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Abstract. An algorithm for generation of acyclic combinations of
fragments (taken from the given basic set) is suggested. It can be
used for construction of molecular graphs for the computer-assisted
search of the compounds with definite properties by means of
quantitative structure-property and structure-biological activity
models. The formal description of fragment types and operations for
them is given. The generation algorithm is considered in detail. The
sets of generated structures and the possible ways to reduce them
including the additional selection criteria are discussed. The WLN
code was used for the realization of the algorithm of this kind. The
computer program GOLD for IBM PC AT based on the suggested algorithm
allows the comparatively fast generation (ea. S50 structures per

second) and storage on a hard disk of 10%-10° structures.
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INTRODUCTION

During the last decade the problem of computer-assisted designing
of organic structures with definite properties atiracts the increasing
attention. The search of structure - biological activity and
structure - property relationships (QSAR and QSPR, respectively)
became a fruitful and extensively developing field of chemistry [(1,2].
The solution of these problems can be subdivided into two steps. At
the first step the set of compounds with known properties C(usually
belonging to the comparatively narrow class) is used to find the
quantitative relationships of property biological activity with the
structure of the compounds; the structure is usually characterized by
various descriptors [3]. At the second step the regularities found are
used for predicting of properties for a series of new compounds. In
this connection the necessity arises to generate such series of
organic structures for the prediction of properties and selection of
structures with necessary properties. It should be noted that the
structures generated should usually belong to the definite class (the
same as used at the first step).

A variety of methods to generate chemical structures is used in
chemistry. Most of them are oriented to the generation of structures
from their molecular formula [4-11]. Computer generation of chemical
structures from fragments for the analysis of 130 NMR data has been
also discussed [12]1, and recently the generation of structures by
random combination of known fragments was considered (13]. In the
present paper the algorithm for generation of acyclic combinations of
fragments from the given set is suggested, the molecular formula in
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this case is not kept constant for the generated structures

The following problems are solved to realize this type of
structure generation.

1. The generation of nonisomorphic structures. The algorithm
described allows to prevent the appearance of duplicates (which could
appear owing to the symmetry of some of the fragments).

2. The restriction of the number of structures generated. As far
as the number of possible fragment combinations increases rapidly with
the increase of the initial number of fragments used in the generation
procedure, the allowed combinations of the fragments should be
strongly limited to obtain the necessary fragment combinations in
reasonable time.

The suggested algorithm provides the generation of nonisomorphic
molecular graphs corresponding to correct chemical structures.
Furthermore the algorithm includes the logical functions (predicates)
for selection of a comparatively small number of structures from the

broad class of allowed acyclic combinations of the given fragments.
GENERAL STATEMENT OF THE PROBLEM

Let define the fragment as an ordered triple (G, Uz, Eg) (see
Fig.1) where:

G 1is a connected nondirected graph with labeled vertices and
multiple edges (in fact, it is a molecular subgraph which can contain
cyclic and branched parts);

UG is an one-element CUG={uG}) or empty CUG=§5) set, which contains

an arc (directed edge) having the sink in G (the vertex 1in a graph G
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where the arc ug enters) and not having the source in G (the vertex in
G from which the arc exits); such an arc and corresponding vertex will
be named the fragment’s sink and designated on figures as —e ;

Eg is a nonempty or empty set of arcs having the sources in a
graph G and not having the sink in G; such arcs (and corresponding
vertices) will be named the sources of the fragment and designated as
e— in figures (the source of several arcs from the same vertex in G
is permissible)

The arcs ug and eg € EG can be multiple. Note, that one of the
sets Ug and E; must be necessarily nonempty.

We stress here, that a fragment is not a graph (for the
corresponding graphs vide infra), because it contains the sink and/or
sources correspending to "free valences" (entering and exiting arcs
each of them connected with a single vertex). We define the degree p
of a fragment as the number of its sources IEgl.

Let us introduce the classification of the fragments. We define
the central fragment (denoted as C) as a fragment not having a sink ug
(Ug is empty) and having nonempty set of sources E; (for the example
see Fig.1b). Other fragments considered here have a single sink ug and
are subdivided into the following types:

1) terminal fragments, t (p = O);

2) linear fragments, 1 (p = 1J;

3) branched fragments, b (p > 1)

We shall also differentiate the elementary fragments (EFs) which
are given and the composite fragments which are constructed as
combinations of EFs. The composite fragments in our algorithm can be

only terminal (denoted as TCFs) or linear.
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For example, let the set Z of EFs (Fig.la) and the central
fragment C (Fig.1b) be given. The set Z consists of one terminal, one
branched and one linear fragment. The structures are generated in the
following way. Firstly, the sets T of TCFs are obtained by
means of all permissible acyclic combinations of the EFs from the
set Z. The example of a set T is presented on Fig.lc. Secondly, the
generation of the required molecular graphs (Fig.1d) needs all

permissible replacements of the corresponding sources of the central
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Fig.1. General scheme of generation of molecular graphs:
(a) The set Z of EFs.
(b} The central fragment C.
(c) The set T of generated TCFs.

(d)> The examples of generated molecular graphs.
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fragment C by TCFs from T to be performed. The multiplicities of TCFs'
sinks and those of the corresponding sources of C should be taken inte
account.

Note, that owing to the symmetry of branched EFs from a set Z the
identical TCFs could in principle be generated. Similarly, the
symmetry of a central fragment C could alsc lead to the generation of
identical resulting graphs. The symmetry of branched EFs as well as of
the fragment C is, however, taken into account in our algorithm to

avoid the generation of identical results.
OPERATIONS WITH FRAGMENTS

Let us define the combining operation for a fragment x of a
degree p with the ordered sequence of fragments S = (sl,...,sp) and
denote it as x&S. This operation is defined if for each pair (e, s;),
i=T,p, the multiplicity of an ith source e; of a fragment x and that
of the single sink of the ith fragment s; coincide.

For description of the algorithm of the generation of TCFs from
the given set of EFs it is sufficient to define the operation x&S for
three different combinations of fragments:

linear - linear, 1&C1,);

linear - terminal, 1&(ti);

branched EF - sequence of terminal fragments, b&S.

Let us consider each of the cases in detail.

1. Combining of linear fragments with linear ones, 14&(1,)
For two linear fragments the combining operation results in the

sink-source linkage leading tc the formation of linear composite
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fragment. For example:
Lgp 2005 1o ->CHy=>;  1,&(15): ->CO-CHy->
2. Combining of linear fragments with terminal ones, 1&(t).

As in the previous case, for these kinds of fragments the
combining operation results in the sink-source linkage; the terminal
composite fragment (TCF} is cbtained in this case. For example:

1= ->C0->; t = ->0H; 1&(t) = ->CO-OH
3. Combining of the branched EF with the ordered sequence of terminal
fragments, b&S, S = (t.l,. sl
EF b.

p), p being the degree of the branched

For these kinds of fragments the operation consists in combining
all sources  from the set E, of a fragment b with the sinks
corresponding to a sequence S of identical or nonidentical terminal
fragments. The linkage of p sink-source pairs (e,t;), i=T,p,
obviously, leads to the formation of the TCF. The example is given
for the branched EF b of degree 4 and the sequence S consisting of 4
nonidentical terminal fragments, S = (OH, CH3, Br, Cl):

->0H o 5
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Note that this operation can result in the formation of identical
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TCFs due to the symmetry of a fragment b . We really overcome this

problem by the account of the symmetry of a fragment b, vide infra.
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THE ALGORITHM FOR GENERATION OF COMPOSITE TERMINAL FRAGMENTS

The main idea of the algorithm is as follows: firstly, the linear
EFs are combined into chains, i.e. into composite linear fragments
(see Fig. 2a). Secondly, the resulting composite linear fragments are
combined with the terminal EFs thus forming the set T. The terminal
EFs are also included into T (see Fig. 2b). The resulting fragments
from T are sequentially combined with branched and then linear
fragments, and the TCFs obtained at this stage are also added intc the
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Fig.2. General scheme of generation of TCFs:

a) Generation of linear composite fragments from linear EFs

b) Generation of TCFs from linear composite fragments and terminal
EFs (in the set %, the terminal EF is included).

c) The sequent.ial generation of TCFs by their combining with branched

and linear EFs.
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set T (see Fig.2c¢c). In Fig.2 the combining of fragments at each stage
is designated by dotted lines.

Fig.2 shows, that each TCF can be represented by the acyclic
graph with vertices corresponding to EFs and edges corresponding to
the linkages between EFs formed at different generation stages.

Let us introduce for such graphs (and for corresponding TCFs) the
following numerical characteristics:

1) height (h) is the number of vertices (number of EFs) in the
longest path connecting the root of acyclic graph with a leaf (the
terminal EF); the vertex having the sink is thought to be the root of
an acyclic graph.

2) rank (r) is the maximal number of branched EFs in any of
paths, connecting the root with leaves. All paths must be taken inte
account.

3) disperse (d) is a maximal number of adjacent linear EFs in a
branched acyclic graph. In the case of unbranched acyclic graphs the
disperse value is equated to zero.

Let 2 = T v L v B, with T=(t;3, L={lj}, B=(b,} be the sets of
terminal, linear, and branched EFs. We shall construct the set of TCFs
(denoted as T) consisting of TCFs with raf; deN; h<(N+1)x(M+1). The
values of M and N are the given integers.

Let X and F be the sets of fragments. We shall denote as X&F the
set of composite fragments obtained by the allowed combining
operations applied to all fragments xeX and all possible ordered
sequences S=(f1,...,fp}, consisting of p fragments from F , p denotes
the degree of any fragment x, for which the combining operation is

allowed.
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The following algorithm is used for the generation of TCFs:
Stage I. The generation of all possible linear fragments:
Ly=L;  Lj=L; qu(L&L;_4); i=Z,N.
Stage II. The generation of the TCFs which do not contain
branched EFs:
Ty =T u (Ly&T);
At this stage all TCFs with hs<N+1, d=0, r=0 are obtained.
Stage III. The sequential combining of TCFs with branched EFs and
with linear fragments from Ly:
For i=1,...,M perform steps 1-3, starting with the set T,
obtained at the stage II:
Step 1. Combine branched EFs with TCFs from Ti and form
the auxiliary set V;
Vi = B&T;.
To avoid the repeated generation of the same fragments
only nonequivalent sequences S, which contain at least
one TCF with r=i-1, are allowed at this step. The set
V; contains all the TCFs with hs(N+1)%i+1; r=i; dsN.
Step 2. Combine the linear composite fragments from the set Ly
with TCFs from V; just obtained and form the

auxiliary set Wi:

Wy =Ly&V;
The set W;,, contains all the TCFs with hs(N+1)x(i+1);
r=i; dsN.
Step 3. Tiyg =Ty v Vi v Wj.
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Thus, the resulting set T;,, contains all possible TCFs with
hs(N+1)%(i+1); r<i; ds<N.

After M steps the desired set TM+1=% is formed which contains all
TCFs with hsCN+1)=(M+1); rsM; dsN.

Note 1. For generation of nonidentical fragments it is enough to
take into account only the symmetry of the branched EFs at step 1; the
details will be discussed in the next section.

Note 2. The algorithm can lead to generation of an extremely
large number of composite fragments (especially at the stage III) even
for moderate values of M and N. Thus, the restrictions for the
fragment combinations should be introduced. The restrictions can be
written in form of logical functions (predicates) R(x,S), where x and
S are a fragment and a sequence, involved in the combining operaticn,
respectively.

The algorithm allows to define three different predicates R which
relate to stage I and steps 1 and 2 of stage III. Thus, the number of
generated TCFs in the set T can be really strongly diminished.

Note 3. The additional predicates R(C,S) can be defined for the
generation procedure which produces melecular graphs from the central

fragment C and all permissible sequences S of the TCFs from the set %.
THE ACCOUNT OF SYMMETRY OF BRANCHED ELEMENTARY FRAGMENTS

For the symmetry analysis of the branched EFs, we shall consider
the corresponding “enlarged” graphs G (see Fig.3). In a graph 6,
corresponding to the fragment b of degree p, the set of vertices

consists of the set V of vertices of the fragment's graph G, p-element
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set of vertices V, corresponding to the set of sources EZG, and
one-element set of vertices Vs, corresponding to the sink of the
fragment b.

The set of edges of G consists of the set E of edges of the graph
G, p-element set E1 of edges, connecting vertices of V1 with the
corresponding sources of G and one-element set EZ of edges, connecting
a single vertex of VE with corresponding sink of G. Thus, all the
vertices of the sets V; and V, have the degree 1. Note, that the
vertices from V, and V5 must be considered as differently labeled; the
labels of corresponding vertices (squares and triangle, see Fig.3c)
should not be identical to the labels of the vertices of the set V.

Evidently, the symmelry of the graph G differs from that of the
fragment’s graph G, and describes the symmetry of the fragment b at
the same time. Strictly speaking, the symmetry of G is characterized
by its automorphism group l'(a)=(yi}; this group consists of those
permutations of the direct sum of symmetric groups S,y e S,V11 ® SPVEI
which conserve all graph adjacencies and all labels.

The automorphism group of a fragment b will be defined as the
restriction of the group r on the set V;, this group will be denoted
as Aut(b). In fact, Aut(b) is the action group, which can contain
identical permutations, if they differ in I only by their action on V.
The duplicates are thought to be removed, however, from the group
Aut(b).

Let us consider the combining operation b&S at the step 1 of the
stage III of the algorithm. Te any S=(L1,...,tp), Ljs'i’i, j=I,p, the
definite mapping |p=V1=>Ti from the set V1 into the set Ti actually

corresponds. The permutation neAut(b) transforms ¢ into the equivalent
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mapping ¢'=n(¢}. Let ¢ be a set of mappings, corresponding to all

allowed sequences S. Then the group Aut(b) induces a new group

gAut(b),

(denoted as , acting on ¢ (this group is a special case of a

power group, introduced by Harary [14]).

G = {V,E)
V= fvl,vz,vs,v ,vs,vsi

E = {0y, 053, 934 %45 %56’ ©18'
c)

V1 = (v.,,vs,vs,vm}

31 = (827'938"59"8,11,

v, = (vu}

Ey= oy 4y}

G(VUV uV Eu E uﬂa)
Fig.3. The formation of "enlarged" graph G for a branched EF b:
a) a branched EF b;
b) the graph G of a fragment b;
c) the “enlarged" graph G of a fragment b
(the vertices of Vl are denoted by o, the vertices of VZ are
denoted by 4 ).

Thus, for the generation of all nonidentical fragments at step 1
it is necessary to find the system of orbit representatives

(transversals) of the induced group EAUt(b), acting on .
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Let us consider four possible situations (see Fig. 4):

a) for the fragments similar to those represented in Fig. 4a the
group Aut(b) 1is a symmetric group (A.ut(b)=Sa and Aut(b)=S3,
respectively). In this case for the generation of nonequivalent
mappings ¢ it is sufficient to introduce the linear order on T; and
to select only those mappings ¢ for which v<v’ => o(v)sp{v’); v and V'
are thought to be arbitrary vertices of the set Vi.

b} for the fragments similar to those represented in Fig. 4b
Aut(b) is the direct sum of symmetric groups (Aut(b)=85+85 in Fig.
4b ). In this case the knowledge of orhits of Aut(b) is sufficient,

each of the orbits can be treated as in the previous case.

* 1
a) N\f‘; «— C — b) «—¢C—
t * ]
— C —
?

T 1
2 — Y &
G I

Fig.4. Possible types of symmetry of a branched EF b:
a) symmetric groups (S, and S3);
b) direct sum of symmetric groups (55 + 83);
c) the general case: arbitrary groups;
d) identity group.
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c) In the general case Aut(b) is an arbitrary group (see examples
of Fig.4c). For such fragments the automorphism group Aut(b) must be
explicitly known and for each mapping » the equivalent mappings n(e)
must be actually constructed. If n(9) is lexicographically smaller
than p (with respect to the order, introduced on T;), then the mapping
p must be removed (because the equivalent  mapping =(p) has been
generated before).

d) In a trivial case the fragment b is unsymmetric (see Fig. 4d
for an example) and the group Aut(b) is an identity group. In this

special case all mappings are nonequivalent, and no checks are needed.
ACCOUNT OF THE SYMMETRY OF A CENTRAL FRAGMENT.

The methodology applied for the symmetry account of a central
fragment is very similar to that for branched fragments.

For the central fragment C the "enlarged” graph 60 with the
vertex set V u V1 and the edge set E v E1 must be constructed; the
examples are shown in Fig.5. In this graph, it is possible to
differentiate the vertices of the set V;, and this makes it possible
to associate the different sets of EFs to different sources of C.
Thus, the number of orbits of automorphism groups AuL(@C) depends not
only on the symmetry of graph EC of a fragment C, but also cn the sets
of EFs related to different sources of C.

For example in the case shown on Fig.5a the same set of EFs
correspends to each source of C and all four sources are labeled by
the same label. The symmetry of @C depends only on the symmetry of the
fragment C, and the automorphism group of &C is a symmetric group S4
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in this case.

In the case shown in Fig.5b the set Z of EFs is thought to
consist of two disjoint sets Zl and Zz (Z = Z1 v 22) which correspond
to source vertices {Vi'v3'v5} and (va,v4.v6}. respectively. For this

reason, the group AuL(GC) is isomorphic to S3 and consists only of 6

permutations.
a) w by
IEI—T—IZI
]|

1
v, = {v,,Va, Ve }
1 1''3''s

vV, = {v,,v,, Vo, v, }

1 1'72' 73" "4 -
Vf- (vz,v‘,vs}

1

Vl = VI V] Vf

Fig 5. Two typical situations for a central fragment C:
a) one set of EFs is assosiated with all source vertices
of éc;
b) two different sets of EFs are associated with the
source vertices of éc
(the vertices of V;, corresponding to Z;, are denoted by o,

the vertices of Vi' corresponding to ZE' are denoted by 8).

We stress here, that all four cases discussed in the preceding
section can also take place in the case of &C graphs. This means that
only for arbitrary groups Autcac) {case ¢ in previous section) the

permutations must be explicitly known.
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COMPUTER REALIZATION OF THE ALGORITHM.

The described algorithm has been implemented on IBM PC. The
computer program GOLD consists of the following blocks:

1. The block of a dialog choice of the central fragment C and of
the sets of fragments T, L, B. The fragments are represented in the
form of adjacency matrix only for graphical representation of them in
the process of dialog and in the form of modified WLN code for the
generation process. The matrices, which contain information about
restricted automorphism groups of branched and central fragments, are
formed for the symmetry account. The user also inputs the desired
values of the maximal rank (M), disperse (N) and multiplicities ny of
linear EFs lj e L, j=1,1L1.

2. The block of generation of molecular graphs. The result of its
work is the text file, consisting of the WLN codes [15]. Two
restricting predicates R1 and RE' are taken into account in the
generation process.

The restricting predicate Rl for stage I states that the linear
EFs lj e L, j=171LI, are included into the composite linear fragments

the value of n; is

with the multiplicity not exceeding nj; j

introduced by the user.

The restricting predicate R, for the step 1 of stage III
determines the maximum number for each of branched EFs in the
TCF; this number {also introduced by user) is typically small (1 or 2)
to avoid the combinatorial explosion.

The generation block calculates the a priori estimation of the


















