The attribute dictionary requires quite a small memory size for its storage, and what
is most important is that it can easily be duplicated with the help of various types of
computers for the dissemination of an already constructed system to different users.
Of course, the quality of recognition depends essentially on the reliability and quality
of the attribute dictionary. An automatic method based on a data bank, similar to the
technique described by Nigmatullin and Smirnov,6 may conveniently be used in con-
structing these attribute dictionaries. Experience shows, however, that such dictionar-
ies should not be constructed as all-purpose ones, but should be goal-oriented with
due regard for the specific interests of the user.

Nonetheless, it should be mentioned that the application and development of such
linguistic approaches give satisfactory recognition results only when the investigator
has the empirical formula of the sample at his disposal. In the contrary case, the num-
ber of alternatives given by the computer will be extremely large. Atlas approaches do
not necessarily need the use of empirical formulas, and as such are effective in those
cases where the artificial intelligence method fails. Nevertheless, as already pointed
out, it is not always possible to obtain an answer by the atlas method. The atlases are
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4.0 8 . 0

WAVKLBK7TH (microns)

12.0

FIGURE 20. Weight vector map of carboxyls.(Reprinted with permission from
Liddell, R. W. and Jurs, P. C , Anal. Chem., 46, 2126 (1974). Copyright by the
American Chemical Society.)

revised from time to time and tens of thousands of organic compounds are included;
however, relatively few inorganic and organo-metallic compounds are among them.

At present, quite a large amount of empirical data have been collected regarding the
characteristic features of the functional groups in the spectra of polyatomic molecules.
This information from various journals has been generalized in several monographs,49"
56 where it is presented in the form of correlation tables and diagrams. Correlation
tables are the main source of information on the mutual relationship between spectra
and the molecular structure needed in qualitative structural group analysis. Certain
serious difficulties are encountered in applying these methods. We shall point out some
of them.

Elucidation of the molecular structure by means of spectra is based on a logical
comparison of the spectrum of the compound under investigation with the dependen-
cies already known between the structural elements and their spectral features. These
dependencies are, however, frequently extremely complicated, of a multistage nature,
and include a large number of logical relations whose word formulation may often
prove to be rather vague and ambiguous. To retain these relations in memory and to
deduce the intermediate conclusions at all stages of the analysis is rather difficult and

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



156 CRC Critical Reviews in Analytical Chemistry

4 .0 8.0 ' 12.0

HAVELENGTH (microns)

FIGURE 21. Weight vector map of alcohols.(Reprinted with permission from Lid-
dell, R. W. and Jurs, P. C , Anal. Chem., 46, 2126 (1974). Copyright by the Amer-
ican Chemical Society.)

is often beyond man's capacity. In consequence, there is a substantial dependence of
the results of spectral data analysis on the experience and intuition of the specialist.
This in its turn leads to the absence of an unbiased measure of the probability of a
given set of structural elements occurring in the sample. This type of investigation can
be facilitated using special mathematical techniques in which human argumentation is
replaced by exacting computer-aided calculations."•"

This requirement is satisfied by the principles of symbolic logic, the science of dis-
crete, structural simulation of finite discrete systems. Application of symbolic logic is
highly fruitful in studying complicated objects of a discrete nature. Since a molecule
is an ensemble of structural elements and its vibrational spectra are discrete objects,
there is ground for believing that symbolic logic is the best mathematical tool for de-
scribing the mutual relationship between the spectrum and the structure of a molecule.
Here this description may be looked upon as the "black box". Since the specific tech-
niques of Boolean algebra are not familiar to chemical analysts, we shall begin this
section with a brief description of the basic concepts and definitions of propositional
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calculus62 followed by examples showing its usage. Basic principles of the graph theory
will also be given.

B. Elements of Symbolic Logic
A proposition is a complete statement of which it may definitely be said that its

content is either true or false. For example, the statement, "frequency co is contained
in the spectrum" is a proposition, but "which vibration of the functional group does
this frequency belong to?" cannot be said to be a proposition. "True" and "false"
are the two logical values of any proposition and are denoted by the letters T and F,
respectively. None of the propositions can be both true and false. Complex proposi-
tions or Boolean functions are constructed from simple propositions by means of log-
ical operations. These operations are often called the logical conjunctions or connec-
tions.

We shall consider the basic operations over propositions. Each simple proposition
shall be assigned a letter, and the meaning of a propositional variable shall be attrib-
uted to it.

The simplest logical operation over propositions is negation. Negation of proposi-
tion a shall be denoted by a", and it stands for a proposition whose truth value is
opposite to the truth of the proposition a. If a is false, then a"is true; and IFis false if
a is true. Negation of a implies the same as the propositions "not a", "it is untrue
that a", and "a is false". For example, if the proposition "the frequency w is con-
tained in the spectrum" is denoted by co, then GO shall stand for the proposition "the
frequency co is not contained in the spectrum."

The action of each operation is represented in the form of truth table which defines
this operation.

The truth table of a negation operation takes the following form:

T F
F T

Conjunction (logical multiplication) of propositions a and fa is denoted by a A fa.*
It means that proposition a A bis true if and only if each proposition, a and b, is
true. Conjunction a A fa also implies that "both the propositions a and fa are true."
Accordingly, it corresponds to the logical conjunction "and". For example, the Boo-
lean function, coi A co2 may serve as the symbolic representation for the proposition
"the frequency co, is contained in the spectrum and the frequency co2 is contained in
the spectrum."

Conjunction has the following truth table:

a b aAb

T T T
T F F
F T F
F F F

Disjunction (logical addition) of the propositions a and b is denoted by a V b.** It

* Conjunction is usually denoted by the sign " •" or " A " .
*• Disjunction is also denoted by the sign " + " .
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stands for a proposition which is true if and only if at least one of propositions a or b
is true. This operation also implies that "at least one of the propositions a or b is
true," and in meaning corresponds to the inclusive connective "or". For example, the
Boolean function, co, V co2, is the symbolic representation for the proposition "the
spectrum contains either the frequency a>, or the frequency co2 or both the frequen-
cies."

The truth table of disjunction is of the form:

a b aV6

T T T

T F T
F T T
F F F

Exclusive disjunction of propositions a and b is denoted by a V- fa. In meaning it
corresponds to the exclusive connective "or". For example, the statement co, -V co2

implies "the spectrum contains either the frequency co, or the frequency co2, but does
not contain both frequencies together."

This operation has the following truth table:

a b a Vb

T T F

T F T
F T T
F F F

Implication a -* b denotes a statement that is false if and only if the statement a is
true and the statement b is false. Implication a -*• b has the meaning of the statements
" if a, then b," "from a it follows that b", "a implies fa," "fa provided that a". It
corresponds to the logical connective "if ..., then...". The proposition a —• b is also
read as "a implies b". The first term of the implication (a) is called the antecedent,
and the second, the consequent. An example of implication is the statement "if a
molecule contains the functional group A, then its spectrum contains the frequency

The truth table of implication is as follows:

a b a—b

T T T
T F F
F T T
F F T

Equivalence of the propositions a and fa is denoted by a = fa; it stands for a state-
ment which is true if and only if the statements a and fa have the same truth values.
Equivalence a = fa also implies the statements "a if and only if b", "in order that a,
it is necessary and sufficient that fa." For example, A = co corresponds to the statement
"the frequency co is contained in the spectrum if and only if the molecule contains the
group A".
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This operation has the following truth table:

a b a = b

T T T
T F F
F T F
F F T

Tautology has a special role in the propositional calculus. Tautology is a complex
proposition which is always true, irrespective of the truth or falsehood of its constitu-
ent propositions; for example, "the frequency u> is contained in the spectrum, or the
spectrum does not contain the frequency co." Identically true formulas are also called
tautology, and are denoted by the symbol I. The negation of I, i.e., I is called an
always false statement and is denoted by the symbol 0 ("the spectrum contains the
frequency co, and the spectrum does not contain the frequency co").

On the other hand, certain complex statements, which are not tautologies, may be
true in particular conditions of a problem. They are called the genuinely true state-
ments and are denoted by the same symbol as for tautology.

If the truth tables of two different formulas coincide, these two formulas represent
the same Boolean function. Such formulas are called equivalent ones. They are usually
denoted by the sign = or =. Using the truth table, it is easy to verify that all other
logical operations can be expressed in terms of the three fundamental operations of
negation, conjunction, and disjunction:

(a V b) = (a A b) V (a A b)

(a-»b) = ( IVb)

(a = b) = ( a - b ) A (b-> a) = (a A b) V(aAb)

Thus, for any formula, an equivalent formula can be found which contains only the
signs of negation, conjunction, and disjunction.

Due to lack of space, without going into the details of Boolean algebra, we shall
restrict ourselves to a mere listing of the most important equivalences with which a
Boolean function can be reduced to a simple form:

a V a = a
a A a = a
a V I = I
a A I = a
0 V a = a
0 A a = 0
a A a = 0
a V 5 = I

( a l b ) = a V b
(Tvb) = a A b

a A (b V c) = (a A b) V (a A c)
I a A (a V b) = a
\ (a V (a A b)) = a
j [a V (b A c)J = (a V b) A (a V c)
J [ aV( lAb) ] = a V b
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It should, however, be pointed out that in the practical application of the proposi-
tional calculus we come across considerable difficulties in converting the natural lan-
guage into the language of the symbolic logic. This transformation, the first step in
exact formulation of any logical problem, is not always obvious; this is largely due to
the ambiguous usage of language. Therefore, in constructing the Boolean functions
from statements expressed in natural language, a perspicuous understanding of the
sense underlying these statements in a given context is imperative.

Now we shall take up the description of some computational methods in Boolean
algebra which help us considerably in solving logical problems. The basic idea under-
lying these methods is the following. Some definite binary number is put into corre-
spondence to each proposition contained in the Boolean function. All operations,
which are to be carried out over the propositions, are performed over the correspond-
ing binary numbers which are called the designation numbers. The final numeric results
are then retransformed into a proposition form.

The starting point in constructing designation numbers is the truth table. Consider,
for example, the truth table of a function of three variables: a V (b A c)

a
b
c

aV(fcAc)

ble subsi

a
b
c

aV(bAc)

F
F
F
F

:itut(

0
0
0
0

T
F
F
T

51 for T

l
0
0
1

F
T
F
F

and

0
l
0
0

T
T
F
T

Ofor

1
l
0
1

F
F
T
T

F:thus

0
0
l
l

T
F
T
T

F
T
T
F

, we get

l
0
l
l

0
1
1
0

T
T
T
T

1
1
1
1

The rows in this numerical table are precisely the designation numbers of the proposi-
tions in the corresponding rows of the truth table. The set of designation numbers of
a given number of logical variables form the logical basis. For example, the basis for
three logical variables, a, b, and ctakes the form:

#
#
#

a =
b =
c =

0
0
0

1
0
0

0
1
0

1
1
0

0
0
1

1
0
1

0
1
1

1
1
1

Here the symbol #a stands for the designation number of the proposition a, #b, the
designation number of the proposition b, etc., while the number at the top of each
column is the serial number of the column in the basis set. For a system consisting of
n simple propositions, there are 2" binary digits in each designation number. Conse-
quently, the basis contains 2- columns. With due regard for the correspondence be-
tween the basis and the truth table, the columns in the basis may be rearranged, thereby
obtaining other bases which still remain valid. The columns in the basis consist of a
total of 2" possible combinations of digits, each of which is either unity or zero. This
is in exact correspondence with all the possible truth values of n simple propositions.
By virtue of permutations of the columns, we find that there can be in all 2"! different
bases. Among all the possible bases, only one is chosen which is called the standard
logical basis. In the case of three variables, the table given above is the standard basis.
The merit of this type of basis is that for any number of simple propositions it can be
written as follows: zeros and unities alternate in the designation number of the first
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simple proposition, pairs of zeros and unities alternate in the designation number of
the second proposition, four zeros and unities alternate in the designation number of
the third proposition; eight zeros and eight unities alternate in the designation number
of the fourth simple proposition, etc. In the Ah row of the standard basis (/ = 0, 1,
... , n - 1), the alternating groups of digits contain 2' zeros or unities each. The col-
umns in the basis are numbered from the left to the right beginning from zero to 2" -
1.

A specific feature of the standard basis is that each column read from the bottom
upward forms a binary number equal to the serial number of the column in the decimal
system. Unlike the truth table, the order of occurrence of the columns in the standard
basis is strictly fixed. Usually the standard basis is expressed as follows: B[a,b,c,...],
the order of the elements in the square brackets coinciding with the order of the rows
in the standard basis.

We shall now show how the designation numbers of complex propositions or Boo-
lean functions are calculated.

In order to find the designation number #(aVb), we have to carry out the logical
addition of the corresponding places of #a and # fa without carrying over to the higher
places, using the following rule: 0 + 0 = 0 ; l + l = l ; 0 + l = l ; l + 0 = l . This
addition is denoted by #(aVfa) = tfa + ttb, where the plus sign on the right stands for
addition of designation numbers. For example,

# a = 0 1 0 1
# b = 0 0 1 1
H a V b ) = 0 1 1 1

The designation number #(aAb), by analogy, is determined with the help of logical
multiplication, using the rule: 0-0 = 0; 0-1 = 0; 1 0 = 0; 1 • 1 = 1.

Then, wehave#(aA5) = #a-#fe)

H a = 0 1 0 1

H b = 0 0 1 1

H ( a A b ) = 0 0 0 1

In order to find #a, all the zeros in the digits of the number #a have to be replaced by
unities and vice versa. For example, #a = 0101, #a~= 1010.

With the help of these fundamental operations over designation numbers, the des-
ignation number of any given Boolean function can be determined by means of these
operations carried out in a consecutive sequence. For example, let us calculate
#(aV(bAc)) in the basis B[a,fa,c]:

# F
# c
tt(bAc)
It a
#(aV(fcAt}) = 0

Note that #1 = 1111..., i.e., I has unities in all digits, while #0 contains zeros in all
digits. For the two functions, X and Y, ftX = #Y, if and only if X = Y, and X — Y if
and only if #Y has unities at least in those digits which carry unities in #X.

Several systematic methods are available for finding the various forms of symbolic
representation of a given designation number.

= 1
= 0
= 0
= 0

1
0
0
1

0
0
0
0

0
0
0
1

1
1
1
0

1 0
1 1

0
0

0
1
0
1

J
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For example, the number 0111 0100 can be intepreted in the following equivalent
forms:

1. A complete disjunctive normal form (CDNF):
(aAbAc) V (aAbAc) V (aAbA4c) V (aAbAc)

2. Complete conjunctive normal form (CCNF):
(aV bVc) A (aV bVc) A (aV bV c) A (aVW c)

3. Simplest form as the sum of products:
(aAb)V(bAc)

4. Simplest form as the product of sums:
(4aVb)A(bVc)

5. Mixed form:
((aVb)Ac)V(aAbAc)

The CDNF is the logical sum of a certain number of elementary products. An ele-
mentary product is the conjunction of all the simple propositions from a given basis;
any simple proposition may be contained in this conjunction either in the affirmative
or in the negative form. For the basis B[a,fa,c], we shall write all the elementary prod-
ucts and their corresponding designation numbers:

#(aAbA<)
HaA'bAc)
#(iAbAc)
tl(aAbAc)
#(aAFAc)
HaAbAc)
#(aAbAc)
tt(aAbAc)

1
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0

0
0
1
0
0
0
0
0

0
0
0
1
0
0
0
0

0
0
0
0
1
0
0
0

0
0
0
0
0
1
0
0

0
0
0
0
0
0
1
0

0
0
0
0
0
0
0
1

It is seen that the designation number of an elementary product contains only one
unity, while the total number of elementary products for n simple propositions is equal
to 2".

The CDNF is the sum of only those elementary products, each of which represents
unity occurring in the designation number of a given function. For example, the num-
ber 0100 0011 has unities in the first, sixth, and seventh digits, and consequently, it
can be obtained by logically summing up those elementary products whose designation
numbers contain unity in the first, sixth, and seventh digits. Therefore, CDNF of this
number will be of the form:

(a A b A c) V (a A b A c) V (i A b A c)

The CCNF is determined on the basis that the designation number of the logical
sum of all the elementary propositions (with their "signs") in a given basis has just
one zero. For the case of three variables, we have

#(aVbV^

#(aV6V3

HaVbVc)

1 1
1 1
1 1
1 1
1 1
1 1 (
1 0
9 1

1 0
0 1

) 1 1
1 1
1 1

1 1 0
1 0 1
0 1 1

1 1 1
1 1 1

These sums are called the elementary sums, and their number for n propositions is
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equal to 2". Evidently, the CCNF corresponding to a given designation number is the
product of those elementary sums to which the zeros in the designation number corre-
spond. The CCNF and CDNF are the most important Boolean forms, as they are easily
constructed. A more complicated problem is that of finding the simplest forms con-
taining as few letters as possible. This problem is dealt with in many papers, but its
solution has so far not been found.

Quite a number of logical problems encountered in practice can be solved with the
help of Boolean equations or a system of Boolean equations. These equations are the
symbolic representation of the information contained in the problem. The solution of
these equations lies in such a transformation of this information which gives a means
of answering certain questions relating to the terms appearing in the initial premises.
By way of example, consider the equation XA(aVb) = (aAbAc), where X is the un-
known Boolean function of the variables a, b, and c. On substituting the solution X
= X(a,b,c) back in the initial equation, we find that the initial equation is transformed
into an identity (equivalence). It is easy to verify that the solutions of this equation
are the following Boolean functions: a A b A c, (a A b A c) V (a A b A c), c A ((a A
b)V(iA fa)), (aA 5)V(aA bA c).

The solutions of Boolean equations or their systems are found with the help of ma-
trix methods of Boolean algebra."

C. Basic Principles of the Graph Theory
The graph theory63-64 is another mathematical tool often used in artificial intelligence

systems. The basic concepts of this theory are the vertex and the edge of a graph.
Vertices are represented on a plane by points and the edges by a line joining points.

A graph (G) consists of finite nonvoid set (V) containing p vertices, and a given set
(X) whose elements are q pairs of different vertices from V. Each pair of vertices x =

|i, v̂  is called the edge of the graph (G), and xis said to join u and v. Symbolically this
is expressed as follows: x = u, v where the vertices uand vare called adjacent vertices.
The vertex u and the edge x are incident. If two edges, x and y, are incident at the
same vertex, they are called adjacent edges.

These definitions are illustrated, for example, by the graph:

The edges zand rintersect, but their point of intersection is not used as a vertex.
A multigraph is a graph in which a pair of vertices may be joined by more than one

edge. These edges are then said to be multiple edges.
A graph is said to be labeled or numbered if its vertices are distinguishable by some

label, for instance, u,,u2,...,ult.
Two graphs, G, and G2, are said to be isomorphous if a mutual onerto-one corre-

spondence exists between the sets of their vertices, and this correspondence retains
their contiguity. For example, the graphs

UL
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are isomorphic.
A subgraph of graph G is a graph in which all the vertices and edges belong to G.

For example, H and F are subgraphs of G:

HG n F
A sequence in a graph is an alternating series of vertices and edges u,,x,,u2,X2...un

which begins and ends in a vertex, and each edge being incident to the vertex that is
its immediate predecessor and successor. A sequence is said to be closed if u, = u»,
and open if u, ¥= un. A sequence is called a path if all of its edges are different. It is
called a simple path, if in addition all of its vertices are different. A closed path is also
called a cycle. A cycle is simple if all of its vertices are different.

In the graph

« i

u,,u2lu4,u2 is a sequence but not a path, Ui,u2,u4,u3 is a simple path, and u2,u4,Us,u3,U2
is a simple cycle.

A graph is said to be connected if any one pair of its vertices is joined by a simple
path. A graph is acyclic if there are no cycles in it. A connected acyclic graph is called
a tree.

The incidence matrix A = ||a,J of labeled graph G containing p vertices is called a
square matrix of pth order in which the elements ai} = r if the vertices u, and u, are
joined together by edges of multiplicity equal to r, and at/ = 0 in the contrary case.
For example,
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A = 1

' 0 2 0 0 0>
2 0 1 1 0
0 1 0 0 1
0 1 0 0 1

0 1 1 0>

G: us

A mutually one-to-one correspondence exists between a labeled graph and its inci-
dence matrix.

If the vertices of graph G are renumbered in some way, then another matrix will
correspond to it which can be derived from A by rearrangement of rows and columns.
Obviously, for a graph with p vertices, p. 'such ennumerations are possible, i.e., the
number of possible incidence matrices is pi

In principle, the methods of the graph theory and symbolic logic can be applied to
information of diverse nature, for example, spectral chemical and other data.

D. Problem of Structural-Group Analysis
The problem of structural-group spectral analysis may be formulated in the language

of symbolic logic as follows:57'61 suppose we have, for example, a vibrational (IR or
Raman) spectrum of some sample, and the relationships between the frequencies in
the spectrum and the structural elements of the molecule (for instance, correlation
tables) are known. We shall assume that among the frequencies occurring in the spec-
trum, there are certain characteristic frequencies.* It is required to find all the possible
combinations of the functional groups that may be present in the given sample consist-
ent with the spectrum.

Consider the following sets: co = {&>>}, j = 1,2,...m—the set of spectral features
(frequencies) observed in the spectrum of the sample; A = {A,}, i = 1,2,...,N is the
set of structural elements (functional groups) having at least one characteristic fre-
quency occurring in the set Z>; set A may also contain the functional groups for which
their presence or absence in the sample under investigation (analysis for a given set of
groups) has to be established; c3 = {u>,}, j = m + 1, ..., M is the set of frequencies
which correspond to some A,- G A, but are not present in the spectrum; co = ZJ U W
= {a>;}, j = 1,2, ..., M is the set of all frequencies which are to be considered in
solving a particular problem; A Uco = {aj\, v = 1, 2, . . . , M + N is the universal set
which limits the functional groups and frequencies applicable to the problem under
consideration.

We shall stipulate that the elements of these sets as logical elements shall be assigned
the meaning of elementary propositions:

1. A, : molecule contains group A,
2. A, : molecule does not contain group A,
3. coj : spectrum contains frequency a>;
4. oJy : spec t rum does no t con t a in frequency o>y

N o w we have t o wri te all the logical connec t ions be tween the elements of the sets A
and cu, and also express the additional relationships arising in considering information
of a nonspectral nature in the form of logical functions. In a general case where a set

* Obviously, in the contrary case, the structural-group analysis is devoid of sense.
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of n characteristic frequencies is attributed to the group, their relation with group A,
is written as follows:*

A,- -> CJ,(O A CJjW A , . . A un, UQW = ^ - £ 1 0 (4)

(C,» V £3,(0 V . . . V «w(0) - A, (5)

Expression 5 means that if a molecule contains group A,-, then the set of frequencies
d>i(", a>iu\ . . . con

(i) shall occur in the spectrum. Indeed, the implication is that
Expression 4 is the symbolic representation of the experimentally established fact that
the vibrations are characteristic in vibrations. According to Expression 4, the presence
of the conjunction of frequencies coi'" A co 2'" ...A co „'" is a necessary condition for
the molecule to contain structural group A,-. Expression 5, equivalent to Expression 4,
shows that the sufficient condition for the absence of the structural element in the
sample under investigation is that the spectrum should not contain at least one of the
characteristic frequencies of this group.

If the frequency coy is contained in the sets of the characteristic frequencies of the
groups A,">,A2"1, . . . ,Ar

u>, A/" element of A, then

w- -* (A,W V A20) V . . . V AP*> V . . . V A ^ ) , A^~> = A,- e A (6)

This expression means that if the frequency co,- is detected in the spectrum, the molecule
contains at least one of the functional groups, Ai(;>, A2

U\ . . . ,Ar
(;).Expressions 4

and 6 represent the fundamental types of logical relationships between functional
groups and spectral features in a structural-group analysis.

Note that, by nature, an implication shows that one proposition follows from an-
other, admitting that the same conclusion can also be drawn from other premises.
Obviously, in principle, the conjunction of the frequencies, co,(",coj(O . . . co,,"', may
be the consequence of the presence of not only the group A,, but also due to the
presence of some other groups or their combinations in the sample. On the other hand,
it may happen that the disjunction, A.^ 'VAj '" V . . . VAr

(" is implied not only by
the frequency, co,, but also by some other spectral features. Hence, it follows that
fundamental formulas, 4 and 6, indeed represent quite exactly the nature of the rela-
tionship between the functional groups and the corresponding characteristic frequen-
cies in the vibrational spectra.

Let T(A,co) denote the Boolean function which describes all the mutual relationships
between the frequencies and the structural elements in a given problem. The vibrational
spectrum as a combination of frequencies may be represented by the Boolean function,
R(co).

The logical analysis of this situation lies in the joint processing of the functions,
T(A,co) and R(co), so that as a result, we establish the type of the function, /(A), that
describes the whole set of structural elements which may be present in the specimen
under test. Symbolically, this is expressed as

T(A, w ) - iR (w) -* /(AH (7)

Relationship 7, which is the most general formulation of the qualitative spectral prob-
lem in the language of Boolean algebra, is the logical equation for the function, /(A).

• Here to",' are the frequencies which occur in the characteristic intervals (AcoJ'i1 corresponding to the
given group A,.
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Solution of the logical problem of structural-group analysis lies in calculating the func-
tion, /(A).

It should be emphasized that Equation 7 has a high degree of generality, and as such
may be used in describing the methodology of qualitative analysis based on other phys-
ical principles.

We shall illustrate the basic idea underlying the algorithm of the solution of Equa-
tion 7 with reference to the following simple example (M = N = 3).

Let there be a product of some chemical reaction in which, by the conditions of
synthesis, the C=C bond is supposed to be present. For the sake of definiteness, we
shall assume that the IR spectrum of this compound is available and that it contains
bands at 1460 and 1380 cm"1 (if the Raman spectrum is used, all the arguments are
applied in an analogous manner). A structural-group analysis of this sample has to be
carried out.

It is known that absorption near 1650 cm"1 is the spectral indication of the presence
of the C=C double bond. Absence of this bond in this spectral range, however, does
not mean that the C=C double bond is absent in the sample. In fact, if this group
exists at the center of the symmetry of the molecule, its stretching vibrations are inac-
tive in the IR spectrum.S0SI Hence, introducing the notation

u, s (1460 cm"')
u>j = (1380cm"1)

o>3 = (1650 cm"1)

= (CH2)

= (CH3)

A,

A2

A,

we obtain

A,, A 2 , A 3 |

u>3J
2.^3

A =

O) =

id = .

id =

The logical relationship between the elements of sets A and u>, for the case under
consideration, may be represented in the form of the following Boolean function:*

Vi = ( ^ 3 -* A3)

^2 = ( u , ->A, V A2)

<P3 = ("2 -* A,)

V>4 =(A, ->•" , )

¥>s =(A2 -*td, A u , )

and the functions T (A,cu) and R(o>) are written as:

T(A, u>) = v?i A ip2 A f t A ipA A<ps

For group A3 we could also have written <ps

in including cp6 in T(A,o>).
(A, — CDJVCOJ), but since (u oj) = 1, there is no sense
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R(UJ) = u , AU; Aulj

From the elements of sets A and w construct a standard logical basis, B[A,, A2, A3,
ton CI>2,COJ], whose columns are the sets of all the possible conjunctions of A,-S A
and coJ€co(i= 1,2,3;J= 1,2,3) (seeTable8).

Evidently, not all possible combinations of the elements of the logical basis can
always be realized in practice. For instance, the conjunction of A, A A2AA3 Aw, Ac32

Aco3 is devoid of physical sense because it describes a situation where the spectrum
of a compound containing CH2 and CH3 groups does not exhibit the bands near 1380
and 1460 cm"1. The superfluous columns are eliminated from the logical basis in ac-
cordance with the function T(A,o>). For this purpose, it is necessary to calculate this
function and delete from Table 8 those columns which correspond to the zeros in the
designation number of this function. Since #T(A,o>) = #cp, • #cpi . . . -Heps, we
shall determine the designation numbers of each of the functions cp,, cp2, ...<ps, and
then multiply them together. Prior to calculating the designation numbers, we have to
interpret the meaning of the implication, with due regard for the fact that
(a-*b)s(aVb). Carrying on these operations, we obtain:

#T(A,co)=1000 1000 0100 0100 0000 0000 0011

0011 0000 1000 0000 0100 0000 0000 0000 0011

After deleting from the basis, B[A,, A2, A3, cui, w2, w3] the columns corresponding
to the digits of #T(A,a>), which carry zeros, we obtain the constrained logical basis,
B0[A,, A2, A3, coi, 0)2, ci)3] which is written as follows:

A, 0011 0101 0101
A, 0000 1111 0011
Ai oioi ooii m i
co, ooii m i o i n
co, 0000 1111 0011
a), oooo oooo m i

It is seen that in this case the constrained basis consists of 12 columns containing
only the combinations of functional groups and frequencies that can, in principle, be
realized. Regarding the rows of the constrained basis as the new designation numbers
of its elements, we shall calculate #R(o>) in the basis, B°f_A,, A2, A3, co,, co2, o>3],

#R(u) = 0000 1111 0000

Consider those columns of the constrained basis which correspond to unities in
#R(co). The sets of A, G A contained in these columns form a total ensemble of the
conjunctions forming the function /(A) in the basis, B[A,, A2, A3]

/(A) = (A,AA2 AA3) V (A, AA, AA3) V (A, A A2 AA3)V (A, A A2 A A3) (8)

In general, the function /(A) will contain k (Kk<2") terms, each of which describes
one of the equiprobable sets of structural elements that may occur in the sample under
test. The probability of the occurrence of each set is equal to 1/k. It does not depend
on the subjective opinion of the investigator, but is wholly determined by the set of
initial data.

From Equation 8 it follows that the probability of the presence of group A2 is 1,
while p(A0 = p(A3) = Vi. The probability of the presence of each group is calculated
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TABLE 8

Standard Logical Basis

A, 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101 0101
A2 0011 0011 0011 0011 0011 0011 0011 00110011001100110011001100110011 0011
A , oooo m i oooo n n oooo ii n oooo m i oooo m i oooo m i oooo n n oooo m i
co, oooooooonn inIOOOOOOOO n n niioooooooo n n n n oooooooo n n n n
co2 o o o o o o o o o o o o o o o o n n l i i i n i i n i i o o o o o o o o o o o o o o o o n i i n n n n n n
co3 oooooooooooooooooooooooooooooooonn n n n n n n nn n n n n n n

by the formula, p(A,) = q,/k, where q,is the number of elementary products contain-
ing group A, in affirmative form.

The indeterminacy in the analysis results may be characterized by entropy. If the
sample under test is known to be an individual compound, the sets contained in f(A)
will be mutually exclusive, and the entropy will therefore be equal to log2k. In a com-
plete structural-group analysis of the sample composition, the numerical value of the
information is equal to the initial entropy.

Thus, the establishment of the shape of f{A) gives a numerical measure to the addi-
tional information essential for the unique determination of the sets of structural
groups present in the molecules of a sample. This gives a means of designing further
experiments in an optimal way.

Evidently, the logic of structural-group analysis lies in finding the logical conse-
quences of a set of experimental and theoretical data represented in the form of Boo-
lean functions regarded as the set of initial premises. In this sense, the formulation of
the initial data in solving one particular structural problem or another is equivalent,
generally speaking, to the construction of some axiomatic "micro-theory". In such an
approach, analysis of the initial data is possible from the point of view of consistency,
logical independence, and completeness.

E. The Structure Recognition System (STREC)
As far as we know, Elyashberg and Gribov57-61 were the first to apply symbolic logic

techniques in solving spectral-analytical problems. Subsequent developments in this
direction resulted in the creation of a system of algorithms and programs for automatic.
molecular spectral analysis of a very general nature. Since our system is one of the
highly developed and typical systems based on artificial intelligence principles, we shall
describe it in detail.65" Here we can point out one important aspect of it. The struc-
tural-group analysis of molecules, based on the totality of their molecular spectra, is

. one version of the so-called inverse spectral problems formulated in a manner charac-
teristic of incompletely defined problems. These can therefore be solved by the intro-

I duction of a number of constraints and imposition of additional conditions on the
I solutions, using these during the search for a solution. Consequently, none of the ap-

proaches can, in principle, afford to ignore this important aspect, which should be
given due regard to some extent in identifying a molecule by any method available.
This is taken into account in our system in the form of various supplementary con-
straints.

A specific feature of our method is that the feedback is effected by constructing a
theoretical vibrational spectrum and then comparing it with the experimental spectrum
for the purpose of evaluating the possible structure with regard to the degree of relia-
bility. This algorithm has already been tested in practice and has proved its high relia-
bility and rapid action. The limitation is that it works out only in those cases where a
pure substance is identified. This, indeed, is a rather stringent restriction. Nevertheless,
all the identification systems in existence today also suffer from the same drawback.

J

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



170 CRC Critical Reviews in Analytical Chemistry

all the identification systems in existence today also suffer from the same drawback.

/. Block Diagram ofSTREC System
The algorithm and the system of structure recognition programs designated as

STREC consists of the components presented in Figure 22. A brief description of the
component applications is given below.

The block for structural-group analysis (Block 1) automatically constructs and solves
logical equations reflecting relationships between a spectrum and the structure60-61-68

The block operation is effected by use of an empirical formula and a library of stand-
ard fragments (LSF) containing spectrum-structure correlations for IR spectroscopy
and a vibrational spectrum (presented in the form of a logical sum of IR and Raman
spectra). The operation of Block 1 terminates with the output of all fragment sets
which fit the spectrum and are not at variance with the empirical formula. It should
be noted that this block may use, instead of IR, an NMR spectrum together with
corresponding correlations.

Within the STREC system, the task of Block 1 consists in reducing the dimension
of the problem through the choice of such fragments as would "absorb" a maximum
number of the skeleton atoms.

The combinatorial block (Block 2) (Figure 22) then provides for a further reduction
in the problem dimension by constructing from a given set of fragments combinations
which may include several identical fragments on condition that the empirical formula
requirements are met. This allows recognition problems for molecules with a large
number (more than 20) of skeleton atoms to be solved, if several bulky identical frag-
ments (benzene rings, etc.) are present.

Block 3 carries out mathematical synthesis of the structural formulas of all isomers
on the basis of fragment sets chosen by means of the MASS system.65-66In this case,
any chemical information other than empirical formulas may be taken into account.
This allows restrictions to be imposed on the structures synthesized.

Block 4 (Figure 22) exposes the structure of fragments contained in the incidence
matrices in the form of "macro-atoms" (structural discrete units (SDU)). At this stage,
a complete atomic structure of the molecule is obtained, with the nonequivalence of
peripheral atoms of some fragments being taken into consideration (e.g., for -COO-,
the following structures are formed: R,-COOR2 and R2-COORi).

Block 5 checks the structures being synthesized for the presence or absence of each
fragment from the library of standard fragments. When a fragment is found, its char-
acteristic frequency intervals will be compared with the experimental spectrum. If the
spectrum confirms the possibility of the presence of all fragments detected in the struc-
ture, the structure is tape recorded. Otherwise (should the presence of any fragment
not be confirmed by the spectrum), further analysis of the given structure is termi-
nated, and the program passes over to checking a subsequent incidence matrix. Block
5 makes it possible to solve problems of small dimension (up to seven or eight skeleton
atoms) without the use of Blocks 1, 2, and 4. The screening of all isomers synthesized
by the MASS system, which conform with a given empirical formula, is done by Block
5.

If in addition to a vibrational spectrum, NMR, UV, and mass spectra are known
for the unidentified specimen, the structures selected by Block 5 are checked for the
presence or absence of fragments included in the additional library of standard frag-
ments (ALSF). This library is composed of NMR, UV, and mass fragments with ap-
propriate characteristic spectral features (see the section entitled Library of Standard
Fragments). Structures confirmed by NMR, UV, and mass spectra will be printed.
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FIGURE 22. Block diagram of STREC system.
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Structural formulas which are not confirmed by the mass spectrum are also printed
along with the causes of contradiction.

If Block 6 does not supply a single solution, then at the operator's demand the
informational library of standard fragments (ILSF) is accessed. This library comprises
information on qualitative reactions for common functional groups as well as geomet-
ric, force, and electro-optical parameters for major fragments in organic chemistry.

The program searches the ILSF for fragments in the structural formulas obtained
and prints out data relative to each structure.

In cases where qualitative reactions should lead to proper discrimination of struc-
tures (e.g., by bromination of O-O or C=C bonds), chemical analyses may be made
by the procedures printed by Block 7.

The last block (Block 9) of the STREC system is intended to calculate the vibrational
spectra of structures which cannot be distinguished by other methods. The spectra are
calculated with the help of parameters supplied by Block 7 and compared by means
of a formal criterion with the experimental spectra, whereupon the structures are
ranked according to the degree of reliability. Obviously, Block 9 cannot be operated
unless all data necessary for calculation are available, and calculations can be made
only for compounds that do not have too many atoms. All of the algorithms of the
system are in FORTRAN(IV).

In the following sections, the major algorithms of the STREC system are described.
These are the algorithm for structural-group analysis, the algorithm for mathematical
synthesis of all structural formulas, and the algorithm which analyzes structural for-
mulas for the presence or absence of given fragments.

The mathematical formulation of an algorithm which decodes the group composi-
tion of polyatomic molecules from their spectra is based, as mentioned elsewhere, on
the assumption that there is a certain relationship between individual structural units
and the molecular spectra. Here the structural unit not only means groups containing
a few atoms, but even whole molecules. This approach can therefore be extended to
spectral catalogs, and as such, assumes a very general character. A collection of struc-
tural discrete units makes up one set. Another set is formed by the parameters inherent
to the first set, e.g., band frequencies, chemical shifts, etc. Between these two sets a
relationship is established whereby at least one object from the second set should cor-
respond to each object in the first set and vice versa. With due regard for this aspect,
the problem of structural-group analysis can be formulated strictly in terms of sym-
bolic logic. As the general ideas relating to the solution of this problem have already
been discussed, we shall not dwell on them here.

Experience in solving the structural-group problems has shown that in most cases
the answer proved to be ambiguous, and the solution to be unstable. Such results are
characteristic of inverse spectral problems. In this case, to obtain stable and unique
solutions, a number of prior independent restrictions must be introduced which are
specified by the type of problem. It is also necessary that each set of SDU detected
can be used to synthesize mathematically a molecular structure corresponding both to
the expected empirical formula and to valence theory.

The appropriate algorithm, placed in the third block of the system, is described in
the following section.

2. Mathematical Synthesis of Molecular Structures
The algorithm for mathematical synthesis of molecular structures on the basis of

atoms and fragments forming SDU is constructed on the following principles.6566To
generate and analyze the structures, graph theory is used.63-64

The structural formula of a compound is considered as a connected finite multigraph
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represented by its incidence matrix. Atoms or fragments which can be introduced in
the form of a "macro-atom" with a given valence, i.e., SDU, correspond to the ver-
tices of the multigraph, whereas the bonds correspond to the edges. The multiplicity
of the edges and the bonds is the same. The program generates all incidence matrices
which satisfy both the empirical formula and the predetermined distribution of val-
ences for the structural units. The matrices obtained are then checked for connectivity.
From all the connected incidence matrices fitting a given isomer, the program selects
one which is called a canonical.

Each structure has a corresponding set of incidence matrices." Any matrix Ar of
this set can be altered to any other matrix of the same set by renumbering the vertices
of the graph. The Ar matrix is symmetrical, and its diagonal elements are zeros. For
each vertex, there is a corresponding row and column of the matrix. If a square Br

submatrix which includes only incidence elements corresponding to SDU is selected,
and if a column for hydrogen atoms is added on the right, then the values in this
column will indicate the number of hydrogen atoms related to each SDU. Below, an
incidence matrix is defined as a Br matrix. Let us introduce the following number
corresponding to the Br matrix:

K^sfjSb^ 07=1,2, . . . M)

where / is the number of the row, j is the number of the column, b0- is the value of a
Br matrix element (bond multiplicity), and /,, f, are the weighting factors for a row
and column. The essential condition for the weighting factor is

where V is the maximum multiplicity of the bonds observed in the samples. In the
MASS system, f, = 5 x 10'; this value is sufficient for solving problems containing
not more than 20 SDU.

A larger K, represents a "larger" matrix. Generation of all possible structures in-
volves constructing a Bm matrix regarded as the "maximal" one for a given empirical
formula, and then successively subtracting from Bm the smallest possible numbers until
Kr becomes zero.

To obtain a Bm matrix, the Br rows are scanned successively downwards and from
left to right, beginning with the element (i, i+1). Each element is filled with the largest
possible number (consistent with valence rules) until the sum of all the entries in the
row equals the valence of the SDU corresponding to the row, or until the row ends (in
the latter case the remaining valence units make up an element of an additional "hy-
drogen" column).

The "subtraction" is effected by working backward through the B, until the first
nonzero b,7 value is found; the bl7 value is then reduced by unity, and a "maximal"
matrix is constructed beginning from (b,, ,>,).

The algorithm developed to check the graph for connectivity is called "graph vertex
convergence." The concept of the algorithm is realized by successively uniting the ad-
jacent vertices of the graph in one vertex, the edges remaining as they are except for
those connecting the above vertices. If this operation results in only one vertex, the
graph is connected; otherwise it is not.

Each graph has n! incidence matrices (n is the number of vertices).63 To single out
one incidence matrix of set A, the set must first be ranked, and then one matrix must
be chosen according to the principle of ranking.7"1 This matrix is called the canonical
matrix. In accordance with the algorithm of generation, canonicity is attributed to the
"maximal" matrix along those possible for the graph. Thus, an algorithm for checking

—I
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canonicity must analyze whether the Br rows could be renumbered in such a way as to
produce a Bp matrix with Kp>Kr. If this proves to be impossible, the matrix obtained
may be classified as canonical. There is no need for the inequality to be checked by
calculating K, and Kp; the numbers obtained and the ft value needed are too large. It
is sufficient to calculate the sequences of Kri and Kp, values for the B, and B, rows and
to compare them; the matrices may also be compared element by element.

The system allows for human control of generation by means of subroutines which,
depending on the problem, make it possible to generate structures pertinent to a certain
class of organic compounds as well as to a combination of classes. These subroutines
also allow isomers containing a certain number of predetermined functional groups or
fragments to be included or excluded. For example, any output of isomers which are
unlikely to be found in their natural form can be forbidden. Data on forbidden isomer
structures are input beforehand as a computer catalog of the corresponding fragments,
e.g.,

It should be noted that rotational, optical, and stereo-isomers are not distinguished
during the generation, and molecular geometry is not taken into account. Therefore,
the same incidence matrix will be valid both for cis-l and frans-isomers.

An important feature of the MASS system in applications to identification problems
should be emphasized. When the empirical formula contains chemical elements not
incorporated in the STREC system or when the unknown compound includes a priori
some fragments absent from the library of standard fragments (LSF), the MASS sys-
tem may be used as a self-contained system. Under such conditions, the system is
entered via fragments whose presence is confirmed by spectral and chemical consider-
ations. At the same time, restrictions are imposed which explicitly forbid some com-
binations of fragments or of atoms in the empirical formula. Structures synthesized
mathematically under these conditions are printed out and reviewed visually in an at-
tempt to estimate their reliability. This variant of the system has been checked experi-
mentally with positive results.70

3. Algorithm for Analysis of Structural Formulas
As was mentioned in Subsection 1, the system is characterized by a feedback which

compares the experimental and the theoretical spectra.
Theoretical spectra are constructed at two levels: (1) approximate "characteristic"

spectra which are produced by additive summarizing of the spectra of discrete units
forming a "suspected" structure (obviously, the LSF must contain all the indispensible
discrete units) and (2) exact spectra which are constructed, only for IR spectroscopy,
on the basis of molecular vibration theory by means of programs described earlier.75

The STREC algorithm allows the construction of additive "characteristic" spectra
of probable structures. This procedure is carried out by analysis of structural formulas
in order to detect the presence or absence of fragments from the IR-LSF and/or the
additional LSF. The structural formulas are also examined for certain atomic groups
in order to use the informational LSF, which, in particular, contains data essential for
forming vibrational equations and calculating intensities in IR spectra.

For this purpose, a general algorithm which detects predetermined fragments in
structural formulas was developed. The concepts are as follows.67

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



October 1979 175

, Let us assume a certain set of structural units,.?/ (chemical graph), represented by
its incidence matrix A; the latter includes only those incidence elements corresponding

I to the skeleton atoms or, in the general case, to SDU with a given valence. Any inci-
dence matrix Ar obtained from A by rth renumbering of SDU is provided with the

j number Kr, which is used to check matrices for canonicity. The present problem con-
\ sists in establishing the presence or absence of predetermined fragments (subgraphs)
I in all the .r/ graph.
I It is assumed that the initial set which defines the incidence matrix A of thee.r/graph
• comprises N structural discrete units, and that N = X nt, where / i s the number of

SDU types (T,, T2, . . . , T*, . . . T,) and nt is the number of SDU of the K type. For
i example, the compound C5N2O3H10 is characterized b y C £ T , , N £ T2, O 6 T ) , f =
I 3, n, = 5, n2 = 2, n3 = 3. The requirement is to establish the presence or absence in

.i the.r/graph of a subgraph0),the vertices of which contain P structural discrete units
| (P < N); P = £ P* (P* = number of SDU of the K type in subgraph.<5?).For subgraph
j . .it,an incidence matrix B, called a subgraph matrix, is constructed. Obviously, the
I order of matrix B is equal to P, and the number KrB can be calculated for this matrix
} by the method described in Section IV.E.2.
>: From matrix A, rows and columns corresponding to the rows and columns of
I subgraph matrix B are selected by using the following criterion: a row of incidence

,i matrix A is considered to correspond to a given row of matrix B, if for each element
il br.ry in the subgraph matrix B row, an element ar,r/

 c a n be found in a row of matrix
I1 A, such that bTiTi = ar,r;. Here and below, /and j a re the values of K (K = 1-̂ /) for
| which P » > O .

A submatrix D is then constructed by combining the rows chosen in incidence matrix
A and the columns which coincide by number with these rows. Suppose that submatrix
D comprises d, vertices of the T, type, dy vertices of the T, type, etc. Obviously, if at
least one Tk does not obey the inequality d«> P t , then the subgraph.:/*must be absent
from graph <//(&< P» will mean that the number of K-type SDU in graph S u n d e r
analysis is insufficient for constructing graph //> ).

If the above condition does not indicate the absence of subgraph//;, the following
procedure must be applied. Since the inequality of A> P* (Pt > O) is valid for every
T»GD, all combinations of c/, vertices P. at a time (C»'! = C,), of d, vertices P, at a
time (Cd'. = Cj), etc. are listed, and an arbitrary choice is made of one combination
from C,, one from C,, etc. The chosen combinations are united in one set Su of vertices.
Obviously, as Z* P» = P, the number of vertices in set Su equals the number of SDU
in subgraph B. In accordance with the number of possible methods for forming set
Su, the symbol u will run through the values of 1 to M, where M = C,C> . . . =
n Ck (A- = ;J ; the /rvalues taken are such that P* > O).

Then a recursive procedure R is applied to the family of sets Su (u = 1 . . . M): S_
= RSu-i. The procedure R consists of successive ranking of all sets Su differing at least
in one element. At each step, the rows and columns of matrix D are chosen according
to the meanings of the elements of set Su (the numbers designating the vertices). These
rows and columns are used to form matrix Du. The examination of all of the Su sets
may be interpreted by operation of a counter, the /th place of which has C, positions.
Conditionally, the subsets Cj! , Cd'. .. . are arranged in some order (e.g., in increasing
order of the numbers in the incidence matrix rows; these numbers correspond to a
given type of SDU). Thus, successive use of the R procedure initially generates all
combinations of the CJ/ subset elements, P,- at a time, and Su = RSU-, is formed.
Then, after C, steps, a subsequent combination of the CP

d; is generated, with another
Su being formed. This is followed by repeated generation of all Cj* and so on until
all the counter places are filled up, i.e., until sets Su differing in at least one element
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have been examined. It is clear that the number of possible procedures R is equal to
M.

Matrix Du obtained at the irth step is checked for connectivity by the method de-
scribed above. If matrix Du proves to be connected, all the matrices Du, (1 = 1, . . .
P,!Pj! . . .) are then generated, each matrix resulting from the permutation of rows
pertinent to one of the SDU types in matrix Du. For each matrix Dul, Kru, values are
found. If for a given value /, Kru/ = KrB, then graph.r/under analysis does not contain
subgraph.'/). Otherwise, if Kru, # KrB for all the / values, a further step of recursive
procedure R is required. The total number of row permutations for all the Du formed,
which is needed to confirm the absence of a .:/> subgraph in graph •"/, is equal to M-L,
where M = n c» and L = !J P,! From this,

dk! _ pk
M*L = n (Cr. • Pi..)= n 73—— 77 ~ n A-J.

where A Ĵ is the number of arrangements of dt vertices, Pk at a time.
The algorithm described above is very general and mathematically rigorous.""

Though it contains a substantial number of computational operations, the computer
time required is negligible compared to the time needed to check the incidence matrices
for canonicity during the generation of structures with predetermined topological
properties. In the STREC system, the overwhelming majority of fragments contained
in the correlation tables49'53meet this requirement. Moreover, to describe dynamic in-
teractions in molecules, it is sufficient in practically all cases to consider structural
units containing no more than five atoms. Therefore, the use of the algorithm de-
scribed does not offer significant difficulties.

4. Library of Standard Fragments
The libraries of standard fragments for each spectral type have been composed from

literature data. The IR LSF is composed of structural units taken from correlation
tables.495'The fragments are distributed between two files. The basic file receives frag-
ments which possess sufficiently stable and highly informative characteristic spectral
features, such as - C - C O - C - , -CH2OH, -C=CH, H2C=CH-C, etc. These are used
to automatically form logical equations of structural-group analysis and as a filter for
the examination of hypothetical structures in order to detect contradictory features.
The fragments of the auxiliary file participate only in the structure filtering. Two kinds
of fragments are incorporated in this file: (1) those having only a small number of
relatively uninformative features e.g.,

— C — O — C — , etc.

and (2) major functional groups without the indication of near environment, but with
broad frequency intervals (C=O, 1640 to 2300 cmM; OH, 3100 to 3650 cm"1, etc.).

To accurately identify a class of chemical compounds which has its own fragment
within the LSF (each fragment belongs to one class), a nucleus which includes the
integral part of the given structural unit is selected from the fragment structure. The
neighboring atoms with a given multiplicity of their valence bonds are also separated,
e.g.,

\
(

/
c = c - -

\
c
II
o

I
— c —
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Empirical formulas of the nucleus and the environment are indicated separately. En-
vironmental requirements are uniquely defined by specifying a list of forbidden frag-
ments (LFF) and a list of obligatory fragments (LOF), which accompany the given
nucleus.

The LOF enumerates the possible permissible variants of the nucleus environment
which do not cause a change in any of the characteristic frequency intervals belonging
to the nucleus. The LFF imposes necessary bans, e.g., if the fragment is a disubstituted
benzene ring, addition of hydrogen atoms to the ring is forbidden.

The structure of fragments is represented by their incidence matrices. Thus, the frag-
ment C2CHOH (secondary alcohol) is characterized by the nucleus incidence matrix
(a) and matrix (b) from the LOF pertaining to the fragment:

Atoms
Connections

# o f H Atoms Connections # o f H

01

03 1

1

2

1

1

01

01

01

03

1

1

1

1 1 1 1

1
Free

connections

Here carbon atoms are designated by 01 arid oxygen atoms by 03; the last column
indicates the number of hydrogen atoms added to the corresponding SDU. SDUs can
be either skeleton atoms or fragments, provided that their valence is given. The fifth
row of the nucleus incidence matrix contains elements, the values of which are equal
to the number of valences not utilized by the SDU in the nucleus (in this example, the
nucleus carbon has two free valences). If a fragment contains nonequivalent atoms,
this is fixed by inserting several matrices corresponding to the nucleus. Thus, in the
fragment

O

CH

the carbon atoms are not equivalent. Therefore, an epoxy group is described by two
matrices:

01

01

03

1

1

1

1

1

2

1

1

1 01

01

03

1

1

2

1

1

1

1

1 1

Because of the LOF and LFF built into the system, certain groups, such as -CH3,
C(CH3)2, and C(CHj)3, can be confidently distinguished as independent. The system
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is capable of handling the notion "benzene ring," without the latter being related to
any specific type of substitution.

The vibrational spectrum is introduced into the computer as a sequence of experi-
mental frequencies.

In forming the library of standard NMR fragments, data on the chemical shift inter-
val for protonss2-5676were used. Along with the chemical shift intervals, the expected
multiplicities M were indicated on the assumption that they correspond to separations
characteristic of first-order spectra. In cases when confident prediction of the multi-
plicity was impossible, constraints by M were not imposed. The experimental NMR
spectra were expressed in terms of chemical shift values and corresponding multiplici-
ties. When reliable determination of value M was impossible, only boundaries within
which the complex signal occurred were specified. With the algorithm, the presence of
a fragment in the structure was regarded as confirmed if the chemical shift in the
spectrum fell within the characteristic interval of the fragment, provided that there
was no contradiction from the M values.

For UV spectra, the positions of the band maxima were used. Wavelength intervals
characteristic of the fragments were taken from the literature.55-56

The library of mass fragments was formed on the basis of correlation tables listing
characteristic mass numbers.54 Each m/e value was provided with a corresponding set
of probable fragments. Low-resolution mass spectrum was introduced as a sequence
of the most intensive peaks (not more than 30).

The list of forbidden fragments (LFF) forms a file in the library and is common to
the whole STREC system; LFF is analogous to BADLIST.7'-80As indicated above, the
LFF includes unstable atom groups and those not found naturally. At the operator's
option, all the available chemical information may be used in solving any specific prob-
lem. This can be achieved by entering additional atomic groups in the common LFF
and indicating a list of obligatory fragments (LOF). Additional constraints may be
introduced during data preparation and during the operation of the STREC program,
particularly after output of a logical equations solution.

The library of reference information is based on the principle of the LSF. It contains
the functional groups commonly encountered, as well as chemical reactions for their
detection" and the geometrical, force, and electro-optical parameters characteristic of
standard fragments of organic molecules."

The STREC system library consists of tape or disk files, each of which is called
successively to the computer memory. The library can therefore contain practically
any number of fragments together with related data. During tests of the STREC sys-
tem, the sizes of the LSF were IR = 80, NMR = 150, mass spectra = 270, and UV
= 20 fragments.

5. Results
To estimate the efficiency of the STREC spectroscopic recognition of molecular

structures, more than 150 spectral problems taken from manuals and spectral atlases
were solved by operating the system under various conditions. Molecules containing 4
to 16 skeleton atoms served as samples. During the first tests, the ability of the system
to solve problems when only a vibrational spectrum was available was checked. Table
9 presents examples showing the number of solutions obtained in identifying various
compounds from their IR spectra only. Table 10 provides data on the structure of
isomers which could not be distinguished by the system from their characteristic IR
frequencies. In most cases, analysis of IR spectra provides a small number of isomers,
and these almost always contain the required structure. Incorrect answers were given
when the spectrum contained features characteristic of fragments absent from the sam-
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TABLE 9

Results of Structure Recognition by IR Spectroscopy

Empirical
formula

C,H,NO
C.H.,
C,H»
CH,0O
CH,0O
CH.O
CH.O
C7HSNO
CH.O,
CHSN
CH.O
CH.oO
CH.O
CH.O,
C,H,,
C4H,N
CH.O
CH,N
CH.O
CH,N
C.H..O
CH,,N
CH.O,
CH,,N
CgHio
CH.o
CH10O2

C,H,,O
CH.O,
CH,0N
CuHio
CH,NO
CH.N,
C ^ H M N

CH.N,
Ci3H,0

CH.O,
CH,N,
CH.N,
CH.NO,
CH,NO,
CH,0O
CHSN
C,H,N
CH.N,
C,H10O
CH5N
CH,N
C,H,
CH..N
CH,O,
CH10O,
CH.O2

C A H | 4

Compound

2-Aminoethanol
2-Methylpentene-4
Toluene
Butanol-1
f-Butanol
Acetone
Methyl ethyl ketone
Phenyl isocyanate
p-Methoxybenzaldehyde
Allyl cyanide
Allyl alcohol
Methyl benzyl ketone
Acetophenone
Propionicacid
Isopropylbenzene
Pyrrolidine
Phenol
i^Methyl-ethyleneimine
m-Cresol
Benzylamine
Cyclohexanone
f-Butylamine
1-Methoxyacetic acid
N.N-Dimethylaniline
Ethylbenzene
p-Xylene
Trimethylacetic acid
p-t-Butylanisole
Pyrocatechol
3-DimethyIaminopropionitriIe
l-Phenylhexadiyne-2,4
Methoxypropionitrile
Succinonitrile
Benzildene anilene
2-(Methylamino) propionitrile
Fluorene
Glycidol
Isophthalonitrile
Terephthalonitrile
Nitroethane
Nitropropane
Butanol-2
Benzonitrile
o-Methylaniline
Dimethylcyanamide
Diphenyl ether
Ethylenimine
Trimethylamine
Hexadiyne-1,5
Diethylamine
Ethyl acetate
Valerianicacid
Allyl acetate
2-Methylpentane

Number of
solutions

1
1
1
1
1
1
1

2
2
2
2
2
3
3
3
3
4
4
1
1
1
1
1

2
2
2
2
;

J_
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TABLE 9 (continued)

Results of Structure Recognition by IR Spectroscopy

Empirical
formula

C5H,0O,
C,H,NO
CsH.oO,
C.H,,N
CH.O
CH.O
CH,O,
CHio
CH.O
CH,N2

C,H,N
CH12

CH.O,
C,3H,,NO

C,HnO,

Compound

Isovalerianic acid
3-Aminopropanol-l
Acetopropanol
n-Butylamine
p-Cresol
o-Cresol
Epoxypropionic aldehyde
Hexadiene-1,5
Tetrahydrofuran
Phthalonitrile
m-Toluonitrile
Methylcyclopentane
1,4-Dioxane
Benzilidene- o-aminophenol
N,N-Diphenylethylenediamine
Phenylglycidolic ether

Number of
solutions

2
2
2
2
2
2
2
2
3
3
3
4
6
6
6
10
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pie, e.g., a doublet at 1380 cm"1 was accepted by STREC as evidence for an isopropyl
or t-butyl group. Sometimes the block of logical equation solutions did not yield frag-
ment sets, either because the empirical formula was overfilled or because the spectrum
did not contain any characteristic frequencies in the basic IR file. In such situations,
the program took an alternative decision: when the number of skeleton atoms in the
empirical formula did not exceed seven or eight, the computer began automatically to
synthesize all the isomers of a given composition, screening them during filtering. If
the number of skeleton atoms in the empirical formula exceeds eight, the program
required additional information to avoid excessive losses of computer time.

Several examples showing the effectiveness of individual blocks of STREC are given
below.

Example 1
Empirical formula: C5H,o03

IR: 970, 1150, 1200,1270,1370, 1450, 1740, 2980, 3500
NMR: 1.4(1),* 3.7(1)
Mass: 27, 28, 29, 30, 31, 32, 33, 38, 39,40, 41, 42, 43,44, 45, 59, 61, 118
Selected sets of fragments:

(1)

Total structures examined: 116.
After the IR filter, three structures remained; after the NMR filter, one structure;

and after the mass spectrum filter, one structure (which was consistent with the an-
swer):

CH3 OH
^ C - C - O - C H 3

CH3 o

Example 2
Empirical formula: C15H14O
IR: 695, 731, 752,1056,1120,1333,1447,1500, 1610, 1725, 2970, 3040
NMR:3.55(1),7.1(M)
Mass spectrum: 39, 41, 51, 63, 65, 91, 92, 118, 119,210
Selected sets of fragments:

(1) - C - C - C - , 1-Ar (2) -C-CH, 1-Ar

O O

(3) - C - C - C - , 1 - Ar, 1,2-Ar (4) - C - C - H , 1-Ar, 1,2-Ar

II II
O O

The numbers in parenthesis designate multiplicities. The symbol (M) shows that the multiplicity was
not established.
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(5) -C-C-C, 1-Ar, 1,3-Ar (6) -C -C-H , 1-Arf 1,3-Ar

II II
O O

Total structures examined: 46
After the IR filter, five structures remained; after the NMR, one structure; and after

the mass filter, one structure (which was consistent with the answer):

- CH2 C CH2~Y \ \

O

Example 3
Empirical formula: C8H7N
IR: 703, 815, 950, 1022,1041,1120,1180,1292,1385,1456,1506,1608,2230,2940
NMR: 2.35(1), 7.3 (M)
Mass: 27, 37, 38, 39, 41,43,44, 50, 51, 61, 62, 63, 64, 65, 75, 76, 89,90, 91, 117
Selected sets of fragments:

(1) -C=C- , 1,4-Ar (2) -C5N, 1,4-Ar

Total structures examined: 5
After the IR filter, two structures remained; after the NMR filter, two structures;

and after the mass filter, one structure (which was consistent with the answer):

CH3 - </ \ ) - C = N

Example 4
Empirical formula: C4H8O
IR: 900, 1060,1170, 1220,1285, 1365, 1460, 2900
NMR: 1.79(3), 3.63(3)
No fragments were selected.
Total structures examined: 26.

After the IR filter, six structures remained; after the NMR filter, one structure
(which was consistent with the answer):

CH2 - C H 2

O
L.n2 — ur i j

Example 5
Empirical formula: C8H,,N
IR: 700, 740, 830, 1030,1070,1370, 1435, 1605, 2960, 3020, 3390
NMR: 0.9 (1), 2.7 (M), 7.1 (M)
Mass: 28, 30, 32, 39, 41, 42, 50, 51, 52, 58, 63, 65, 77, 78, 84, 90, 91, 92, 103, 121
Selected sets of fragments:

(1) NH, 1-Ar (2)-NH2#1-Ar

( 3 ) ) N H . 1.2-Ar (4) -NH 2 , 1,2-Ar

A
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Total structures examined: 16
After the IR filter, seven structures remained; after the NMR filter, two structures;

and after the mass filter, two structures. The first (1) structure was consistent with the
answer:

CH2CH2NH2 (/ \y-NH-CH3

1 2

Example 6
Empirical formula: C9H13N
IR: 688, 770, 990, 1170, 1245, 1310, 1370, 1435, 1500, 1600, 2970, 3030, 3390
NMR: 1.1 (3), 2.2 (1), 2.9 to 3.1 (M), 6.1-7.1 (M)
Mass: 39, 51, 52, 53, 65, 70, 77, 91, 120, 135
Total structures examined: 56

After the IR filter, 14 structures remained; after the NMR filter, 8 structures; and
after the mass filter, 4 structures. The first structure was consistent with the answer:

CH2CH3

CH2CH3

NHCH2CH3
NH-CH2CH3 \ ^

NHCH3

It can be seen that application of the recommended methods during the IR, NMR,
and mass spectrum filtering, significantly increases the degree of selectivity of the an-
swer.

As indicated above, when a problem cannot be solved unambiguously, the system
provides for ranking the structures according to probability by calculating their vibra-
tional spectra and checking each spectrum calculated for closeness to the experimental
one. This approach appears promising, at least for nonbulky molecules.71

Overall, the results of STREC system tests are promising. The system should be
particularly effective when oriented to solving problems of several special classes. It
would then be expedient to use special-purpose libraries of standard fragments, consid-
eration being given to the specific problems of a particular class. The library of stand-
ard fragments of the STREC system has been constructed on such principles so that it
can easily be adapted to solve new types of problems.

F. Use of Computational Methods in the Identification of Molecules
The algorithm described above for identifying molecules is based on discrete spectral

structural correlations and the existence of characteristic vibration frequencies. Such
an algorithm may in principle prove to be unsatisfactory for the separation of isomers
with an identical or close set of characteristic frequencies. In such cases, the informa-
tion content of the vibrational spectrum can be enhanced, if in addition to the charac-
teristic frequencies, consideration is also given to noncharacteristic frequencies corre-
sponding to the relative motion of individual functional groups, which in consequence
essentially depend on their combinations. This problem arises precisely when we are

L
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interested in the identification of a compound which has no characteristic frequencies
at all, and is made up, at least partly, of additive structural groups. Since each molecule
has its own specific set of vibration frequencies, a unique solution can, in principle,
be guaranteed in all cases, provided all the frequencies of vibrations of a system are
taken into consideration in one way or another. It is useful here to make a preliminary
evaluation of the amount of information contained in the characteristic and nonchar-
acteristic spectral features.

Let N be the number of structural isomers with a given empirical formula and rbe
the number of structures derived from the solution of the identification problem. The
magnitude of N can in principle, be found from a mathematical synthesis of all the
isomers, using the appropriate algorithm.65-66 The amount of information inferred
from the spectrum is thus expressed in the following form:

I = log2 N - log2 n

Here, I is the information that can only be obtained on the basis of spectral struc-
tural correlations and the logical combinatorial analysis described above. Assuming
that unique identification of a molecule is achieved in a detailed analysis of the whole
spectrum, we may evaluate the percentage of information that is obtained in a logical
combinatorial solution of the corresponding inverse problem.

The estimate of information made on the basis of problems which we have solved,
using the IR spectra only,* shows that about 40 to 100% of the information is inferred
in this approach. Moreover, the percentage of a unique solution is quite high (see Table
11). This is indicative of the fact that this method is a fairly efficient one for solving
the inverse problem. The information contained in the noncharacteristic frequencies
is superfluous in this case. However, as already pointed out, certain isomer structures
remain undistinguished. In such cases, the most promising route is that of constructing
the complete molecular spectra on the basis of calculation methods and then compar-
ing them with the experimental spectra.

As in the general case, the spectra have to be calculated for new compounds for
which the force fields and geometry are not known, and the need arises to infer these
parameters from those of the molecules already investigated in detail. Therefore, we
can assert beforehand that the calculations have to be made in a very rough approxi-
mation, and success is not quite evident. In view of this situation, we have made an
attempt to assess the prospects and potentialities of this method for identifying isomers
on the basis of particular examples.

For this purpose, the frequencies and the shapes of 14 pairs of isomers of organic
compounds were computed by the program" in the valence-field approximation. The
values of the geometric parameters and the force constants were drawn directly from
the data in the literature for molecules of similar structure. The degree of similarity
between the calculated and the experimental spectra was evaluated by the following
simple criterion.

Suppose it is required to compare two spectra (1 and 2) represented by the frequency
sets, £2,(v;), i = 1, 2, . . . d,, and Q2 (v,), j = 1, 2, . . . d2, respectively. Assume that
the frequency v,GQ, corresponds to the frequency v,EQ2 if

I vt - vf i < 6 (9)

where 6 is a certain given interval. We shall assume that, as a result of a comparison
of all the elements v.GQ, with all the elements v,GS2) it is found that n,2 frequencies

* Compounds of such empirical formulas were chosen which did not need a long machine time to
calculate N.
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Structure to
be found

(CH3)3C-NH2

CH3CH2NHCH2CH3

CH3CH2CH2CH2NH2

C H 2 N

C H ,
H

TABLE 11

Evaluation of Information Contained in
Vibrational Characteristic Frequencies

CH 3

CH2=CH-CH2CH

CH
2

"SCH2-CH2

/
CH2

CH2-CH
2 N

CH-CH,

Empirical
formula

2

C4H,,N

C 4 H n N

C 4 H n N

N

3

8

8

8

4

1

2

2

25

25

25

, = log2N I

5 6

3 3

3 2

3 2

4.644 4.644

4.644 2.322

4.644 2.322

7

100

67

67

100

(UH3»31M

CH3-CH-CH2CH3

1
OH

CH3CH2CH2CH2OH

(CH3)3C-OH

C3H,N

C4H10O

C4H10O

C4Hl0O

4

7

7

7

1

1

1

1

2

2.807

2.807

2.807

2

2.807

2.807

2.807

100

100

100

100

100

50

50

(CH3)3COOH

C H 2 \

CH/

CH2=CH-CH3OH

A
CH2-CH-CH3

CH 3 -C-CH 3

O

C4HI0Os 27a 2 4.755 3.755 80

CjH,N 12 1

CjH8O 9 1

C3H6O 9 1

C3H6O 9 1

3.585 3.585

3.170 3.170

100

100

3.170 3.170 100

3.170 3.170 100
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TABLE 11 (continued)

Structure to
be found

1

Empirical
formula

2

N

3

Io = log,N I I/Io

6

/ CH2-0
O

NH2-(CH2)2-OH

C H ' - C H - C H 2 O H

(CH3)2IM-C=N

| H > > H

C,H,NO

C,HSO2

C3H6N2

C2HSN

8

23

136

4

1

1

1

1

O "CH-CH 3 CsH10O2 266a 35

CH3CH2O-CH2CH2OH C4H10O2 27a 6 4.755 2.170 46

CH2=C-O-C-CH3 CJH.OJ 535a 7 9.063 6.256 70

CH3 O

CH3CH2O-C-CH=CH2 CSH,O, 535a 4 9.063 7.063 78

O

3 3 100

4.523 4.523 100

7.087 7.087 100

2 2 100

(CH3)3N C3H,N 4 1 2 2 100'

CH3CH2CH-CH2CH3 C6H14 5 2 2.322 1.322 57

CH3

NH2CH2CH2CH2OH C3H9NO 21 2 4.392 3.392 77

C3H4O2 36 1 5.170 5.170 100

CH 3 -NH-CH-C=N
I C 4 H,N, 633 4 9.306 7.306 79
CH3 ' 2

| X o C4H,O 26 3 4.70 3.115 66

CHj-CH/'

CH3-C-CH2CH3

|| C4H,O 26 1 4.7 4.7 100
O
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TABLE 11 (continued)

Evaluation of Information Contained in
Vibrational Characteristic Frequencies

Structure to
be found

1

Empirical
formula

2

CH-CH2OH

CH3CH2C

\>H

CH2=CH-CH2CH2CH=CH2

CH3CH2NO2

C3H6O2 34

C3H6Oj 34

C6H10 77

C2HsNOj 86

C4H,O2 122 8 6.93

(CH,)2CH—CH2C
N O H

HOCH2CH2CH2C
VCH,

(CH3)3C-C//

"OH

CH3CH2CH2CH2C
XOH

CH3CH2CH2NO2

CH2=CH-CH2-O-C^
CH 3

C H 2 - C H /

CH3 - O - C H 2 CH 2 -C=N

CH 2 -CH 2 ^

C H 2 - O ^

CsH10Oj 266a 2

C5H10O2 266a 2

CsH10O, 266a 2

C5Hl 0O2 266a 2

C3H,NO2 391 1

CSH,O2 535a 1

C4H,N 35 1

Io = log2N ]

5 6

5.087 5.087

5.087 5.087

6.267 5.267

6.426 6.426

a The number of relatively stable isomers for the given empirical formula.

3.93

8.055 7.055

8.055 7.055

8.055 7.055

8.055 7.055

8.611 8.611

9.063 9.063

100

100

56

100

57

CH3-C-O-CH2CH3

O

CH=C-CH2CH2C=CH

C4H,O2

C 6 H 6

122

217

2

1

6.93

7.762

5.93

7.762

86

100

75

75

75

75

100

100

5.130 5.130 100

C4H,NO 762 3 9.573 7.989 83

C5H1()Oj 266a 10 8.055 4.734 59
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of the set Q, satisfy the inequality (9). The relationship y, = a>,2/a, then will in a certain
sense characterize the probability that spectrum 1 corresponds to spectrum 2. Analo-
gously, if we calculate y2 = fizi/o^, then the product

(10)

acquires the meaning of a coefficient for the mutual similarity of the two spectra.
Obviously, in the general case, wehavefiu # M*I-

As another similitude criterion, we used the distance between the spectra defined by
Hemming78 (Q12) with due regard for the coincidence of the frequencies (inequality [9]).
The magnitude of gi2 was determined as the total number of frequencies v.GQi and v,.
6 f i j , none of which has a correspondence in the course of comparison of spectra

P u =(<*i - M , 3 ) + ( t t j - M 2 i ) ( 1 1 )

Let QA denote the set of experimental frequencies of the sample under test; Qx, Qy,
Qz. . . stand for the calculated spectra of hypothetical structures. Evidently, by calcu-
lating EAI, eAy, eAs, . . . and QAX, QA,, . . . and then ranking them in the order of the
increasing similarity factor (decreasing distance), a preferrable structure may be iden-
tified.

In applying the t and e criteria, we took into consideration the fact that the mean
distance between the frequencies of the experimental and calculated spectra is usually
of the order of 30 to 40 cm"1. In the inequality (9), we therefore took 6 = 40 cm"1.

Such isomers of close structures were combined into pairs that are difficult or im-
possible to distinguish from their IR spectra by means of empirical correlations. As
our main aim was to check the validity of the approach in principle, molecules contain-
ing not more than 16 atoms were chosen as the model molecules. Their IR spectra
were either specially recorded or taken from the works already published.

For a given isomer pair, each experimental spectrum was compared with both the
theoretical spectra, i.e., the spectrum of the true compound and the spectrum of the
competitor compound. Then the corresponding values of e and Q were computed. As
the spectral pattern of absorption due to valence vibrations of C-H bonds is unimpor-
tant from the viewpoint of information value for isomers of close structures, this spec-
tral region was discarded in our consideration. The pairs of model compounds which
we investigated (Table 12) had either no characteristic features or such features, if any,
were identical. Hence, we may believe that these compounds are quite suitable for
modeling the intricate situations that may arise in analytical practice.

By way of example, let us consider in detail the calculation of similarity coefficients
and distances for cis- and frans-isomers of fluorobromethylene. Their experimental
and calculated spectra in the frequency range from 700 to 1700 cm"1 are shown in
Figure 23. Frequencies which satisfy the inequality (9) are joined together by a broken
line.

As is known,49"51the IR spectra of frans-olefines are, as a rule, distinct from the
spectra of c/s-olefines in that they contain a strong band at about 970 cm"1. From
Figure 23 it can be seen that there is no absorption in this region in both spectra,
probably due to the influence of active substituents on the frequency of out-of-plane
deformation vibrations of hydrogen atoms. By virtue of Equations 9 to 11, we get aa

= 5 , ae = 6 , a,, = 10 , ah = 7 , nCg = ngG = 5 , ptOh = H>,c = 5 , fiH* = 8 , nhH = 7 , \xHg

= fjsH = 5, Ea = 0.84, QClt = I, £«* = 0.8, QH* = 2, EC(, = 0.71, QGH = 2, £„, = 0.5,
and QHI = 6.

A comparison of t and Q shows that tG, > £c», QcK<Qc>,, £«» > £««, and QHh < QHI.
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TABLE 12

CH3-C-CH3and CH3-CH,-C-H
II
O

CH3-CH2-C-CH2-CH3 and CH3-C-CH2-CH2-CH3

O O

H H H F

\ / \ /
C=C and C=C

/ \ / \
Br F Br H

F H F Cl

\ / \ /
C=C and C=C

/ \ / \
Cl Cl Cl H

CH3-CH2-CH2-CH2-CI and CH3-CH-CH2-CH3

Cl

CH3-CHj-CH2-CH2-OH and CH3-CH-CH2-CH3

OH

CH3-CH2-CH2-CH2-OOH and CH3-CH-CH2-CH3

OOH

CH3-CH2-CH2-NOj and CH3-CH-NO2

CH3

CH3-CH2-CH2-C-OH and CH3-CH-C-OH

O CH,O

CH3-C-OCH3 and H-C-O-CH2-CH3

O O
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TABLE 12 (continued)

CH.

CH 3 -CH-O-CH-CH 3 and C H 3 - C - O - C H , - C H 3

CH3 CH, CH3

CH 3 -CH,-CH 2 -Br and CH3-CH-Br

CH3

CH 3 -CH, -CH, -CH-CH 3 and CH 3 -CH, -CH-CH, -CH 3

OH OH

HO-CH,-CH-CH3 and CH 3 -O-CH 2 -CH, -OH

OH
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700 900 1100 1300 1500 1700

1 II
1 *

g

G
I

h
700 900 1100 1300 1500 1700 \>cm

700 900 1100 1300 1500

- i

\

1
\
\

// \

g* \
1 V »

1 H
i

*

h
1700

FIGURE 23. IR spectra of c/s-fluorobromoethylene (I) and frans-fluorobromoe-
thylene (II). Comparison of calculated (g, h) and experimental (G, H) frequencies
in the spectra of compound I (G, g) and compound II (H, h).

Hence, we may conclude that in both cases the formal criteria gave the proper selection
of probable structures. Similarity factors and distances obtained for the majority of
the remaining isomers (28 cases in all were considered) have shown that in 20 out of
28 cases, even a very rough calculation of the vibrational spectra aided in proper selec-
tion of the most probable structures. Moreover, both criteria gave rise to identical
results. Evidently, it would be almost impossible to arrive at a proper choice of the
most probable structure by means of visual comparison of calculated and experimental
spectra.

Thus, we may believe that the results obtained are quite satisfactory and the formal
criteria proposed for the similarity of frequencies are highly effective. The experiments
have likewise revealed the important role of the low-frequency part of the vibrational
spectra in isomer identification: the probability of correct identification is enhanced if
the IR spectrum is recorded starting at least from 200 cm"1, because it is in this range
that various kinds of noncharacteristic vibrations of atomic groups are readily exhib-
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ited. The approach suggested in this paper is precisely the method which makes it
possible to extract the structural information contained in the frequencies of these
vibrations.

It is to be expected that if formal comparison criteria are worked out which also
take account of the shape, intensity, and polarization of vibrations in experimental
and calculated IR and Raman spectra, it may be possible to increase the reliability of
identification based on calculation techniques of the molecular vibration theory.

From the above facts it follows that, although the inverse problem of the identifi-
cation of molecules by their vibrational spectra is highly complicated, nonetheless, it
readily yields to formalization. A computer-realizable algorithm can be designed that
is adequately efficient and suitable for extensive application. This system is an integral
part of a more sophisticated system which can be used not only for identification of
molecules, but also for calculation of molecular vibrational and electron spectra, using
the appropriate theories. This system is described in greater detail in Reference 73.

G. CONGEN Program
Of the works dealing with the application of artificial intelligence to the identifica-

tion of molecular structures, special mention should be made of the studies conducted
at Standford University. 798SIn these works, initially oriented for the computer inter-
pretation of mass spectra, an effective strategy has been developed for the first time
for heuristic search (DENDRAL system) based on the generation of all the structural
formulas which satisfy the constraints imposed and the empirical formula of a sub-
stance. The method used in this system for specifying the constraints in the form of
desirable and forbidden structures (GOODLIST and BADLIST, respectively) has be-
come an almost universal technique and is applied in several papers by other authors.
The DENDRAL system is successfully being developed today for improving the rec-
ognition algorithms and programs for identifying complex molecules by their mass
spectra.

Recently, Carhart et al.86 designed a program called CONGEN which is an extremely
universal tool for identification of molecular structures and which can be used to iden-
tify molecules with the use of various spectral methods. The basic idea underlying the
CONGEN program is that of helping a chemist to analyze the information on the
structure at his disposal and arriving at the correct structure by consecutive elimination
of the wrong solutions.

The algorithm has two distinctive features pertaining to the method of generation
of molecular structures and user-program interaction. Structures are generated from
atoms and fragments (superatoms) by the "imbedding" technique. First, intermediate
structures are generated in which the superatoms are included by their names (sym-
bols). Each intermediate structure may represent a whole class of final structures. By
giving the user an opportunity to interfere with the solution at this stage, the algorithm
makes it possible to avoid the synthesis of an unduly large number of final structures
by eliminating certain intermediate structures. Imbedding is a procedure whereby the
meaning of the superatom symbol is uncovered and a mutually exclusive one-to-one
correspondence is established between the symbol and the structural fragment. This
technique is of considerable help in solving intricate problems by gradually building
up a structure with due regard for the constraints.

The possibility of realizing this procedure during solution helps in avoiding an un-
controllable combinatorial explosion, i.e., construction of an excessively large number
of undesirable structures. A check of the intermediate structures is often very useful
in detecting certain constraints that might have been disregarded in the initial stage.
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An account of these limitations at the intermediate stage diminishes the complexity of
the problem long before the next stage in computations.

The piogram is based on limiting the structure generation process. In this respect,
it includes both computational elements and blocks designed for automation of the
solution strategy.

In principle, the general scheme of the method admits a few approaches to solving
the problem and includes several levels. Moreover, at each stage the user can check
the current structure, and if necessary, impose new constraints. For this purpose, sev-
eral kinds of auxiliary operations have been included which can be realized at different
stages in the solution. For example, the user can draw certain intermediate structures,
store the results for subsequent use, restore the previous results, restart the solution
afresh, print out the current commands, etc. These auxiliary functions are, inciden-
tally, absolutely essential in any system where there is man-machine interaction. There-
fore, considerable attention has been paid to this aspect of the program. The plotter
program, for instance, can be connected to the standard computer terminal so that a
remote user has access to the program and can put it to effective use. In this case, the
user gets quite unambiguous representation of the structural formulas, although they
may be rather unfamiliar to him (for example, the bonds may intersect).

The method of solving structural problems is illustrated by the authors with exam-
ples taken from their own experience. Elucidation of the structure of the complex
aspidospermine alkaloid is given as an example:

At the first stage, an initial set of superatoms is constructed from the data obtained
by different methods. Three rather large atomic groups containing up to 14 atoms in
the skeleton were chosen as such fragments and are denoted by the following formulas:

CH3CH2-

CH3O

IND ET

— CH

NP

CH2

I
CH2

It is clear that the valency of each superatom is equal to three, one, and four, respec-
tively. Thereafter, the fragments obtained and the standard chemical atoms are entered
in the COMPOSITION list in which the symbols and the number of each type of atom
(superatoms) are shown. All the elements in the COMPOSITION list should in total
give the empirical formula (for the example under consideration, C22H30O2). If struc-

—J
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tures are generated without imposing any constraints, then an unduly large number of
superfluous intermediate structures will be given (255 intermediate structures for the
example under consideration). Therefore, the CONSTRAINTS list is used to eliminate
the unnecessary structures.

The following constraints are introduced. The BADLIST and GOODLIST, as in the
DENDRAL system, specify the forbidden and desirable fragments, respectively. The
GOODRINGS list is used to specify the size and the number of the cycles which should
be present in the structures generated. The forbidden ring fragments are entered in the
BADRINGS list. The names of the fragments which determine the environment of
hydrogen atoms and the corresponding number of hydrogen atoms are included in the
PROTON list. The ISOPRENE list specifies the number of isoprene fragments and
the method of their inclusion in the chain. The elements of the CONSTRAINTS list
are formed by the EDITSTRUC program designed for editing the structures. Use of
the constraint system and the introduction of every possible correction into this CON-
STRAINTS list is permitted at all stages in the solution procedure.

In the case under consideration, on the basis of spectral data and calculated degree
of unsaturation, EDITSTRUCT imposes a ban on the formation of three membered
rings, methyl groups, and the addition of ethyl groups to the fragment NP. The re-
quirement that four "two-membered" rings (multiple bonds) should necessarily be
present is entered into the GOODRING list. This information is subsequently used at
all CONGEN levels. A mathematical synthesis of the structures by a program devel-
oped by this research group'"'8Searlier in this system is effected in the GENERATE
phase. Synthesis is effected according to the valency specified beforehand for atoms
and superatoms. Generation is effected using several strategies for the imposition of
contraints. Strategy results from an analysis of the arguments put forward by the
chemist.

Initially, the structural units are grouped in every possible way for the purpose of
singling out the expected sets of atoms contained in the cyclic systems and acyclic
chains ("partitions"). If the partition does not satisfy the constraints, it is discarded.
For the purpose of verification, the partitions are divided into parts and then a rational
sequence is established for scanning these parts. If, for example, the formation of a
C=C bond is forbidden, all the paths leading to the synthesis of this bond are dis-
carded.

Another strategy is that of building all the tree structures from each partition before
attempting to construct ring systems from the partition parts. The constraints on the
addition of a hydrogen atom to the other atoms are automatically imposed. For ex-
ample, not a single hydrogen atom can be added to the superatom NP, and the pro-
gram does not allow this.

For aspidospermine 59 intermediate structures were constructed in the first stage of
generation. The most representative of these structures are shown in Figure 24.

The presence of three-membered cycles in these structures is not a violation of the
constraints, because these cycles change their dimensions on exposing the internal
structures of the fragments IND and NP. Elucidation is implemented by means of a
subroutine called IMBED.

The IMBED routine restores the true linkage between the atoms without taking into
consideration the molecular symmetry. The latter situation may lead to the appearance
of duplicates in the intermediate structures. However, reduction of structures to their
canonical forms avoids duplicates.

By imbedding the superatoms, the IMBED routine reveals the number of complete
structural formulas that can be constructed from each intermediate structure. In the
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ET
NP

^ —NP=CH

IMD IK
FIGURE 24. Examples of intermediate structures obtained in the GENERATE phase of the
program.(from Cahart, R. E., Smith, D. H., Brown, H., and Djerassi, C , J. Am. Chem. Soc, 97, 5755
(1975). With permission.)

course of the operation of the IMBED routine, the user can specify new constraints
so that undesirable structures may be discarded at this stage.

For the given example, the IMBED routine restored 196 structures when applied to
the fragment NP. Typical structures are shown in Figure 25. It can be seen that the
superatoms IND and ET remain to be imbedded.

The PRUNE command is used to filter off all the undesirable structures. Pruning
may be done automatically during generation and imbedding of the structural frag-
ments or independently to apply new constraints. As a result of PRUNE, only ten
structures survived in this example.

With new constraints imposed, IMBED and PRUNE, depending on the particular
type of structures, resulted finally in 11 structures without any superatoms (Figure 26).
At the final stage, PRUNE gave out one structure satisfying all the constraints and
coinciding with the unknown compound (in Figure 26, structure 11).

In assessing the potentialities of the method, the authors point out that there is no
need to impose the constraints from the very onset. They can be introduced step by
step, depending on how they diminish the number of solutions. On the other hand, it
is often more advantageous to introduce all the constraints during generation of the
structures at the very beginning. IMBED may likewise be used at different stages, thus
permitting flexibility of the system as a whole. CONGEN has a restricted capacity for
storing information. Therefore, the intermediate structures should be entered in mem-
ory only when it is really essential. The authors mention a psychological nuance: most
chemists feel a sense of despondency when they realize that under given constraints,
hundreds of probable structures are given out. Therefore, the main strategy should lie
in imposing effective constraints from the very beginning. Besides practical conven-
ience, this also saves machine time.

The authors applied this method to various molecular structure problems and ob-
tained good results. In this process, certain interesting situations came out which
clearly demonstrate how difficult is it for man to foresee all the plausible structures in
agreement with certain given constraints. Thus, under the conditions specified by
Stoessl et al.,87 206 structural formulas correspond to the structure of lubimin, whereas
CONGEN yielded only two of them as the most probable.

Although the spatial structure is not taken into account in the CONGEN program,
a knowledge of molecular topology gives a lot of information. Elucidation of all the
stereoisomers consistent with a given structural formula will considerably extend the
potentialities of the program.

H. Various Strategies for Identification of Molecular Structure
Sasaki et al.88 were among the first to attempt construction of an automatized system

for elucidating molecular structure based on the use of PMR spectra. In their system,
the initial data, i.e., PMR spectra introduced directly from the spectrometer, and the
correlation tables were fed into the computer. The correlation tables which they com-
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IN

FIGURE 25. Some results of application of IMBED to NP.(from Cahart, R. E.,
Smith, D. H., Brown, H., and Djerassi, C , J.Am. Chem. Soc, 97, 5755 (1975).
With permission.)

piled from literature data included 150 fragments with the corresponding chemical
shifts. The tables do not carry any information on the multiplicity of signals. The
system is designed for identification of chemical compounds of the CHO class.

The authors made considerable efforts to elaborate a method of primary treatment
of NMR spectra to be stored in the computer memory. The ordinates of the spectral
curves were introduced with an interval of 0.2 Hz point by point. The program auto-
matically detects the position of the maxima on the spectral curves, calculates the in-
tegral intensities, and the intensities of peak maxima. If OH groups are expected to
be present on the basis of IR spectral data, then a preliminary analysis is made of the
spectra at different temperatures and concentrations in order to identify the signals
from the protons of the hydroxyl groups. The spectrum was divided into band groups,
depending on the distances between the individual signals. Each group contained the
signals covering a range of 20 Hz or more. Use of the integral intensities of each group
of signals enabled the authors to assign a definite number of protons to each group,
depending on the total number of hydrogen atoms consistent with the empirical for-
mula. Then a structural-group analysis is made, using the spectral structural correla-
tions. On the basis of the signal positions and signal groups present in the NMR spec-
trum, certain specific fragments are singled out for each group as the candidate
solution. Here the data inferred from the IR spectra are partially used. Unfortunately,
the structure and function of that part of the program pertaining to the use of the IR
spectrum are not described in the paper.

The possibility that each of the candidate fragments is present is evaluated by com-
paring the number of protons in a fragment with the number of hydrogen atoms as-
signed to the corresponding signal group. On the basis of integral signal intensities,
an estimate is made of the maximum possible number of each type of fragment which
can make up the set explaining the spectrum. All possible structural formulas are then
automatically synthesized from each set of fragments.

The authors note that no additional chemical information is utilized in the course
of synthesis, and therefore there may be a large number of nonreal compounds, i.e.,
inconsistent with the requirements of organic chemistry. No provision is made in the
system for the comparison of an experimental spectrum with the expected spectrum
of each of the constructed structures. Evidently, such a block would considerably re-
duce the number of structures given in the answer.
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Chip CO
H3C 3

N
CH3O COCH3

Krrn
C H 3 7 COCH3

| 0COCH3

FIGURE 26. Final structures.(From Cahart, R. E., Smith, D. H.,Brown, H., and Djerassi, C .
J. Am. Chem. Soc.,97, 5755 (1975). With permission.)

The function of the program is illustrated with reference to the identification of
ethyl levulinate. This example clearly demonstrates the merits and demerits of the sys-
tem. We shall therefore dwell on it in greater detail. As a result of structural group
analysis of the spectrum of this compound, 21 fragments were chosen, out of which
the program formed eight possible sets. The synthesis block gave the nine structural
formulas shown in Figure 27.

From consideration of the example, it is obvious that the first structure (Figure 27)
alone contains two carbonyl groups, to which the different frequencies in the IR spec-
trum should correspod. Furthermore, structures with three-membered cycles should
likewise readily be detected from the IR spectrum, although in the NMR spectrum, a
quite distinctive chemical shift corresponds to the cyclopropane ring. Therefore the
investigator cannot accept this result as satisfactory. The potentialities of the system
are fully illustrated in Table 13, which lists examples on structure identification.

On the whole, this work is a perceptible step forward in the automation of ap-
proaches to computer-aided elucidation of molecular structures. At the same time, this
work clearly demonstrates the need for introduction of such constraints as GOODLIST
and BADLIST"85into the synthesis of structural formulas and the advantage of com-
paring the expected spectra of generated structures with the experimental spectra. This
work also shows that the IR spectral information has not been fully used.

In further developing the ideas and methods proposed in this work, Abe and Sasaki89

elaborated on a system which they called the 1011 system. This program is useful in

- I
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identifying simple compounds of moderate size from their PMR and IR spectra, the
candidate formulas being finally checked by the mass spectra. They assert that this
program can elucidate the structure of compounds containing from six to ten carbon
atoms and not more than one oxygen atom, the index of hydrogen deficiency being
no greater than unity (i.e., the molecule may contain either one cycle or one multiple
bond). An empirical formula has to be specified in order to solve the identification
problem in this system. The block scheme of the 1011 system is shown in Figure 28.

CH3C-CH,CH;C-OCn2CH3 H2C. H2C - CH-C-OO-C2H5
I 2 2\\ OCH-CH|C-00-C2HB I I II
0 0 H 2 C ' J H 2 C - CH2O

0 0

X C H 2 - C ^ ° H2C C-CHS HSCC-CH—CH-OOC8H5

H2C /CH-OO-C2H5 I ^ C \\\f
NCH2-CH2 H2C 0 0 - M 5

0
ii

A
CH3C-CH-CH, CH3C-CH2-CH-CH-C2H5 H2C CHZ

II i i II \ / i t
0 O-CH-OC 2 H 5 0 0 H 2 C — CH-OOC2H5

FIGURE 27. Structures identified by PMR spectrum of ethyl-levulinate. (From Sasaki, S., Kudo, Y.,
Ochiai, S., and Abe, H., Microchim. Aeta.p. 726 (1971). With permission.)

TABLE 13

Examples of Recognized Structures

Compound tested Answers

CH2=CH-CH2-OH 1

O

CH2=CH-CH2-O-CH2-CH=CH2

(CH3O)2-CH-CH2-COCH3

CH2=CH-COOC2HS I
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Table 13 contd.

Compound tested

C6H5CH=CH-COOC2H5

(C2 Hs O)2 -CH-COOC2 Hs

(CH3)3-C-COOH

CH3-(CH2)5-C=CH

COOH

COCH3

OCH3

CH3-CH=CH-CH=CH-COCH3

OCH3

HOOC-CH-(CH2 }s -C=CH

COOH

Answers

1

1

1

1
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Table 13contd.

Compounds tested Answers

21

OH

COOCH3

29

CH3'

OCOCH3

37

199

221

From Sasaki, S., Kudo, Y., Ochiai, S., and Abe, H., Mikrochim. Acta, p. 726 (1971). With
permission.
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1Analysis of
IR data

Analysis of
NMR data

I
Analysis of
MS data

Designation of 'COMPONENT'S

JBulldlng up structure(s) |

Probable
structure(s)

FIGURE 28. Block diagram of the structure determination program
"1011". (From Abe, H. and Sasaki, S., Set. Rep. Tohoku Univ. Ser. I, 55,
63 (1972). With permission.)

The NMR, IR, and mass spectrometers are on-line to minicomputers which are built
in within these spectrometers. The computers process the spectral information and
then print out the NMR, IR, and mass spectra in digital form. Simultaneously, the
mass spectra are normalized, and the spectral patterns of the NMR spectra are divided
into groups, as in the previous work. The integral intensities of the signal groups and
the peak heights are determined, and then for each signal group the possible number
of protons responsible for absorption is established with the help of the correlation
tables.

The list of discrete structural units, which the authors call the COMPONENT list,
carry fragments with the nearest neighbors possible in a given system. A minimum
empirical formula is assigned to each fragment. The list includes 83 components. Those
components which have hydrogen atoms are entered into the table of spectral-struc-
tural correlations for NMR spectra. In this program, the IR spectra are used only to
identify oxygen-containing groups and are not, therefore, needed to elucidate the struc-
ture of the carbon-containing compounds.

The whole frequency range of the IR spectrum is divided into seven intervals. Ac-
cordingly, seven strong bands are identified in the experimental spectrum. The most
intensive band characterizing a given absorption range is selected in each interval. The
most probable atomic groups are assigned to each of the seven intervals.

The first structural group analysis is carried out with the help of NMR and IR data.
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In analogy with the system,88 the fragments identified from the IR and NMR spectra
are grouped into one set of components from which the subsets are subsequently con-
structed. These sets are so formed that each set contains atoms not exceeding the num-
ber specified in the empirical formula. Finally, a computer-assisted synthesis of struc-
tural formulas is implemented from all component sets.

The next stage consists in verifying the synthesized structures by their mass spectra.
Verification is effected by means of several subprograms specially designed for each
class of compounds (ketones, saturated esters, saturated alcohols, and unsaturated
hydrocarbons). The lists of fragments carrying information on the mass numbers char-
acteristic of each fragment and the peaks which, when they appear in the mass spec-
trum, contradict the presence of the corresponding fragment, are used as the data bank
for the operation of mass spectral programs. The operation of the program is illus-
trated with reference to the elucidation of 2-nonanone. In identification of this com-
pound, the program gave out the following three sets of fragments (Table 14). Six
structural formulas were printed out:

(1) CH3{CH2)2C(CH3)2CH2CCH3

O

(2) CH3CH2C(CH3)2(CH2)2C-CH3

O

(3) CH3CH2CH(CH3)(CH2)2CCH3

O

(4) CH3(CH2)2CH(CH3){CH2)2CCH3

O

(5) CH3(CH2)3CH(CH3)CH2CCH3

O

(6) CH3(CH2)6C-CH3

O

Structures 1 and 2 were obtained from the first set, whereas structures 3, 4, and 5 were
derived from the second set, and structure 6 (the true structure) from the third set.

This example shows that the use of three methods, provided the mass spectral pro-
grams are designed for seeking specific classes of chemical compounds, did not result
in an unambiguous answer. Probably this is due not only to the difficulties involved
in the extraction of spectral information, but also that the potentialities of the IR
spectroscopy are not utilized to a fuller extent in the program.

Since there is only one band at the range 1380 cm"1 in the IR spectrum illustrated, it
is doubtful whether structures 1 and 2 can be present in the specimen. Each of these
structures contains the dimethyl group (it is known that a doublet in this range corre-
sponds to the dimethyl group). Probably, the identification results could have been
improved by the use of a more complete and comprehensive library of spectral struc-
tural correlations for IR spectra.

Absence of GOODLIST and BADLIST in this system in no way affects the analysis
results because, in principle, program 1011 cannot give rise to structures forbidden in
organic chemistry. It should be noted that both works88 Mdo not give a description of
the algorithm underlying the synthesis of all the structural formulas. Moreover, the
technique used for identifying the fragments in structures during the verification of
structural formulas by mass spectra is also obscure. The results listed in Table 15 to
illustrate the operation of the program show that the number of structures detected is
on the whole rather small. What is significant in this program is that the true structure
is always found among the probable structures. Although the program is extremely
limited in its capabilities, it can, nevertheless, identify molecules containing a few at-
oms falling within 11 different classes of chemical compounds.
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TABLE 15

Results of Identification of Structures by means of the 1011 System

Compound
Molecular
formula

Number of
structures

1

CH 3 -CH-CH 2 -CH 2 -CH 3

CH3

CH3

CH 3 -C-CH 2 -CH 3

CH3

CH3-CH-CH-CH3

CH3 CH3

CH3-C-CH2-CH2CH2CH2CH3

O

CH3-CH2-C-CH2CH2CH2CHj

O

CHj -CH-C-CH-CH
I I I
CH3 O CH3

CH 3 -CH 2 -CH 2 -C-CH 2 -CH 2 CH 3

O

CH3CH2CH2CH,CH2CHjCH,OH

CH3CH,CH2CHjCH2-CH-CH3

OH

C H J - C H J C H J C H J C H - C H J C H J

OH

C H 3 - C H 2 C H 2 C H - T C H , C H J C H 3

OH

C H J - C H J

CH,-CH 3 -C-CH 2 CH 3

1
OH

2

C6H14

C , H M

C,H16O

C 7 H U O

3

3

1

1

2

1

1

1

4

5

3

2

2
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TABLE 15 (continued)

Results of Identification of Structures by means of the 1011 System

Compound

207

Molecular
formula

Number of
structures

1

CH3

CH3CH2CH2CH2-C-OH

CH3

CH3

CH3-CH2 CHj-C-CH2OH

CH3

C H 2 = C H - C H J C H J C H 2 C H 2 C H 2 C H 3

CH3CHjCH2CH2CH-CHO

CH3CH2

CH3-C-CH2CH2CH2CHjCH2CH3

0

CH3-CH2-C-CH2-CH-CH2CH3

O CH3

CH2-CH2

CH2 CH
1 1
CH 2 CH 2

\ /
CHj-CH2

CH3CH2CHjCH2OCH2CH2CH2CH3

CH3CHjCHjCHjCHjCH2CH2CHj0H

CH3CH2CH2CH2CH2CH,CH-CH3

OH

CH3-CH2

CH3-CH2CH2CH,-CH-CH2OH

2

C,H16O

C.H..O

3

4

3

8

3

5

5

1

2

7

5
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TABLE 15 (continued)

Results of Identification of Structures by means of the 1011 System

Compound
Molecular
formula

Number of
structures

1

CH3CH2CH2CH2CH2CH2CH2CH2CHO

CH3-C-CH2CH2CH2CH2CH2CH2CH3

0

CH 3 -CH-CH 2 -C-CH 2 -CH-CH 3

1 II 1
CH3 O CH3

CH3CH2CH2CH2-C-CHjCH2CH2CH3

O

CH3CH2CH2CH2CH2CH2CH2CH2CH2OH

CH3CHjCH-CH2CH2CH2CH2CH2CH3

OH

CH3CH2CH2CH— CHSCH2CH2CH2CH3

OH

CH3CH2CH2CH2CH-CH2CH2CHjCH3

OH

CH3-CH2CH2CH2CH2-OCH2CH2CH2CH2CH3

CH 3 -CH-CH 2 CH 2 -O-CH 2 CH 2 -GH-CH 2

CH3 CH3

2

C9Hl tO

C,H20O

C10H20O

3

4

6

2

6

21

22

45 45

6

9

4

From Abe, H. and Sasaki, S., Sci. Rep. Tohoku Univ. Ser. 1, 55, 63 (1972). With permission.
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Of great interest is the program designed by Beech et al.'° for the structural interpre-
tation of first order proton magnetic resonance spectra. The program is based on an
attempt to simulate the way of thinking of a specialist. Its distinctive features are that
it makes use of not only chemical shifts of protons, but also their multiplicities, and
there is no need to know the molecular formula of the compound to be identified. The
latter fact is an important point because determination of the molecular formula is a
separate and intricate problem.

The program, compiled in FORTRAN-IV is designed for use in off-line mode. A
knowledge of the molecular ion is needed in this program for the final correction of
the answer and for the elimination of the wrong structures. The block diagram of the
program is shown in Figure 29.

The spectrum in the form of a sequence of line positions in ppm and the relative
intensities of the peaks are fed into the program input. All the lines are divided into
groups in such a manner that inside each group the distance between the lines does
not exceed 10 Hz in the range of chemical shift up to 4 ppm and 20 Hz in the region
of the weaker-field. In order to verify the multiplicity, the authors at first suggested
certain formulas for estimating the probability of splitting shape. Thus, for example,
the probability that a given signal may be assigned to a triplet is given by the expres-
sion:

_ s , a ( i , + i , )
?T= I, s 2 3

where S12 and S23 are the distances between the first and the second, and between the
second and the third lines, respectively; I,, I2) and l3 are the integral intensities of lines.
A similar formula is used to estimate the probability of a quartet:

P = ( s . 2 - | - s 2 3 + s 3 4 ) ( i , + i 4 )
Q s 2 3 ( i 2 + i 3 )

The value P > 0.7 shows that the choice of a multiplet is correct. Then the relative
areas of the most probable multiplets are found by summing up the areas of separate
peaks of each multiplet and then dividing them by the area of the least multiplet. The
results of spectrum preliminary processing are fed for print-out.

The structural interpretation of spectra is effected with the help of machine correla-
tion tables. The correlation tables contain 200 fragments, the limits of variation in the
chemical shifts, and the multiplicity values being shown for each fragment. The mul-
tiplicity is given for the central group containing protons. The table also shows the
possible environment of the central group. Thus, a central group with its environment
forms a macrofragment. On the whole, the macrofragments are the different combi-
nations of the 18 chemical groups listed in Table 16. The authors suggested the follow-
ing two rules so that the selection of fragment may be consistent:

1. If a peripheral group does not contain protons and has a valency equal to n, it
should occur at least (n— 1) times in the periphery parts of the macrofragments
found from other multiplets.

2. If a peripheral group a of the fragment A is a proton-containing group, it should
occur as a central group in one of the macrofragments derived from other multi-
plets; and if such a macrofragment is found, one of its peripheral groups is the
central group a of the macrofragment A under consideration. The macrofragments
which do not satisfy these rules are disregarded in the identification procedure.
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LINK POSITIONS
AND

INTENSITIES

1 1)KNT I Ft
GROUPS

or LINKS

OUTPUT ALL
INTERPRETATIONS
(SHIFTS, COUPLINGS
MULTIPLICITIES)

CALCULATE
RELATIVE
INTENSITIES

INTERPRET LINES
IN TERMS Or
MULTIPLETS

ACCESS
CORRELATION
TABLE

FILTER OUT
INCOMPATIBLE
FRAGMENTS

OUTPUT
LIST OF
FRAGMENTS

FORM LISTS
OF FRAGMENT
COMBINATIONS

f
FILTER LIST
AND BUILD
STRUCTURE

OUTPUT
STRUCTURE

FIGURE 29. Schematic flow diagram of computer diagram. (Reprinted with permission from Beech, G.,
Jones, R. T., and Miller, K., Anal. Chem., 46, 714 (1974). Copyright by the American Chemical Society.)

Moreover, an account is also taken of the fact that the fragments which are compet-
itors to any one of the multiplets cannot be combined to form larger fragments because
they are regarded as alternative candidates. Out of the fragments chosen that are con-
sistent with these two rules, the program makes up sets which are fed to the input of a
structural formula generator. If, as a result of verification, it is found that no struc-
tural formula can be constructed out of a given set in agreement with the experimental
data, the set is discarded.

The method of building structures is based on matching the peripheral groups which
form the macrofragments. The mass of the final structure is compared with the mass
of the molecular ion. If they agree, the structure is given out as one that is consistent
with the data. If a correct structure is not obtained at this stage, the relative areas of
multiplets are doubled, and the program repeats its routine, beginning from the step
where the fragments are generated. Thus, as a result, the so-called "dimer" molecules
appear. This program was tested by solving 30 spectral analytical problems. The results
are listed in Table 17. It is obvious from this table that the recognition results are quite
satisfactory even in the absence of any information on the mass of molecular ions. It
is noteworthy that the use of molecular ion masses resulted in unique answers in all
cases. Nonetheless, the program demonstrated the limited possibility of the method
based on the use of only one type of spectroscopy. It is capable of establishing the
structural formulas only of chemical compounds to which the first order PMR spectra
correspond. Therefore, several important classes of chemical compounds like olefines,
molecules containing cycles, etc. are disregarded. The potentialities and the field of
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Chemical group

Valency

Chemical group

Valency

Chemical group

Valency

leprinted with pen

CH,

1

Cl

1

ooc

2

nission 1

TABLE 16

Basic Chemical Groups

CH,

2

C=O

2

NO,

1

from Beech, G.

CH

3

COO

2

S

2

, Jones, R.

C6H5

1

N

3

C=C

2

C.H,

2

O

2

CN

1

T , and Miller, K.,

C

4

OH

1

H

1

Ana,
Chem.,46, 714 (1974). Copyright by the American Chemical Society.

application of the method can be widened considerably by including, for instance, IR
spectra in the program.

Another program which simulates man's thinking in elucidating the molecular struc-
ture from spectra is outlined in the paper by Gray." The initial data used in the con-
struction of this program are protocols that describe the sequence of students' actions
in solving certain spectral problems. The input information for the program consists
of empirical formula, PMR, UV, IR, and mass spectra. The spectra are fed in the
form of ordinates recorded every 10 nm in UV spectrum, every 10 cm"1 in IR spectrum,
and every 0.01 ppm in the NMR spectrum, etc. Information is fed into the computer
in off-line mode. The empirical formula should be known beforehand for the program
to be operated. The program is divided into three simple modules.

The first module carries out the preliminary processing of spectra and identifies the
centers in the IR and UV bands, and also subdivides the NMR spectra into peak
groups.

The second module, called the "Assign-fragments", consists of 20 routines, each of
which corresponds to a set of operations essential for the elucidation of a specific
functional group. The routines for a given particular problem are chosen by the pro-
gram in accordance with the atomic composition of the unknown compound. For ex-
ample, the routine for the identification of the carboxyl group is as follows: "if the
IR spectrum has absorption in the range from 3200 to 2500 cm"', and strong broad
band in the range 1670 to 1740 cm"1, while a singlet is observed in the range 13 to 9
ppm in the PMR spectrum, then the spectral features should be taken as indicative of
the presence of carboxyl groups, and constraints have to be imposed on the fragment's
possible bonds."

If the presence of a fragment is confirmed by all types of spectra, the fragment is
entered into the list of assigned fragments. After each fragment has been assigned, a
check is made to find whether the list of possible routines can be simplified or short-
ened due to the elimination of subroutines which correspond to atoms and double
bonds already used. It should be noted that the program selects only one list of prob-
able fragments. There is no provision in the program for choosing fragments which
are alternative to the fragments already chosen.

Each fragment has two valence descriptions. The first description determines the
type of atom having free valency and contained in the composition of a given frag-
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TABLE 17

Compounds Tested'0

Number of structures

Compound

CH3CH2C«HS

C1CH2CH2CO2H
CH3CH2CH2O2CCH3

C6HSCH(CH3)O2CCH3

(CH3O)2CHCH2COCH3

CH(CO2CH2CH3)2

CH3CH2C(CH3)(CH2CO2H)2

CH3CH2CH(CO2H)
C6HSCH2O2CCH2CH3

CH3O2CCH2CH2CO2H
CH3OCH2CO2CH2CH3

C6HSCH(OH)CH2CH3

C.HSCH2CH2O2CH
(CH3CH2O)CHCO2CH2CH3

CH3CH(C1)CO2CH3

CHjCHiSCHiC.Hj
CICH2CH2CH2C6HS

CH3CH2CH(C1)CO2H
C1CH2CH2O2CCH3

C H J C H J O C H J C C C H J C H J

CH3OCH2CN
CH3CH(OH)COCH3

(CH3)2NCH2CO2CH2CH3

C12CHCO2CH2CH3

C6H5CH2CH2OCH3

C6HsCH(CH3)NHa

CH3C6H,CH(CH3)2

CH3C,H4CH(CH3)2

C6HSCH2N(H)CH2CH3

C6HSCH2N(CH2CN)2

With mass
check

Without mass
check

1
2
1
1
5
1
1
1
1
4
5
1
2
1
1
2
3
1
1
1
3
1
2
1
5
1
1
3
1
11

Reprinted with permission from Beech, G., Jones, R. T., and
Miller, K., Anal. Cfiem.,46, 714 (1974). Copyright by the American
Chemical Society.

ment. The second description shows the possible valency of other fragments capable
of forming bonds with the given fragments. The valence description makes it possible
to introduce constraints on the structures synthesized.

The third module is called the "Solve-structure." This subprogram determines the
connectivity matrix of the fragments. This matrix admits the formation of only simple
bonds between the fragments. It is assumed that the connectivity matrix can be
uniquely determined only by imposing constraints on the bonds linking the fragments.

All the possible bonds which each fragment may form with all the other fragments
are shown in the initial connectivity matrix. Identification of a compound lies in se-
quential simplification of the initial connectivity matrix by elimination of those bonds,
which are inconsistent with the information available on the molecule. In the first
instance, those bonds are eliminated which lead to disconnected graphs. The possibility
of addition of CH2 and CH groups is verified by calculating the chemical shifts accord-
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a)

b)

c)

d )

CO2H

CH3

CgH4

NOj

CH

CH2

CO2H

CH3

CgH^

NO2

CH

CH?

CO2H

CH3

C6H4

NO2

CH

CH2

-CO2H

9

9

9

9

9

- C H ,

9

9

9

9

-C6H^-

9

9

9

9

9

9

*

9

9

9

-NO 2

9

9

>CH-

9

9

9

9

9

-CH ? -

9

9

9

9

9

9

9

9

9

*

9

9

9

*

9

*

9

9

*

*

CO?H

C H 3
C6H4
NO2

CH

CH2

*

«

*

* *

*

•

9-N02

9-C02H

FIGURE 30. These different connectivity matrices illustrate the steps executed by the
"solve structure" routine when combining the fragments assigned for the
spectra.(Reprinted with permission from Beech, G., Jones, R. T., and Miller, K., Anal.
Chem.,46, 714 (1974). Copyright by the American Chemical Society.)

ing to the additivity law for the a-substituents. Here, account of multiplicity is taken
only with regard to the methyl group. The mass spectrum can be used at this stage.

The corresponding program is based on inadequate empirical rules predicting the
mass spectrum. Owing to the use of mass spectra, the program can make a proper
choice between the possible structures. Moreover, the program includes certain heuris-
tic routines. For example, there is a subroutine that implements the choice between
five-membered, six-membered, or larger cyclic systems.

The logic of the program function is illustrated with reference to the example shown
in Figure 30. The initial and succeeding connectivity matrices shown in this figure have
been constructed for the set of fragments identified in the course of solution. The
possible bonds between fragment pairs are marked with a question mark. After con-
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Cl

Cl

Cl

° CHO

FIGURE 31. Examples of compounds correctly processed by the program. (Re-
printed with permission from Gray, N. A., Anal. Chem.,41,2426 (1975). Copyright
by the American Chemical Society.)

firming the presence of a certain bond, an asterisk is placed in the corresponding place
instead of the question mark. The program was tested by solving spectral problems
listed in the spectroscopy manual. It was found that the program confidently identifies
quite complex structures (see Figure 31).

Gray, however, points out several demerits of his program. First, the result is af-
fected by the fact that the program simulates the thinking of a student rather than that
of a specialist. The program does not give an opportunity to utilize the data at the
disposal of the synthesis chemist and does not include a provision for direct interaction
with the user. In those cases where the specialist could easily have analyzed the shape
of the NMR signal and arrived at the correct conclusions, the program was faced with
insurmountable difficulties. There were cases where the program formed the wrong
sets of fragments, although the structural group analysis was implemented correctly.
In some rare cases, the correct structures were not derived from a good set of frag-
ments.
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Besides these demerits, the folloing should be mentioned. The requirement that only
one set of fragments is to be chosen is a rather stringent condition. Although compet-
ing structural fragments, when taken into account, would lead to a large number of
structures in many cases, nevertheless, the true structure may be established. More-
over, the program probably does not envisage a situation where it is not possible to
select fragments from the experiemental spectra that completely "absorb" all the at-
oms occurring in the empirical formula. Such situations are frequently encountered in
practice and in order to deal with them, we should have a routine which might synthe-
size all the possible fragments from the remaining portions of the empirical formula
by combining them with the fragments already established. The author does not men-
tion whether the program ever failed to construct, from the fragment set selected, a
structure resulting from the bans imposed by the structural chemistry. As a whole,
Gray's paper is significant in that it raises several questions of great importance in the
field of the automatic recognition system. This paper logically leads to an understand-
ing of those requirements which should be met by a perfect recognition system. Prob-
ably, such a system should be able to simulate the thought of an experienced specialist
in spectroscopy by implementing the logical combinatorial operations at a much faster
rate with great precision. The requirements for the system should include such factors
as the possibility of accounting for the origin of the sample, laws of structural chem-
istry, and the participation of the specialist in solving problems through interaction
with the computer.

V. SUMMARY

In summing up this discussion, we shall deal once again with the three trends that
were examined in detail in this review and assess their prospects.

The first trend is the creation of information retrieval systems. As is known, consid-
erable advances have been made in this direction at several research centers. Informa-
tion retrieval systems have been constructed which are capable of handling quite a
large number of different problems. These systems are being run on an experimental
basis, and in many cases have demonstrated their reliability.

Do such systems have any future? Will they develop? In what directions should they
be developed? The answers to these questions are as follows.

Despite their inherent defects outlined elsewhere in this review, information retrieval
systems should be developed in the future. Therefore, continuing efforts should be
made to obtain more and more data about the spectra of pure substances, especially
information about different kinds of spectral structural correlations. Such experiments
should acquire ever increasing significance from year to year. Since a single solitary
institution is not able to collect and store this information on a global scale, steps
should be taken to invite international cooperation in this field, and methods have to
be devised to publish the spectra of new compounds according to certain standards.

We can say that at present the mathematical tools needed in creating information
retrieval systems and in processing the information stored in these systems have already
been developed. Of course, the following complicated problem is still awaiting solution
— how to store the spectra in the computer memory in the most complete form
possible? This means that the spectrum should be stored in the form of a whole curve
rather than in the form of certain information about some individual peaks or their
integral or peak intensities. In turn, if the information about the compound to be
identified is fed into the computer in the form of whole spectral curves, a serious
problem arises in regard to the comparison of experimental and encoded spectra.24

Nevertheless, this problem cannot be regarded as solved. In fact, the spectra may
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differ significantly, depending on the recording conditions. To establish the similitude
of the spectra is not a trivial problem. In complexity it is comparable to the problem
of computer alpha scanning described in the literature. The methods of comparison
of identified and atlas spectra in information retrieval systems will probably develop
along these lines.

The second path of improving information retrieval systems is that of combining
different kinds of spectra and constructing certain mathematical filters which deliver
the final result after all the types of spectra have been filtered. No matter what ad-
vances are made in information retrieval systems, they will not be fully capable of
solving the problems of elucidation of completely new compounds, at least as we now
perceive the problems that are encountered.

Research centers engaged in the synthesis of new compounds are producing such a
large number of these substances that it is almost impossible to have IRS which may
contain fresh information about diverse molecules. The most powerful IRS in existence
today contain about 100,000 spectra of the various classes of compounds. On the one
hand, this is indeed quite a remarkable figure. Nevertheless, it should not be forgotten
that thousands of new compounds are synthesized every year in different corners of
the world. New compounds are being synthesized at an incredible rate and in future
will probably supersede the capabilities of any information retrieval system. Since it is
impossible to encompass all that is infinite, we have to hope for the appearance of a
special IRS designed specifically for particular classes of compounds, for instance,
organic compounds, organo-metallic compounds, inorganic compounds, or for the
analysis of liquids, solids, gases, gas mixtures, etc.

The second group includes the methods based on pattern recognition. No essential
advances have been made in recent years in this area. This is probably no accident. It
is due to the fact that the pattern recognition method does not, as a rule, identify
individual molecules, but only establishes whether a molecule belongs to one class or
another. Therefore, it may not attract attention generally.

These methods are highly specialized in their goal, and any system based on them is
capable of tackling only specific problems. There is general doubt whether it is possible
on the basis of the pattern recognition method to design a sufficiently universal iden-
tification system capable of classifying a compound on its own. This does not, of
course, imply that certain ideas and methods developed in this direction cannot be
incorporated into the data processing programs based on other concepts. The point
here is that the use of these methods as a separate entity seems inexpedient.

We believe that the most promising methods are those based on artificial intelli-
gence, although they are extremely complicated to realize in practice. These methods
are quite competitive with those based on information retrieval systems and, in addi-
tion, offer several advantages. For example, their data libraries and banks contain far
less information bits than those which store the spectra of compounds directly or the
spectra coded in the form of spectral features. These logical systems can easily be
adapted to solve certain problems, and as such are invariably attractive in those labo-
ratories which are engaged in the synthesis and study of new compounds.

Moreover, in these types of logical systems, it is immaterial which features are fed
into the computer. They may, for instance, be spectral features, melting point, partic-
ipation of compounds in specific reactions, the color of these compounds, smell, or
any other suitable attribute. No specific constraints are imposed on the correlation
between the features and the molecular structures. Any such suitable correlation can
easily be introduced into the system in the course of analysis. All of these make this
kind of system very flexible, convenient, and versatile to use. Nevertheless, it should
be mentioned that data about spectral structural correlations in particular, are essential
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for the operation of these systems. Such data are available today from printed matter,
and as a rule they contain spectral structural correlations for average-sized fragments,
individual bonds, three or four atom groups, etc.

The analysis of very large systems makes it necessary to elaborate these types of
spectral structural correlations for large molecular fragments. Today such correlations
are hardly available, and the task in the very near future is that of collecting them at
least for the most important classes of organic and inorganic compounds. These cor-
relations may, incidentally, prove to be more reliable than the structural spectral cor-
relations for small-sized fragments because the probability of the presence of only the
characteristic spectral features in large fragments is greatly enhanced. At the same
time, it may happen that the large fragments will possess such a large number of spec-
tral features that as a result, the spectrum of a molecule consisting of a few large parts
may lose its discrete structure. Therefore, in analyzing large systems, recourse probably
has to be taken to recording spectra under unusual conditions; for instance, at low
temperatures or in liquids, gases, etc. In such cases, distinct spectra can be obtained,
and hence the superposition of individual absorption bands is unimportant.

The compilation of new correlation tables for large systems and the drawing up of
special tables, in turn, call for the elaboration and automatization of the appropriate
mathematical techniques. Some progress has already been achieved in this respect. To
solve this problem, we may use either the methods of symbolic logic,58-606lor the meth-
ods of statistical analysis of a large number of spectra in the atlas.6 What is important
here is that the spectral-structural correlations may be ranked and the features specified
both as certain or as probable. In turn, use of the ranked spectral-structural correla-
tions calls for further refinement of the logical mathematical tools applied in solving
the problem of group composition of the molecules in the first stage of molecular
identification. As mentioned earlier in the body of the review, such spectral-structural
correlations are already being used in solving this problem as fully reliable quantities,
i.e., their real statistical weight is not taken into account.

The most important problem (if it can be called a problem), the next stage in the
development of this area, is the analysis of a mixture of compounds. Indeed, although
several highly effective techniques are available for the separation of mixtures into
their components, of which the foremost are the diverse modifications of chromato-
graphic analysis, electrophoresis, etc., we may, nevertheless, come upon a situation in
which total separation is either impossible or extremely tedious. This point is hardly
mentioned in the literature. It is not clear how the situation can be tackled in the case
of multicomponent mixtures.

Perhaps, it is not the separation of mixtures into individual components that may
be effective, but a promising method is that of evaluating the mean composition of
these mixtures, elucidating the most significant or most important components with
respect to certain criteria. For instance, the problem may arise in regard to the deter-
mination of biologically hazardous groups in one mixture or another. In this case," we
can probably formulate the problem as the construction of a hypothetical molecule
from a given spectrum that contains the most important fragments of all the molecules
under study in the mixture.

This problem has not been tackled so far. Moreover, it is not clear how this problem
should be formulated, and there can be no doubt that it is a pressing problem.

Thus, in conclusion, we stress that information retrieval systems need to be im-
proved upon, thereby creating goal-oriented systems capable of functioning with coded
spectra carrying detailed information.

Likewise, there is an urgent need to refine the methods based on artificial intelligence
for the purpose of creating special-purpose systems.
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It is not causal that man in his life and activities generally draws conclusions using logical reasoning.
Certainly he cannot do without formal knowledge of various facts; however, the number of logical conclu-
sions he constantly arrives at by far exceeds the number of facts kept in his mind. Nature, our best teacher,
always selects the most rational ways. Having created man's brain it has clearly indicated that the combina-
tion of a limited "bank" of formally retained data with a powerful ability of logical thinking is the most
economical way to provide unlimited possibilities for cognition. It is our strong conviction that systems
designed to process spectroscopical data should be conceived following this model. Thus, there is no need
to create comprehensive information retrieval systems. Rather, data banks should be a source of data for
an efficient operation of logical programs. The combination of these two elements may be considered ideal.

Finally, it is quite essential to divert efforts toward elaborating general algorithms
for the analysis of complicated mixtures made of both known and unknown com-
pounds. We believe that the field described in this review will develop along these lines.
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