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An Approach to Reasoning in an Artificial Chemistry

Kazuto Tominaga
School of Computer Science, Tokyo University of Technology

Artificial chemistries are usually used to study what phenomena occur in a given setup, and simulators are the
primary tools. This paper attempts to address a reverse question, that is, what setup is required to produce given
molecules, using reasoning as the tool. We give a procedure to answer whether specified molecules can be
produced in a given system described in our artificial chemistry, which is based on string pattemn matching and
recombination with no spatial structure. The process of reasoning is similar to backward reasoning in logic: it
starts with setting the specified molecules as the goal, and gradually constructs a possible reaction path in the
reverse order of recombinations.

1 Introduction ing and recombination? ; it employs the well-stirred
Artificial chemistries are abstract models of chemical  reactor model (i.¢., the reactor has no spatial structure).
reactions, and recently they are becoming one of the
main research methods in the field of artificial life!) .  Elements and objects. An element is denoted by an
They have been used to study important problems inar-  upper-case character, or a capitalized sequence of al-
tificial life such as evolution and self-replication D as phanumeric characters. For example, A, B, Atp and
well as modelling real biochemical systems*) . Amost A4 are elements. An element corresponds to an atom
common methodology is to model the target (real or  or a group of atoms in nature. An object, which corre-
virtual) system in an artificial chemistry and thentorun  sponds to a molecule or a compound of molecules, is a
it on a simulator of the artificial chemistry. A main ob-  character string or a stack of strings as shown below,
jective of studies with this methodology is to see what
phenomena occur in the given setup, and therefore sim- (2] BIAE q] 2 ci c|
ulators are the primary tools. —
In this paper, using our artificial chemistry®) , we  Objects are denoted by strings; the above ob-
explore possibilities to answer a reverse question, whal  jects are denoted by O#ABC/, 04ABAB/3#CC/ and
setup is required to give rise to a desired phenomenon,  nanpc/14ca/, respectively. A number represents
which, to the authors’ knowledge, has not been ad- (e gisplacement of a line relative to the first one. A
dressed using a formal method. Since it is difficult  gisplacement can be positive, zero or negative.
to formulate a phenomenon, we instead try as our first ‘
step to answer what setup is required to produce speci-
fied molecules. The tool we use to make this attempt is
reasoning.

Patterns. A pattern matches (or does not match) an
object, and it may include two kinds of wildcards. An
element wildcard, which is denoted by a number sur-
2 An artificial chemistry rounded by angle brackets such as <1>, matches any
element. A sequence wildcard, denoted by a number
and an asterisk with angle brackets such as <2*> and
<*2>, matches any sequence of zero or more elements;

In this section, we give a brief explanation on a sim-
ple artificial chemistry based on string pattern match-



the position of an asterisk represents the direction in
which the sequence can extend. The string notation for
patterns are similar to the one for objects. For instance,
the pattern O#A<1>C/ matches the object O#ABC/,
and O#<*1>AB/1#CC/ matches O#ABAB/3#CC/.
Note that the displacements are meaningful in pattern
matching, and the length of a sequence wildcard is re-
garded as zero in the pattern notation.

Recombination rules. A group of objects is trans-
formed into a group of objects by a recombination rule;
it conserves elements like a chemical reaction does. A
rule is expressed in terms of patterns as follows,

O0#<*1>AB/1#CC/ + 0#AB<2*>/
— 0fi<*1>ABAB<2*>/1#cc/ (1)

This rule works as follows.
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If this rule is applied to O0#ABAB/3#CC/ and
O#ABB/, O#ABABABB/3#CC/ is produced and the
reactants vanish. We call the left-hand side of a rule
{hs, and the right-hand side rhs.

Dynamics. A system is a construct (Z, R, Po) where Z
is a set of elements, R is a set of recombination rules,
and P, is the initial pool, which specifies objects in the
pool at the initial state. The system is interpreted non-
deterministically as follows: (1) Initialize the pool to
be FPy; (2) Apply one recombination rule to a collection
of objects in the pool; (3) Go to Step 2.

3 Definitions

Here we define some auxiliary notions and operations.

Pattern as a set of objects. Let Og denote the (infi-
nite) set of possible objects composed of elements in Z.
When a pattern is given, it matches a subset of Ox; in
other words, a pattern represents a set of objects in Ox.
Hereinafter we apply the conventional set relations and
operations such as member (€), union (U), intersection
(M), difference (\) and subset (C, C, etc.) to patterns.

Matching between patterns. In Sec. 2, matching
is defined between a pattern and an object. We ex-
tend the notion to be between patterns: patterns p
and g match iff pNq # ¢. For example, the patterns
0#A<1>C<2>/ and 0#<3>BC<4>/ match since the
object O#ABCD/, say, is included in both patterns.
This definition is also valid for a pattern and an ob-
ject if an object is regarded as a literal pattern, which
comprises only that object.

Easiness relation between multisets of patterns.
We define a relation C between multisets of patterns:
W C U holds for the two multisets of patterns W and U
iff there exists a multiset of patterns V such that V con-
tains, for each p € W, an instance of pattern g that sat-
isfies g C p,and V C U. W C U means “W is easier to
generate than U"": if U matches a collection of objects,
W matches at least one of its subset (such an instance
is V). W C U holds, say, for W = [0#A<1*>/] and
U = [0#AB<1*>/,0#C/] with V = [0#AB<1*>/].
(“[]” denotes a muitiset.)

Projecting patterns on elements. We define a pro-
jection operator (/): P/Z is a multiset of elements
(or literal element patterns) that are included in P,
where P is a multiset of patterns and £ is a set of
elements. Wildcards are disregarded. For example,
if P = [0#<*1>AB/,0#AB<2>B/,0#CD/] and Z =
{a,B,C}, then P/Z=[A,A,B,B,B,C|.

Narrowing patterns. If a pattern has one or more
wildcards, assigning elements to a wildcard makes the
pattern specialized. For example, if we have the pat-
tern 0#A<1>C<2>/ and the element B is assigned to
the wildcard <1>, the pattern becomes 0#ABC<2>/,
which is a subset of 0#2A<1>C<2>/. Now suppose we
have the following recombination rule.

0#A<1>C<2>/ — 0#AC<1><2>/ 2)

If <1> in Ihs is assigned B, the pattern on rhs should be
understood as 0#ACB<2>/; similarly, if <1> in rhs is
assigned B, the pattern on /hs should be understood as
0#ABC<2>/. We call this “specialization of patterns
on one side narrows the patterns on the other side.”

4 A simple reasoning procedure

In this section we give a simple procedure to answer
whether a specified collection of objects can be pro-
duced in a system (Z,R,Hp). The collection is given
as a multiset of patterns Wp, and the initial pool is also
given as a multiset of patterns Hp. Recall that objects
are regarded as literal patterns.

Intuitively, the procedure tries to construct in the re-
verse order the state transition of the pool induced by
recombinations. A state of the pool is represented by a
world {W,H). The goal world is {(Wy, Ho). A reasoning
path is a sequence of worlds starting at the goal world.
The process of creating worlds is illustrated in Fig. 1.
Each W, which is shown in the upper part of an oval, is
a required subset of the pool at that step. Hs are made
accompany Ws in order only for reasoning, and they
may not appear in the pool at that step. The procedure
has several choice points; it should backtrack when a
reasoning path fails.
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Fig. 1 A sequence of worlds.

W and H in the procedure are multisets of patterns,
and so should they be treated; for example, removing
an element e from W means removing one instance of e
from W. The set relations and operations are construed
to work on multisets.

Procedure 1 f0 answer whether a multiset of objects
Wo can be generated in a system (£, R, Hp):

1. Initialize: Let {W,H) = (Wp, Hp).

2. Check (a): If W C W for any world (W' ,H')
downstream, fail.

3. Discharge: If p and q match for some p € W and
g € H, p and g can be removed from W and H,
respectively, and compute ¢ = pNq. fW = ¢,
answer “yes” (success).

4. Check (b): IfH includes no wildcard and (W /Z) \
{(H/Z) # ¢ holds, fail.

5. Reverse application of a rule:

(a) Choose aruler € R: so+51+---+ 85 —
to+t1 4+ +1, such that there exists at least
one pattern in W that matches some t; (0 <
i < n). If there is no such pattern and rule,
Jail.

(b) For each i (0 < i < n) choose or not a pat-
tern p; € W that satisfies p;Nt; # ¢, and let
the multiset of such chosen p; be P. P must
satisfy PCW.

(c) Specialize t; to obtaint{ (0 < i< n):

ti’ _ N p;
5

(d) According to the specialization, narrow

ifp.eP

otherwise

50,515+ -+ 1S 10 ObIAIN Sy, 5], .., Shye
(e) Remove each p; € P from W, and add
50155 Spy fo W,

6. Go to Step 2 for the next world.
O

Step 1 sets the goal world. Step 2 checks whether
there exists a downstream world (W', H') easier to cre-
ate than the current world (W, H); in such a case, an an-
swer (if any) should be reached directly from (W, H’)
without going through (W,H), so we cut the search
path. Step 3 uses some of the patterns given in Hp,
and if W becomes ¢, a reaction path is found. Step 4
checks whether there are still enough elements in H to
produce W (note that this artificial chemistry conserves
elements); if there are not, fail. Step 5 makes the world
before one step recombination of the form

Sttty Rty (3)

Steps 2 through 6 are iterated; at the end of each itera-
tion a new world is created, which is a possible previ-
ous state of the current world before the recombination
expressed by Formula 3 above.

5 Example reasoning

Here is an example system that generates sequences of
ABs, namely, O#ABAB/, O#ABABAB/ and so forth,
given many objects of the form 0#2B/. The concate-
nation is mediated by 0#CD/. Shown below are the
recombination rules of this system.,

O#<*1>AB/+ 0#CD/ — O#<*1>AB/1#CD/ (4)
O#<*1>AB/1#CD/ + 0#AB<2*>/
— 0#<*1>ABAB<2*>/1#CD/ (5)
O#<*1>ABAB<2*>/1#CD/
— O#<*1>ABAB<2*>/+ 0#CD/ (6)

The example problem is

Can 0#ABABAB/ be generated from the ini-
tial pool with three O#AB/ and one 0#CD/?

and the answer is yes. The goal world is

(Wo,Ho) = ([0#ABABAB/|,[3: 04AB/,04CD/])

where 3 : 0#AB/ represents three instances of 0#AB/
in the multiset. Figure 2 shows the search tree of the
reasoning. A world is represented as a tree node by
the form “W; H. For example, Node O, standing for
the goal world (W, Hy), is “O#ABABAB/; 3:0#AB/
0#CD/,” which means W = [0#ABABAB/| and H =
[3:0#aB/,04CD/]. The node numbers from O
through 11 are the order of visiting the nodes; the rea-
soning starts at Node 0 and succeeds at Node 11 (where
W = ¢), and it answers “yes.”

At Node 6, Check (b) in Procedure 1 fails and back-
tracking to Node 4 occurs. Nodes at which backtrack-
ing occurs due to no further applicable recombination



(0) OFABABAB/; 3:0#AB/ 0#CD/

Rule (6)
(1) O#ABABAB/3#CD/; J10#AB/ 0#CD/
I Rule (5)
(2) 0#aB/ O#ABAB/3ISCD/; 310#AB/ OFCD/
Dischargs '\\\
(3) OFABAB/3#CD/; 2:04AR/ DFCD/
Ruls (4)
(4) 0#ABAB/ O#CD/; 2:0#KB/ 0#CD/
Dischargo Ralo (@)
(S) OFADAB/; 2:0#AB/ (7) G#ABAB/IICD/; 2:0#AB/ QFCD/
mm‘ Rule ()
(8) O#AB/ O#AB/IHCD/; 2:0#AB/ 01CD/

(6) OFABAB/I#CD/; 2:0#XB/
fel) (b)
Discharge
(9) O#AB/1I#CD/3 O#AB/ O¥CD/
Rulc (4)
{10) O#AB/ OFCD/; O#AR/ O#CD/
Discbarge
an ;
sueceed

Fig.2 A search tree for a possible reaction path.

rule (Step 5a) is not explicitly marked fail. A solid ar-
row represents a recombination, and the dashed arrows
are other possible reasoning paths, which had not been
taken because the reasoning succeeded at Node 11.

6 Discussion

Procedure 1 is sound, i.e., a given system can produce
a specified multiset of patterns if the procedure says
“yes,” since a reaction path can be constructed from the
result of reasoning (details omitted due to page limita-
tion). On the other hand, since the artificial chemistry
is computationally universal %) the procedure cannot be
complete, and therefore there is no such a general pro-
cedure. The process of reasoning may not necessarily
terminate, though the procedure is designed so that H
monotonously diminishes.

The procedure resembles backward reasoning by
resolution: Wy is the goal, Hy is the set of literals, and
the recombination rules R are implications. Since the
artificial chemistry deals with multisets of patterns, it
relates more to linear logic®) . Fontana and Buss?) de-
signed an artificial chemistry using the following anal-
ogy to linear logic: (1) a chemical molecule and a proof
net in normal form, and (2) chemical reaction and ap-
plication/elimination of the “cut” inference rule. In
contrast, our approach is regarded to have the follow-
ing correspondence: (1) an object to a logical formula,
and (2) a recombination to an application of inference
rule. From this viewpoint, a particular execution of a
system is regarded as a process of forward reasoning
(like sequent calculus); this view has a good agreement
with the present approach as backward reasoning.

The procedure cannot only answer whether a speci-
fied molecule is produced in the given system, but can

also compute required molecules to produce it if wild-
cards are used in'the patterns in Hp; details and exam-
ples are omitted due to page limitation.

Application of this approach to real-world problems
would be as follows. As this artificial chemistry can de-
scribe natural biochemical systems*) , reasoning about
such systems might become possible. For example, it
might be able to answer questions such as “can this
substance be produced in this cell?”, “what DNA se-
quence is required to produce this set of proteins?”,
“what pathway produces this substance?”, and so forth,

7 Concluding remarks

In this paper we presented an approach to reasoning
in an artificial chémistry. The procedure of reasoning
tries to answer whether specified objects can be pro-
duced in a given setup, or what objects are required
to produce the given objects. The procedure is similar
to backward reasoning in logic. We showed example
reasoning using a simple system described in the arti-
ficial chemistry. Though the given method is not yet
efficient enough, we believe future enhancements will
make this approach possible to deal with problems in
the real world.
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