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ABSTRACT

In this paper, we show a logic programming
language /system named "“Chemilog" whose purpose
is to support the development of chemical
knowledge information processing systems. Chemi-
log is an exiension of Prolog and is viewed as a
CLP (constraint logic programming) language. In
Chemilog, graphs representing chemdcal structures
are lreated as basic components and isomorphic
graphs are identified. Such constraints as substroc-
ture recognition and replacement of substructures
make it possible for users to easily write programs
which handle chemical structures in & natural way
and in a wvisual form. The Chemilog system con-
sists of two major parts: an inference engine and a
chemical structure datebase, Chemilog is a
language in the domain of chemistry, but the
method deseribed in this paper can be applied to
other engineering domains where graph representa-
tion is used.

1 INTRODUCTION

Knowledge information processing technology
is applied to many engineering felds. In most
knowledge  information — processing  systems,
languages with facilities of symbolic manipulation
(for example, Lisp and Prolog) are used. To make
chemical knowledge information processing sys-
tems, it is required to represent chemical strue-
tures. Graph representation is used in most chemi-
cal information processing systems. Further, the
following facilities play & central rcle and algo-
rithms for them have been investigated(Morgan
1965), (Sussenguth  1964), (Shelley 1977), (Randic
and Wilkins 1979), (Funatsu et al. 1986) :

(1) testing isomorphism of two given sirue-
tures

{2) pattern matching of a given structure and
a given substructure

(3) exhaustive enumeration of unique strue-
tures consistent with structural informa-
tion '

(4) finding maximal substructures which are
common with two given structures

So ihat, the systems for chemical knowledge infor-
mation processing must represent and handle
chemical structures as well as symbuolic data.

Jaffar and Lasses (1986) showed a new
approach to extend Prolog in the practical
domains: the constraint logic programming {CLP)
scheme, TUnification is generalized to constraints
selving in the CLP framework. They demonstrated
its power in the domain of real arithmetics. They
suggested that the CLP scheme can be applied to
not only real arithmetics but also many practical
domains.

Chemilog is a logic prOgTamming
language/system which is made to include chemical
structures as basic components in the CLP frame-
work. The domain, which is the Herbrand universe
in Prolog, is extended to the domain including
graphs for chemical structure representation. In
Chemilog, graphs of chemical structures are
inputed with a graphic edifor. Graphs are treated
as basic components and users need not know how
graphs are implemented in the system. Chemilog
has been made to allow chemists to easily write
and use their imowledges. As Chemilog is not diffi-
cult to learmn, it will be a very powerful assistant for
chemists,

2 AN OVERVIEW OF THE LANGUAGE
2.1 Chemical Graph

We briefly summarize chemical graph { called
chromatic graph in (Dubeis 1976) ) which is used to
represent chemical structures. We refer to chemi-
cal graph as graph in this paper. A (chemical)
graph G is & quadruplet: {V,E,xv,xe) , where V is



the finite set of the graph nodes; E is the finite set
of edges linking the elements of V; xv is the fune-
tion which, when applied to an element of V,
expresses ils atom name; ye is the function which,
when applied to an element of E, expresses its kind
of interatomic bond, Atom name is one of {
C,H,0,N F,ClLBrSNaK,CaMnMgA }, where
At is introduced as a wildeard to match any atom.
But this is interpreled as so only in some builiin-
predicates (constraints) which are explained in
§2.3. The bond is one of {1,2,3,aromatic}. Aromatic
bond is used for representing such as henzene ring.

Two chemical graphs G(V,E,xv,xe) and
GV E',yv',ye") are isomorphic if and only if ihe
following conditions are satisfied:

{1) ‘There is & bijection between V and V' v’
(eV") denotes the muespondmg nede to
veEV.

{2z} There is an edge (v1,v2)€E iff. there is an
edge (v1',v2")€E". & (£E’) denotes the
corresponding edge to egE.

(3) For all veV, xv(v) = xv'(v') .
(4) For all e€E, yele) = xe'(e’) .

Graph G{V,E,xv,xe) is & subgraph of
(VB yv',ye') if and only if the following condi-
tions are saljsfied:

(1) There is &n injection from V to V' '
{EV") denotes the corresponding nede to
veV,

{2} For all v1,v2 €V, there is an edge (vI,vZ)
iff. there is an: edge (vI'w2") . &' (€E")
denotes the corresponding edge to e€E.

(3) Forall veV, yvi{v) = xv'(v') .
(4) For all ecE, ye(e) = xe'(e’) .

Note that the definition of subgraph is different
from that of usual graph theory.
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For the convenience of description, some obwvi-

ous edges are omitied. The structure:
H O
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H
for example, can be written as CH4COOH or
CH,COOH. And, in this paper, we use
WYZUVW,.. to denoie varables and
C,HN,0,A.. to denote nodes of graphs and G,G&
to denote graphs,

2.2 Syntax and Domain in Chemilog

Because Chemilog is an extension of Prolog
and one of the CLP languages, its syntax is the
same as CLP except that a term may contain
chemical graphs and nodes in terms ( the definition
of a term is explained later ). A Ghema]og ‘clause is
of the form:

pl.. g1 )hg2(..), . am(ln)

where p is a predicate symbel and the gi’s are
either predicates or constraints. But, we may use
the term predicate or builtin-predicate instead of
constraint because in Chemilog, there is no differ-
ence between constraint and builtin-predicate when
lazy evaluation is not included.

In Chemilog, the Herbrand universe is
extended to include chemical graphs and their
nodes. Our domain is constructed in a way similar
to Prolog. It is a set of all ground ferms. A term
is defined inductively as follows:

(1) A variable is a term.

{2) A consiant is a term.

(3) A chemical graph is a term.
(4) A nodeis a term.

(s) If { is an n-ary function and t,,..,t, are
terms, then f{i1;,...t,} is a term.

Of course, integer and real number (foating point
number) are considered im ouwr implementation,
But we omit them to simplifly our discussion.
Chemical graphs and nodes must satisfy the fellow-
ing conditions:
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(1) Isomorphic graphs are identified. So that,
there are no two isomorphic graphs.

{(2) I G(V,E,xv,xe) and G{V"E yv' xe’) are
not isomorphic, ¥V and V' have no com-
mon nodes. So that, a node does not
belong to more than one graph.

The condition (1) is very important to give a sim-
ple and natoral deelarative semanties to Chemilog.
To preserve condition (1), a special mechanizm are
introduced into Chemilog. The details are
explained in §2.5 |

Although edges are not defined as basic
objects, information about them can be got by
uging buillin-predicate:

getedge{MNodel, Node2 Kind OfEdge)

The meaning of this predicate is obvious.

2.3 Graph Manipulation in Chemilog

It is very important to represent and handle
transformation rules of chemieal structures sueh as
chemical reaction formula, In earlier jimplementa-
tion, we introduced the concept graph-term which
was an extension of chemical graph. In a graph-
term, nodes may be variables, For example, the
assertion: "X is & carboxylic-acid'{i.e. "X has COOH
as itz subgraph’) can be described as follows:

X =Y-COOH

The assertion: 'Z is gol by replacing -COOH of X
by -OH'" can be described as follows:

X =Y-COOH, Z = Y-OH

It seemed elegant. But, we found that graph-term
was not sufficient to represent every transformation
rules and efficient implementation of it was Jiffi-
cult. We gave up using graph-term. In place of
using graph-term, we explicitly write transforma-
tion rules by using builtin-predicate:

convert(In InPat,Map,OutPat,Out)

where
In; A list of input graphs
InPat: A list of input graph subpatterns
Map: A list of pairs of corresponding nodes in
input graph patterns and output graph pat-
terns
OutPat: A list of cutput graph subpatterns
Cut: A list of outpul graphs

Although we use the terms input and output, the
system can work reversely. This predicate

implicitly uses the subgraph matching algorithm,

As formal deseription takes mueh space, we
will explain with examples.

(1)

Primary alechel is made by deoxidizing aru-
dehyde.

R-CHw=0 El- R-CH4-0H

This transformation rule ean be written as follows:

convert([X],| A-CH=0 }[(AL,AY)],
i [ A% "-T}Hrﬂﬂ LY

where the superscript on a node is an index lo dis-
tinguish different nodes of the same atom name.
For example, i X is bound to CH,-CH,-CH=0,
then ¥ will be bound to CHS-CH?-CHE-'DH. Buft, if
the rule is as follows:

convert([X],| ALCH=0],[],[ A%CH,-0H],[Y]).,
then ¥ will be bound to A-CH,-OH.

(2)

Hster is made by reaclion between acid and

aleohol.

R-OH -+ R~CO0H —= ROCOR'+ H,0
This transformation rule can be written as follows:

converh([X, Y][ ALOH, A2COOH ),
[(ALA%),(a2,49)[ A>0CO-A* }[2)).

For example, if X is bound to CH;-OH and Y is
bound to CHy-CH,-COOH, then Z will be bound to
CH,-0CO-CH,-CHy. Conversely, if Z is bound to
CH,-0CO-CH,-CH, at first, then X will be bound
to CHy-OH and Y will be bound to CHy-CHy-
COOH.

(3)

Arematie arudehyde iz made from aromatic
compound by the Gettermann-Koch method.

@ + HCl + COD —h@

This transformation rule can be written as follows:
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For example, if X is bound to

HO KO,
then ¥ will be bound to

CHO

It is also important te test graph-subgraph
relation. Although testing graph-subgraph relation
can be dome by the ‘convert’ predicate, we intro-
duce builtin-predicate: contain{Graph,SubGraph)
for the purpose of efficient execution.

2.4 The Delay Mechanism
The key point of CLP scheme is as follows:

(1) The concept of syntaciie unification im
the Herbrand universe is replaced by con-
straint satisfaction in the domain of appli-
cation.

(2) Evaluation of the constraints are delayed
until the constrajni solver can determine
whether the' constraints are solvable or
unsalvable:

As to (1), the Herbrand universe is exiended to
include chemical graph in Chemilog. Although
there are no corresponding mechanism to the linear
programming sclver in CLP{ R }, many builtin-
predicates such as those mentioned in §2.3 are
added for manipulating graphs in Chemileg. As to
(2), the delay mechanism is also introduced into
Chemilog to preserve declaralive semantics. For
example, 'convert’ predicates can not be executed
until either all variables in the first argument are
bound to graphs or all variables in the last argu-
ment are bound to graphs.

Consider a simple example:

p(X):-
Comvert(X]{ A-COOT (A" A A7 12).
Eonfeﬂ{[‘l’],[ A3-OH ]s[(hxrﬁ{}]:[ Af ]:EL
q(Y).

al G]]a_'DH}.

- p(V).
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where p(X) in the first formula means that X is a
graph which is got by replacing -OH of a graph Y
that have property gf..) by -COOH. Figure 1
illustrates one of execution traces for this example.

™ p(¥). p(X) = ov(...).ev(-..)al Y).
gxf Vi '

- "-_"'{ M_[& L EGDHI-[{AI:ABJL[A%IML
ev{[Y],[AS-OH]L[ A% AN LAY, 2]
ay) . q( CH,-OH).

{ ¥/cH 0H }

- e [V],[AL-COOH], [ AL ATLIATLIZ]),

f-:ﬂ[ [CHg-OH] [A%OH], [ A% AN [AYLZ]).

L (Z/CH,}

2. ev([V],|AL-COOH][(AL, A% [A, [CH)).
| { V/CHyCOOH }
O

V = CHyCOOH

Figure 1: A trace example of Chemilog program
(The predicate "converl’ is abbreviated as 'ev’)

Note that evaluation of constraints is delayed until
the previously described condition is satisfied.
Although the system reterns not only the expected
answer but also return the unexpected answers.
The following is an unexpected answer:

H 0

| Il
l’_IT-H-G-D-H
H

The reason is that a node A? matches not only C
in CHy but also H in CHy. To get only the
expecied answer, we rewrite this program as fol-
lows:

p(X)-

convert([X],{ ALCOOH ],[(ALA%)][ A? ],Z),
convert([Y],[ A%OH J[(A%AYL[A*],2),
balance( X},
q(Y).

q(CH4-OH).

where balance(X) is a builtin-predicate in Chemi-
log. Tt is used to test whether all atoms (nodes) of
X use exactly the same number of bonds associated
with them, for example, 4 for "C* and 3 for "N’. Of
course, it does not solve all problems. There are
more complex cases for which we must write
somehow complicated programs. But, in most
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cases, it can be described by using ‘convert’ predi-
cate only.

2.5 Other Features of Chemilog

I'Dhemilog has many builtin-predicates for
menipulating graphs. We list sorme important ones
that have not been mentioned yet.

(1) getallnodes{Graph,ListOfNodes)
getting a list of nodes in "Graph’

(2) adjacentnodes(Nede,ListOfNodes)
geiting a list of nodes adjacent to 'Node'

(3) connectnodes{Graph,Nodel,Node2, Bond, NewGraph)
getting a mew graph by connecting
"Nodel® and "Node2' of 'Graph’

(1) gelatomname{Naodel AtomName)
getting an atom name of ‘Nodel’

As mentioned in §2.2, isomorphic graphs are
identified in Chemilog. Because we think that it is
natural io identify isomorphic graphs. Let us con-
sider the following example:

p{X )
convert([CH;-COOH],[ALCOOH),[{AY, A%)],JAZ-0H],|X]).
(X}

convert([CHy COOH][A%-COOH] (A% AU [A-OH][X)).
- p(X), a(Y), X=Y.

Il we identify isomorphic graphs, the answer is
Yes'. Otherwise, the answer is ‘No'. It scems
natural to adopt the former interpretation. Next,
consider the following goal:

T K=Y1 P[x]: 'ZIIY]-

In this case, 'q(Y)' will work as test. Even if we do
not identify isomorphic graphs, the answer will
become 'Yes'. A logic programming system is not
& good one if answers depend on evaluation arder
So we identify isomorphic graphs.

To identify isomorphic graphs, two methc;ds_

can be considerad:

(1} Extending unification alporithm to
include the facility of checking graph iso-
morphism.

(2) When a new graph is made by evaluating
such predicates as ’convert' and ‘ron-
nectnodes’, the database which contains
chemical graphs is searched for the graph.
If an isomorphic graph is found, the new
graph is abandoned. Otherwise, the new

graph is registered.

Using a morgan index file { it is explained in §3.1 )
and binary search, searching an isomorphic graph is
carried out im Oflog( n )) time, where n is the
number of graphs. Buf, if we employ a method (2),
we must consider corresponding nodes between iso-
morphic graphs. For that purpose, we must main-
tain map of corresponding nodes or we must make
canonicalization of nodes. It would make imple-
mentation very difficult. So we employ methad
(1). In faet, we have made some experimentations
and found that execntion time increased by omly
20-30% when isomorphic structure search is com-
sidered.,

2.6 Examples

In this set;f.inn, we show some short EIiI!‘.I:I.P]ES
of Chemilog programs. One of the features of
Chemilog is that chemical structures can be written
in a visual style and it does not require such data
structures as list, atom and function symbols to
represent chemical structures,

1
{ }prlmary_alcnhﬂl(l}{] -
convert([X],[ AL-CH,-OH J,[{ALA%][ A% ][Y]),
alkyl_group(Y).
gecondary_aleohol(X):-
convert([X},[ il:-:m ~0H ),

[(AA%),(A% A% A3, A% ][Y,Z)).
alkyl_group(Y),
alkyl_group(Z).

In these programs, ‘primary_aleoholl X ) (
‘secondary_aleohol{X) respectively ) means that
the molecule "X’ is primary aleohol | secondary
alechol, respectively ). “alkyl_group(Y)' means
that "Y" belongs to alkyl group, whose molecular
formula is C_H . You will see easily that this
predicate can be written in Chemilog.

(2) -
is_ortho(X):-
R,
convert([XLI ) LIALAY),(AZAY],[A3A4)[Y,Z]).
In this program, ‘is_ortho(X)' means that
molecule "X’ is ertho-aromatic compound.

(3)
how_to_make{ Molecule [ ] -
mal_in_db{ Malecule ).
how_to_make( New [Ruleld | Rules]):-



covert_rule{ Ruleld, Original, New),
how_to_make( Original, Rules).

‘This is & much simplified chemical synthesis
program. The meaning of mol_in_db{ X ) is that
the graph "X' is registed in the datzbase and how
to make it is already known. The meaning of
convert_rule{ Roleld, Orig New) is that the molecule
'Wew' is made from the molecule *Orig’ by using
the rule whose rule ID is 'Ruleld’.

2.7 Soundness and Completeness

One of the most imporiant features of Loglc
Programming iz that its declarative and opera-
tional semantics are bolh simple and elegant.
Further, they coincide in a natural way (i.e. strong
completeness of SLD-resclution(Lloyd 1984) ), In
Chemilog, the soundness and completeness must be
considered so that user can write their knowledges
declaratively. Because we have not fixed the
specification of Chemilog yet and we are making
maodifications, we cannot discuss the semantics of
Chemilog formally. Of course, we are taking cars
to preserve soundness. We do not expect Chemilog
to be complete in the sense that the system
answers 'yes' if and only if a given goal is unsatishi-
able. Because it is wvery difficult to determine
whether the given constraints are satisfiable or not.
Even constraints are limited to *convert' predicate
only, we have not yet found an algorithm to deter-
mine whether the given constraints are solvable or
not. The following example shows this difficulty.

F-eonvert([U],[ AL-A? ] [[A%A%),(A%A%)],[ A%A% X)),
convert([U],[ AS-AS (A5 AT) [AS A% AT.A%][2,W]),
convert{[V],[ CH3-A%AM L[(A?,A1),(A10,A13)],

[ AL, AT ILE]),
convert{[V],[ MH2-ALAM | [(AM AL (ALY A6
[ A%, ATS] YWD,

This goal is not solvable, but it is difficult to deter-
mine. So, Chemilog is currently using the delay
mechanism and the completeness does not hold in &
simple way. Of course, it is possible io refurn
remaining constraints which can not be simplified
as answer constraints.

Further, if we claim that Chemilog is a CLP
language in the strict sense, we must prove some
conditions{Jaffar and Lassez 1986) . Although we
do not preve them, we think that Chemilog can be
made to satisfly these conditions because the
dorhain of Chemilog has no limit elements.
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3 AN OVERVIEW OF THE SYSTEM

The Chemilog system consists of two major
PRTLS,

An Inference A Chemical
Engine Strueture Database
— T
A Mets Interpreter o ]
A Temporal Databose
Bailtin Predicatea CH,OH HCHO ...
C::} “-.._________'___,_,_.r"
for Detabase Acoess
A Heap Database
CHyWH, A-COOH ...
Prolog ““fi__-—-—"’
. A Global Database
0H A Graphic Editor

Fignre 2: System Overview

w5  CHEMILOG

E -'--J-_ -

Figure 3: The Graphic Editor

Omne is a database which contains chemical strue-
tures represented by graphs. It is called the chemi-
cal structure database and it is implemented in C
language (see Figure 2). The other is an inference
engine which is implemented in Prolog and many
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builtin-predicates are added for interaction with
the database. Chemical structure is passed in the
forms of pointer between the inference engine and
the chemical structure database, The Chemilog
system iz buli on the SONY NEWS workstation
with 88020 CPU and UNIX-4.2BSD. A graphic
editor (Figure 3) for chemical structure input and
output is implemented with X-Window.

3.1 The Chemical Structure Database

The Chemical Structure Database is a data-
base which contains graph representations of chem-
ical struetures. The purpose of this database sys-
tem 15 Lo make fast search of chemical structures
and substructures,

Chemical structure search problem ineludes
the graph isomorphism testing problem which has
been famous as an open problem that whether
there is a polynomial time algorithm. But efficient
algorithms have been developed by chemists.
Although complexity of these algorithms is unlikely
to be in polynomial time, these algorithms run effi-
ciently in most cases, Most of these algorithms are
modified versions of the Morgan algorithm(Morgan
1965). The most important feature of this alge-
rithm is that it makes the index (i.e. unique nam-
ing) of the given chemical structure. So we use a
modified Morgan algorithm (Shelley 1877) for

searching the given chemiecal siructure.

As well as chemical structure search, chemical
substructure search is important for chemical data-
base systems. Although unlikely to be in polyno-
mial time, efficient algorithms for chemical sub-
structure matching have been developed by chem-
ists. The set reduction algorithm(Sussenguth 1964)
and the atom by atom algorithm{Randic and Wil-
king 1979) are famous ones. Thess algorithms not
only examine subgraph-graph relation but also find
correspondences of nodes. Qur algorithm combines
some features of the set reduction algorithm to the
atom by atom algorithm. This algorithm plays a
central role in "convert’ and ‘contain’ predicates.

The database is divided into theee parts:

A Global Database
A Heap Database
A Temporal Database

All of them contain chemical strueture data and
miscellaneous information which is concerned with
structure data. The global database contains a
large number of permanent data. The heap data-
base contains data existing only when the system is

running. Data in program clauses and data gen-
erated by such builtin-predicaties as ‘asseri’ are
registed in this database. The temporal database is
used as a stack for the inference engine. Chemical
structures which are generated during inference
process are registed in it until backtiracking oceurs.
Chemical structures are represented by adjacency
lists in the databases, because this representation of
graph is remsonably economical and most graph
algorithms are efficiently executed with adjacency
lists{ Aho et al. 1974) .

To make structure and substrueture search
faster, the global database and the heap database
have many index files. One of the index files con-
tains Morgan index. This file is sorted and used to
find isomeorphic graphs by malking binary search.

By the way, most of the other index files are
lists of pointers whose structures contain the spe-
cial substructures such as benzene ring. For exam-
ple, consider the case that we want to find a strue-

ture which contains:
COOH

At first, the system get a list of structures which
contain benzene ring and = list of structures which
contain COOH by using two index files. Next, the
svstem applies a join operation to get a list of
structures which contain both benzene ring and
COOH. At last, the system searches the list by
using the substructure matching algorithm, .

3.2 The Inference Engine

The inference engine makes much use of Pro-
log inference mechanism. The (meta) interpreter is
implemented on Prolog system. If we do not use
chemical structures, programs are treated as usual
Prolog programs. The interpreter interprets Chem-
ilog programs and controls the delay mechanism.
The constraints (builtin-predicates) are lested
whether they can be evaluated by their own rou-
tines. When they can not to be evaluated, evalua-
tion of them iz delayed. After each derivation step,
all the delayed consirainis are tested and if any of
the constrainis can be evaloated, they are
evaluated. If no predicales can be zesclved and no
consiraints cam be evaluated, the interpreter
returns them lo the user.

The current interpreter is an experimental ver-
sion and the sysiem is being developed. The cen-
tral part is described in Prolog and net much
attention has been paid to efficiency. So, we some-
times wiile programs procedually instead of using
delay  mechanisma  and  writing  programs



declaratively.  Efficient implementation is an
important cngoing subject of our research.

4 CONCLUSIONS

Chemilog is a logic programming system which
handles graphs of chemical structures in an elegant
way. Chemilog is an extension of Prolog and is
viewed as a constraint logic programming language.
The domain of CLP( R )(Jaffar and Lassez 1986) is
real anthmetic. In Chemilog, the domain contains
graphs of chemical structures. Chemilog is
equipped with such constraints as substructure
recognition and replacement of substructures which
makes it possible for users to easily write chemical
knowledges in a natural way and in a visual form.
Although there are several problems remained, they
can be solved.

The important subject we must do is fo make
a practical chemical application system on Chemi-
log., For that purpose, we must extend Chemilog
to handle more information such as the stereochem-
-igal information. Chemilog should also have more
facilities for handling chemical structures. Facili-
ties (3) and (4) mentioned in §1 have not been yet
implemented in Chemilog, Now we are maldng two
applications to examine Chemilog's ability. One is
bidirectional transformation beiween IUPAC
names and chemical structures, For example,
IUPAC name of molecule C(CH,), is '2,2-
dimethylpropane’. The other is a system for chemi-
cal synthesis. Of course, domains are [imited in
both applications because it is too difficult to cover
all the domains of chemistry. This is part of the
praject "knowledge based system for chemical com-
pound design" sponsored by ministry of science and
technology in Japan,

By the way, the method described in this
paper can be applied to other domains. Graph is a
general date structure in many engineering fields
such as electric circuits, iraffic lines, contrel sys-
tem, computer networks, and sc on. For example,
if we make a modified version of Chemilog, the
star-delfa transformafion rule in electric circuit
theory can be written as follows:

star_delta(S,D):-

. Al
mml(ﬁ]:lﬁg [(ATA%)y. I[R'ﬁ- &Rﬁﬁkﬂjﬂr
A2

T = R1:+R2 + RhRﬂ + R1«R3, Rd = T_J'El.
RS = T/R2, RE = T/R3,
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Combining with user friendly graphic editors, users
will be able to write down their knowledge in a
natural way.
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