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Abstract

in this paper, we show how methods developed for solving a theoretical computer problem of graph
isomorphism are used in structural chemistry. We also discuss potential applications of these methods
to exobiology: the search for life outside Earth.

1 Identification of chemical substances: why we need it, why it
is difficult, and what we are going to do about it

Identification of chemical substances can be reduced to a graph isomorphism problem (well
known in theoretical computer science). One of the main problems of chemistry is identification of
chemical substances.

In non-organic and organic chemistry, there exist experimental techniques that enable us to describe a
graph structure of the unknown substance, i.e., to describe which atoms it consists of, and which of these
atoms are connected by chemical bounds. In order to identify this substance, we must compare it with
graphs that describe known substances.

In mathematical terms, we need to check whether an (experimentally obtained) graph is isomorphic to
one of the graphs that describe known substances.

Graph isomorphism problem is known to be hard. Unfortunately, the general graph isomorphism
problem is known to be hard to solve.

For some substances, different nodes correspond to different types of atoms; in this case, it is relatively
easy to check whether a given molecule coincides with this substance, because we can simply identify each
atom with a similar atom in the standard substance and then check whether all connections are as in the
standard model.

For many other substances. however, atoms of the same type occur in different places of the structure in
different roles;, examples of such substances are organic substances and fullerenes. For these substances, we
have to actually solve the difficult graph isomorphism problem.

How to solve this difficult problem: the main idea. One way of solving this problem is based on the
following idea:

« It is known that to every graph, wc can assign a polynomial or several polynomials that uniquely
determine this graph (i.e., the two tuples of polynomials coincide iff the graphs are isomorphic).

« Thus, to check whether the two graphs arc isomorphic, we can compare the coefficients of the corre-
sponding polynomials.
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These methods are widely used in structural chemistry; see, e.g..[8,1, 7, 9, 10, 2, 3].
We can further compress these polynomials into numbers (caled indices) that aso give complete infor-
mation about the graph [1 I], and compare only these numbers.

A word of warning: index methods are only heuristic. The resulting methods are, of course,
only heuristic method, because sometimes, due to computer inaccuracy, non-isomorphic substances get
erroneously identified.

How frequent are the errors? Since the index methods are purely heuristic, it is important to check how
frequently the methods err.

Our numerical experiments show that these errors are extremely rare (and that, therefore, this method
works really well) [4]: among &l the generated graphs, only 10-5 of them got mis-identified.

2 Some technical details

The index that we use. in this work, we use an index caled Ulam index becanse it originated with the
ideas presented by S. Ulam in [12].

The Ulam Index is defined (and calculated) as the result of substituting the properly coded structural
information of Ulam Subgraphs (defined in [12]) into the matching polynomial of a graph (for a definition of
a matching polynomial, see, eg., [7]; the matching polynomial is a unique and invariant representation of a
graph).

We want to substitute some values into the matching polynomial and get an index. To prevent two graphs
from having the same index, we differentiate between the variables that correspond to different vertices by
counting the number of times that each variable representing a vertex appears in the matching polynomial.
This idea is similar to the one used in the definition of the Hosoya’s Z index of the graph with that vertex
deleted [9].

So, the first natural idea is to use these numbers of times as values of the variables that are substituted
into the matching polynomial. This first idea leads to a good index, but, unfortunately, the resulting numbers
are too large and cannot be easily represented in the computer.

In order to avoid this problem, before we substitute the weights, we nermalize them bus dividing each
weight by the Hosoya’s Z Index of the whole graph (i.e., by the total number of terms in the matching
polynomial). The result of substituting these normalized weights is what we call an Ulam index.

We have a program that computes the Ulam index. We have developed a computer program named
GRADE (Graph Recognition Algorithm Developed for Education) that computes the Ulam index. This
program is used, in particular, to tutor and test students in chemica nomenclature.

Ulam index is highly discriminating. Thel/lam Index is @ number that uniquely represents a planar
graph. This index is highly discriminating in the sense that usually, non-isomorphic graphs have drastically
different values of the Ulam index and therefore, even if we perform computations on real-life computers
with computational inaccuracies, the resulting indices typically remain different.

In particular, as our computer experiments show, the Ulam Index differentiates all trees up to 20 vertices
(there are 1,346,024 of them) and all graphs up to nine vertices (there are 274,668 of them).

3 Possible applications to space exploration

One of the major tasks for the past and future space missions to planets and other celestial bodes (such as
cornets and asteroids) has been to look for life or at least for traces of the former life (see, eg., [5, 6]). This
is especially important now, when traces of life has been found in meteorites coming from Mars.

Automatic robotic missions must be able to analyze the substances that they find on the other planets
and identify them.

For this identification, graph isomororphisms algorithms can be of great help.
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