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SUMMARY

A method is presented for organizing a graph database,
which is based on the representation of chemical struc-
tures in terms of BCT ( block-cutpoint tree ). It is
useful for quick substructure search, for saving memo-
ry as well as for convinience in structure generation.
The database consists of four files: a master file, a
bit sequence file of fixed length records which gives
block components of compounds, a BCT file'which gives
the BCT-structures of compounds, and a block file which
specifies the blocks. These files are organized recur-
sively and hierarchically, which makes it easy to pro-

cess structural information of compounds.



INTRODUCTION

Information about chemical structures is essential
in many application systems, such as substructure
search, structure elucidation from spectral data, drug
design, and synthesis route analysis.

A typical database of chemical structures has the
data in the form of connection tables or adjacency ma-
trices. Databases of this type are independent. of ap-
plications, and therefore universal, but are not neces-
sarily efficient for structural data ?rocessing such as
access to data through a substructure as a key or
searching a series of compounds with similar struc-
tures.

One of the major problems in computer handling of
chemical structures is the explosive increase of time
and space complexities due to the increase in the
number of atomic combinations. Application systems
should be designed to reduce these complexities. The
solutions are in two directions: to improve processing
algorithms and to improve the method of representing
chemical structures. Many efforts have been made in
both directions, and a typical method in the second di-

rection is the screen system for substructure search



[1-31].

Our chemical structure database organized by BCT
( block-cutpoint tree )[4] is also one of the attempts
in the latter direction. This database is universal
and independent of particular applications. It is
constructed so that time and space complexities may be
substantially reduced, for effective use of information
about chemical structures.

In a chemical structure database ( CSDB ), the
representation of structure should not use codes that
simply identify compounds and require an algorithm to
assign unigue and unambiguous codes. These codes are
of little use from the database point of view unless
they are recursive and suitable for screening. The
present database has taken this into account and does
not deal with atoms directly, but uses a block consist-
ing of several atoms as a meaningful operational unit.
A block is an intermediate concept between atoms and
molecules, which are BCT's by the present representa-
tion.

A superblock composed of simple blocks is intro-
duced as a high-order operational unit which is easily
defined and modified for flexible and effective pro-

cessing of structures.



REPRESENTATION OF CHEMICAL STRUCTURES

In recent work we presented a hierarchical repre-
sentation scheme of chemical structures by means of the
block-cutpoint treel[5]. Using this representation
scheme, an intermediate representation is generated in
the form of a tree whose nodes consist of blocks and
cutpoints, where blocks ( biconnected components of a
graph ) correspond to ring systems or linear systems of
two vertices. The strict representation is described
by connectivity information between blocks and block
structures in the block dictionary. A brief descrip-
tion of BCT representation of chemical structures is
given below:

1. Block-Cutpoint Tree. Chemical structures are re-

garded as graphs in this representation method, so
atoms and bonds correspond to vertices and edges re-
spectively. A vertex of a connected graph G is called
a "cutpoint" if its removal brings about the discon-
nectivity of G, and a "block" is a makximal subgraph of
G which contains no cutpoints. Let'{Bi} be the set of
blocks of G, and'{cj} be the set of cutpoints of G;
then a block-cutpoint graph of G is defined as 'a graph

whose vertex set is'{Bi}lf{Cj} and whose connectivity



is defined between {B;} and {cj}, where c5 is adjacent
to Bi if and only if cj is one of the vertices of block
Bi' The block-cutpoint graph is always a tree, so it
is called a block-cutpoint tree ( hereafter a BCT ).
Cutpoints and blocks of a graph and its BCT are shown

in Figure 1. Black nodes in Figure 1 are cutpoints.

2. BCT Representation of Chemical structures. The

algorithm which finds the blocks and cutpoints of a
graph was described in our previous paper[5], and two
other algorithms have also been presented[6,7]. A BCT
is constructed easily from those blocks and cutpoints.
Let BCTGEN be the name of the program which finds the
blocks and cutpoints and constructs a BCT. Input data
- for BCTGEN are adjacency matrices or connection tables
of graphs. Given the data for a chemical structure,
BCTGEN generates a BCT as its intermediate structure,
and describes it in canonical form where the center of
the tree is the root of the tree. This was implemented
according to Edmonds' algorithm[8]. Block nodes ( a
member of the vertex set of a BCT can be called a
"node", so that there are block nodes and cutpoint
nodes in a BCT ) are given identification numbers by
BCTGEN and their internal structures are known in the

block dictionary (described later ); in other words,



the key item of block dictionary occursbin attributes
of a BCT record.

Further information about the connectivity of those
constituent blocks is needed in order to describe a
chemical structure completely. This is éxpreésed by
a connectivity matrix which represents the connectivity
among blocks: A row and a column of connectivity matrix
represent the constituent blocks Bl,°'- 'Bm' The ele-
ment of connectivity matrix cij represents the identi-
fication number of the cutpoint in Bi which connects
B, with Bj if B, is connected with Bj' otherwise cij
is zero. The element cij also represents the connec-
tivity of block Bj in relation to block B, . Thus the
connectivity matrix is not symmetrical ( usually cijz
cji ). Morgan's algorithm[9] is used as the numbering
scheme for the vertices of a block. The way of select-
ing cutpoints in a block is not always unique, so the
following method for specifying cutpoints is prepared.
Suppose that {pl,~-- ,pk} is the set of cutpoints in the
block, where P; is the identification number. The set
{pl,--° ,pk} is selected so that it gives the minimal
value when the sequence of any permutation of Pyr Tty

Py is evaluated lexicographically. Further, the fol-

lowing rule is applied because it is possible that



egquivalent vertices ( vertices belonging to the same
orbit ) are selected as cutpoints at the same time:

The assignment order of cutpoints in a given block is
determined in relation to the blocks which connect with
the given block. That is to say, cutpoints are assign-
ed in depth-first order to each connecting vertex of
adjacent block node in the BCT canonical form, and a
smaller number is assigned to a prior ( i.e., deeper )
vertex in an orbit. Figure 2 shows an example of cut-
point assignment for vertices of blocks.

BCT representation of the structure in Figure 1 is
shown in Table I. The tree code consists of four lines.
The first line indicates the node number assigned in
depth-first order in BCT canonical form. The second
line is the tree code computed by Edmonds‘® algorithm,
and the figure in each column represents the number of
descendants ( including itself ) of the node which is
specified by the number above it in the first line.

The third line shows the identifiers of the block nodes
specified by the first line. These are key values of
the block dictionary, but in this sample we have sub-
stituted alphabetic symbols; in practice they are
registry numbers.

The connectivity matrix is shown in the lower part



of Table I. Row/column numbers correspond to the

numbers of blocks indicated in the first line of the
tree code. The numbering of vertices in a block is
shown in Figure 2. Therefore the first row of connec-
tivity matrix indicates that block 2 is connected with
block 4 at vertex 1, and with block 7 at vertex 2. The
second row represents that block 4 is connected_with
block 2 at vertex 1, and with block 6 at vertex 4.

Rows from the third to the seventh are interpreted sim-
ilary. Actually the connectivity matrix is linked to
the tree code in a list form, as shown in the fourth
line in Table I.

The hierarchical representation of chemical struc-
tures is realized through this use of BCT. This BCT
representation of chemical structures gives a record
type of CSDB ( BCT ) which is an intermediate Structure
representation, and at the same time, a record type (
BCF ) which represents block components of a chemical
structure and neglects the connectivity among blocks.
These two record types make it possible to access CSDB

flexibly and rapidly.



CONSTRUCTION OF CSDB

The diagram of a CSDB ( Chemical Strucutre Data-
base ) which is constructed on the basis of BCT repre-
sentation of chemical structures is shown in Figure 3.
Figure 3 shows that the CSDB has a network struCture
which allows a loop ( recursive reference ); on the
other hand, the access path from a compound through an
intermediate representation in block terms to internal
structures of blocks is given, and this reflects the
hierarchy of BCT representation. That is to say, the
characteristic of CSDB is a network structure incorpo-
rating both hierarchy and recursiveness. Record types
in the CSDB are explained below.

1. MASTER. The MASTER file has all the attributes of
compounds except structural data: CAS registry number,
compounds name, molecular formula, molecular weight and
identification number as key items of the CSDB. New
items can be added in order to record physical proper-
ties of various kinds as attributes of compounds.

2. BCT. The BCT file is one of the two files which
contain structural data for compounds. Structure is
one of the attributes of compounds, and the BCT file -

has the records of BCT representation of chemical



structures, where internal structures of constituent
blocks are known in the block dictionary ( BD ). The
key item of the BCT record is common to MASTER and BCF.
Cross-reference between these files is accomplished by
that key item, and the line between these three record
types in Figure 3 shows it.

The‘ﬁpper part of Table I shows the BCT represen-
tation of thé structure in Figure 1. The fourth line
represents the connectivity matrix; here, a number
without underline indicates the length of the subse-
quent underlined subsequence. Each underlined subse-
quence corresponds to the row of the connectivity
matrix shown in the lower part of Table I in row number
order. For example, subsequence 41 72 means that block
2 is connected with block 4 at vertex 1, and with block
7 at vertex 2. The other lines are explained in the
previous section. The correspondence of BCT to BD is
n:l.

3. BCF. The BCF ( Block Component File ) record re-
presents the block components of chemical structures:
it indicates what blocks are contained in a compound,
so it is regarded as a kind of fragment file. The BCF
record format is shown in Figure 4. The record length

is fixed at 1024 bits excluding the identifier filed.

- 10 -



A bit position or a tuple of some bit positions corre-
sponds to identifiers of constituent blocks of a com-
pound.

The record is divided into two fields: a simple
block field and a superblock field. A simple block is
a block defined graph-theoretically as described before;
the term "block" without the qualifier "simple" is used
in the following discussion to mean a simple block. A
superblock is a subgraph which consists of connected
plural blocks, and is used mainly for representing sub-
structures which contain acyclic parts ( BCT represen-
tation is not always advantageous for representing acy-
clic substructures ). Each field is further subdivided
into two parts: a core part and an extension part. A
core part contains blocks/superblocks of high frequency
in compounds, and each bit position in a core part cor-
responds to an identifier of a block/superblock. 416
blocks and 160 superblocks are assigned to core parts
of block and superblocks.

An extension part contains blocks/superblocks
which are of comparatively lower frequency in compounds.
It consists of a modifier part of 64 bits and a bit
position ( abbreviated to bp ) part of 160 bits. A

block /superblock in an extension part is expressed by
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a tuple of bits, ( m,p ), where m is the value of a
modifier part and p is an on-bit position of a bp part.
A tuple ( m,p ) means that the record is stored logi-
cally as the p-th record in the m-th page of a BD/SBD
file. 1In Figure 4, the record indicates that blocks

i, | ml,j ) and superblocks k, ( m2,Z ) are the compo-
nents of the structure.

A modifier is defined so that it reflects chemical
and topological features of a chemical structure. The
contents of modifiers are shown in Table II. When the
number of on-bits of a bp part is plural, the logical
sum of modifiers corresponding to those on-bits is as-
signed to the modifier part: m = my ® m, &-°* @ m,
where m, is a modifier corresponding to a single on-bit
( a constituent block/superblock, i = 1, *++ ,k ) and o
is an operator for logical sum. In this case, the ex-
tension part becomes ( MyPyr **° 1Py ). This would seem
to indicate that blocks/superblocks Pys °*° /Py are
stored in the same page ( page m ), but in fact the
contents of Pys *** /Py are placed in pages My, **® oMy
respectively by making a thesaurus of modifiers. If
the number of blocks/superblocks of the same modifier
exceeds 160, the 7th and 8th bytes of a modifier are

used for extending pages. This value is regarded as

- 12 -



the second figure of the page number of modulus 160;
Therefore, 2!6 x 160 blocks/superblocks can be expressed
in a modifier. An example of a BCF record is shown in
Figure 5. Blocks Bl’ By, B3, B5 and B6 are members of
a core part; block B, is a member of an extension part
and is also superblock SBl’ Modifiers m, and m, are as

follows ( byte 1-6 ):

m 00100000]00010000]/10000000 |

1
00000001]10000000|00001000
m,=01001000][01001000[10000000 |
00001601|/10000000|00001000
where vertical lines ( | ) are inserted to make it easy
to see every byte by separating the bit sequence.

BCT and BCF are indexed sequential files. A modi-
fier of the same format as that of superblocks is com-
puted for each compound, and is used for indexing the
storage page for compounds. The storage page consists
of 160 records corresponding to the BCF record format.
A page suffix is inserted when the number of compounds
of the same modifier exceeds 160. The suffix is also
put in the modifier itself ( the value in the 7th and
8th byte of the modifier, as noted earlier ).

4. BD. The BD ( Block Dictionary ) is a file of the

contents of blocks ( structure code ) which are the
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elements for describing BCT/BCF records. A block code
is in the form of a connection table. The numbering
method for atoms ( vertices ) is based on Morgan's
algorithm. The constituent unit of the BD file is a
page of 160 records corresponding to the BCF record
format. The procedure for registering blocks is as
follows: The modifier is computed for a given block,
then the logical page for the modifier is consulted.
The block is registered if it is not found. If the
page itself has not yet been set up, the block is reg-
istered after it is set up. If the number of register-
ed blocks of the page exceeds 160, a new page is added
with a suffix which is put in the 7th and 8th byte of
the modifier. The access to the file is managed by the
modifier thesaurus which is also a directory to the BD
file.

5. 8BD. The SBD ( Superblock Dictionary ) gives the
contents ( structures ) of superblocks which appear in
BCF records. 1In this sense, the SBD plays the same
role as the BD in the CSDB, but it is not strictly an
independent file. Rather, it is defined as another
phase of the BCT/BCF file, because the structures of
superblocks are equivalent to ordinary compounds. SBD

and BCT/BCF hold a record in common, and the key item
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( the identifier field in Figure 3 ) of the record con-
tains flag bits for identifying the membership of the
record:

bit 1 ¢++ on if the record is a member of BCT/BCF

bit 2 <++ on if the record is a member of SBD

bit 3-32 ++¢+ registry number of the record
Though the number of superblocks should be much larger
than that of whole compounds in the literal sense of
superblocks, the size of SBD is maintained as many as-
that of BD according to the statistical check about
query structures because the essential sense of using
superblocks exists in the‘point that it increases the
power to describe profieles of chemical structures in -
practical aspect.

The access to the SBD is managed by the modifier
‘thesaurus which is also a directory to the SBD file.
A recursive construction is used for the common part of
SBD and BCF in which superblocks are explicitly repre-

sentated ( see Figure 3 ).
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CONCLUSION

A chemical structure database ( CSDB ) which makes
it easy to access substructures in various aspects can
be formed by using blocks and superblocks as intermedi-
ate dascribing elements to represent chemical structures.
In particular, the representation by bit sequence makes
it easy to abstract specified substructures, which is
an operation corresponding to imaging for attributes of
relational database model. Any combination of Boolean
logic operations, including negation, is easily executed.
The Markush type of representation is important with
regard to patent information, and can be handled by BCF.

The present method for organizing a CSDB is useful
for quick substructure search. When the query structure
is represented by a BCT form, the characteristic of the
CSDB is fully displayed\for substructure search as de-
scribed below; the query structure is input in the form
of a connection table.

(1) Search Pattern Making. The BCT representation of
the query structure and a structural description with
the same format as the BCF record are made from the
input connection table.

(2) BCF search. If the query structure is registered

- 16 -



in SBD as a superblock, the bit pattern representing it
is searched in BCF. If the query structure is not a
member of SBD, the bit pattern representing its block
components is searched as a screening step, and then
the connectivity among blocks is checked by consulting
the BCT file.

Further, this CSDB is suitable for structure infer-
ence from spectral data, molecular design, and other

application systems.
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TABLE LEGENDS

Table .I. BCT representation of a chemical structure.

Table II. Contents of block / superblock modifier.
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FIGURE LEGENDS

Cutpoints, blocks and BCT of a graph.

Example of cutpbint assignment
of blocks.

Block diagram of CSDB.

Record format of BCF.

Example of BCF record.

for vertices
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BCT code

1 2 3 4 5 6 7 8 9 10 11 12 13
13 5 4 3 2 1 7 2 1 4 3 2 1
a b e d o] e e

44172421642416211961112714711322111

connectivity matrix

11 0 0 0 1 0 0 2

13 0 0 0 0 0 1 0

Table I



simple block modifier

byte bit
1 1 =1
2 = 2
3 =3
g numbe; of rings _ é
6 =6
7 =7
8 > 8
2 1 \ three-ring
2 four-ring
3 five-ring
4 , ‘ six-ring
5 ring type seven-ring
6 eight-ring
7 nine-ring
8 J ten or more-ring
3 1 core / extension =0/1
2 ~
3
4
5 not used
6
7
8
4 1 =1
2 = 2
3 }r number of double bonds =3
4 > 4
5 . =1
6 } number of triple bonds > 9
; }- number of aromatic bonds ; g
5 1 =1
2 = 2
3 . =3
4 number of nitrogen atoms - 4
5 =5
6 > 6
7 =1
8 = 2
6 % number of oxygen atoms _ Z
3 =5
4 26
5 =1
6 =2
2 number of sulphur atoms =3
8 >4

Table II(1)



superblock modifier

byte

1

bit

L___V,~_/t\____v,_~‘,/k\____wf————/\\‘_~__________\V,_——u—ﬁﬁ_____ﬂJ - — N

number of acyclic block types

number of cyclic block types

number of acyclic blocks

number of cyclic blocks

core / exeleton

BCT skeleton id No.

number of nitrogen atoms

number of oxygen atoms

number of sulphur atoms

Table II(2)
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