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1.0 Introduction

Thenet scan program acceptsinput files containing chemical reactions and overall goals (constraints) and
outputs all subsets of the reactions, from smallest to largest, that satisfy all the constraints.

The following assumptions are made about reactions and the interconnections between them:

1. Reactions are an ongoing process, i.e., al reactions occur at the same time.

2. Molecules are either not present at all or present in essentially infinite amounts; i.e., the amount of each
molecule used by areaction isinsignificant in comparison to the amount available from a constraint input
or an earlier reaction output.

3. Reactions outputs are available to all other reactions; i.e, all reactions feed from and supply the same
“molecular soup.”

4. Reactions are specific; i.e., they ignore all molecules except their specified inputs.
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2.0 Tutorial

Suppose we type in the command line:

netscan testfile >outfile

and we have afilecalledt est f i | e that contains the following lines:

Rl) AB->D

R2) BC->D

R3) C->DE

B AND (AORC >>D

Thefile specifies three reactions, named “R1,” “R2,” and “R3.”
* Reaction R1 accepts molecules“A” and “B” and produces molecule“D.”
¢ Reaction R2 accepts molecules “B” and “C” and produces molecule “D.”

* Reaction R3 accepts molecule “C” and produces molecules“D” and “E.”

We could draw these reactions as:

A —>
RL | »p
B —»
A
™ RrR2
c R3
_PE

Thefile also specifies an overall constraint stating that molecule “D” must be produced if molecule “B” and
either molecule“A” or “C” are provided to the reactions.

The program would then find, in this case, just one subset of the reactions that meets the constraint and
would output the names of the reactionsto thefileout fi | e (the“l engt h =" term refers to the number
of reactionsin the subset):

I Network #1 found, length = 2:
Rl R2

Y ou can see from the diagram above that both R1 and R2 are required to produce molecule“D” only for the
“B AND (A OR C)” combination of molecules“A,” “B,” and “C.” If R3 were included, the constraint would
not be satisfied because providing “C” but not “A” or “B” to the reactions would produce “D.”

The same output would be produced with two constraints:

B AND A >> D
B AND C >> D

Thisis because the subset consisting of R1 and R2 satisfies both constraints, taken individually. That is, con-
sidering only the molecules“B” and “A,” the subset produces “D” only if both molecules“B” and “A” are
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provided to it. Considering only the molecules“B” and “ C,” the subset produces“D” only if both molecules
“B” and “C" are provided to it. No other subset satisfies both constraints.

Typical input files have far more reactions. In fact, there is no fixed limit to the number of reactions or con-
straints. The input file may also have one or more lines listing molecules that are always present; i.e., mole-
culesthat are available from a source other than a constraint. For example, to indicate to the program that
molecules“G” and “H” are always present, aline can be included that says:

PRESENT G H

When many reactions produce the same output molecule, avery large number of output subsets may be pro-

duced. (If there are N reactions producing amolecule, there are 2N-1 possible subsets of the reactions.) The
program will require an amount of memory and time that doubles with each additional reaction, which starts
to become significant as the number of reactions reaches 14 or so. Above that number the program will print
awarning showing how many reactions have a common output molecule.

The following subsections show the output for various example inputs.

2.1 Example 1

—— B

— C

Rl) A->BC
A>> B
Output is:

Status: deleting useless nolecule C
I Network #1 found, length = 1:
R1

Why: Molecule“C" is not mentioned in any constraint so the production of it isignored.

2.2 Example 2
A —> R1 —> C —> R2 —> B

Rl) A->C
Ry C->B
A > B
Output is:
I Network #1 found, length = 2:

Rl R2
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Why: Molecule“A” leads to the production of molecule “B.”

2.3 Example 3
A— RIL | o
R2 C
Rl) A->B
Ry A->C
A > B
Output is:

Status: deleting useless reaction R2
Status: deleting useless nolecule C
I Network #1 found, length = 1:

R1

Why: Reaction R2 does not contribute to producing the molecules of the constraint and so is del eted.

2.4 Example 4

R2

Rl) A->B
Ry C->A
A > B
Output is:

Status: deleting useless reaction R2
Status: deleting useless nolecule C
I Network #1 found, length = 1:

R1

Why: Molecule“C” is not mentioned in the constraint so reaction R2 is deleted.
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2.5 Example 5

R2

Rl) A->B
R2) B->A
A>> B

Output is:

I Network #1 found, length
R1

I Network #2 found, length
Rl R2

1
=

I
N

Why: Reaction R2 does not produce any “loose ends;” i.e., it does not create any unnecessary molecules.
Thusit is not considered useless, even though it is not required.

2.6 Example 6

R2 R3

Output is:

I Network #1 found, |ength
R1

I Network #2 found, |ength
R2 R3

I Network #3 found, |ength
Rl R2 R3

1
=

n
N

n
w

Why: The two parallel paths produce 22-1= 3 subsets.
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2.7 Example 7

RL | .

R2

Rl) AC->B
R2) B->C
A >> B
Output is:

Status: deleting useless reaction R1

Status: deleting useless reaction R2

Status: deleting useless nolecule C

Error: no effect fromconstraint input nolecule A

Error: no generation of constraint output nolecule B

Error: no possible satisfaction of constraint at testfile line 3

Why: The reactions cannot get started producing molecule “B” because molecule “C” (and thus“B”) is
required before “B” can be produced.

2.8 Example 8
A —>
Rl [ C
B —»
Rl) AB->C
A B> C
Output is:
I Network #1 found, length = 1:
R1

Why: Reaction R1 produces molecule “C” only if molecules“A” and “B” are provided to it.
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2.9 Example 9

A —>
R1 — C
B —»

Rl) AB->C
ACORB>C

Output is:

(no out put)

Why: The reaction will not produce“C” if “A” or “B” isprovided to it; both “A” and “B” must be provided
before“C" is produced.

2.10 Example 10

R2

Output is:

I Network #1 found, length = 2:
Rl R2

Why: The reactions R1 and R2 will produce“C” if “A” or “B” is provided to them.

2.11 Example 11

R2
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Rl) A->C

Ry B->C
A B> C
Output is:

(no out put)

Why: Thereis no combination of R1 and R2 that will produce molecule “C” only if both molecule “A” and
molecule “B” are provided.

2.12 Example 12

R2

R1) A -
R2) B -
A >> C

> C
> C

Output is:

Status: deleting useless reaction R2
Status: deleting useless nolecule B
I Network #1 found, length = 1:

R1

Why: Molecule“B” is never provided so reaction R2 is useless.

2.13 Example 13

R2

Rl) A->C
R2) B->D
AB>CD
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I Network #1 found, length = 2:
Rl R2

Why: The reactions will produce both “C” and “D” when both “A” and “B” are provided to it. Whileitis
truethat “D” isproduced if “B” is provided, the constraint only specified what happens for both “C” and
“D” taken together.

2.14 Example 14

RL L o ¢

Bl

Rl) AB->C

R2) B->C

A B> C

Output is:

I Network #1 found, length = 1:
R1

Why: The program considered all three combinations of R1 and R2 and only R1, by itself, produced “C”
only when both “A” and “B” were provided.

2.15 Example 15

— —
A R1 C

’—> — D
B—>R2 41

Rl) AB->CD
R2) B->D
AB>CD
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Output is:

I Network #1 found, length = 1:
R1

I Network #2 found, length = 2:
Rl R2

Why: Both“C” and “D” are only produced if “A” and “B” are provided. Whileit istruethat “D” is produced
if “B” is provided, the constraint only specified what happens for both taken together. On the other hand, the
constraints:

AB>>C
AB>D

would produce the single subset R1 because the constraints specify that “C” and “D” are each only produced
when both “A” and “B” are provided.

2.16 Example 16

PRESENTE—| R2 | » p

R1) A->C
R2) B->D
PRESENT B
A>CD

Output is:

I Network #1 found, length = 2:
Rl R2

Why: Again, although “D” is aways produced, thisisirrelevant. The constraint specifies that both “C” and
“D” together will be produced only when “A” is provided.

2.17 Example 17

R2

Rl) A->C
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R2) B->D
A>> CD
B> CD

Output is:

(no out put)

Why: Looking at the first constraint by itself, there is no subset of the reactions that will produce both “C”
and “D” only when “A” is provided.

2.18 Example 18

R2

Output is:

I Network #1 found, length = 2:
Rl R2

Why: Taken individually, both constraints are satisfied although the resulting subset of reactionsis digoint.

2.19 Example 19

A —>
RL L o ¢
PRESENT B —

L e

Rl) AB->C
R2) C-> B
PRESENT B
A >> C
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Output is:

I Network #1 found, length = 1:
R1

I Network #2 found, length = 2:
Rl R2

Why: Only R1 isrequired but adding R2 replenishes the supply of PRESENT molecule “B” and is thus not
considered useless.

If the- r flagis provided when the program isinvoked (see Section 3.0), reactions are considered useless if
they only feed PRESENT molecules:

Status: deleting useless reaction R2
I Network #1 found, length = 1:
R1
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3.0 Command Line

Thenet scan program isinvoked from the command line, either from the shell in Unix, Linux or Mac OS

X or from a DOS command line under Windows. Format of the command lineis:

netscan [-flags]... infile... >outfile

For example:
netscan -mmyfilel.rxl nyfile2.rxl >nyfile. out

Typing “net scan - hel p” will provide the following useful message:
Usage: netscan [-flags]... infile... >outfile

-help print hel pful nessage

-- read standard input within input file list

-e echo significant input to output

-m place nessages in output, as coments

-r delete reactions that replenish PRESENT nol ecul es
-s don't show status messages

-c to debug, show searching for candi dates

-d to debug, don't conbine duplicate reactions
-1 to debug, show | exical analyzer output

-p to debug, show parser out put

-u to debug, don't delete usel ess reactions

-X to debug, show constraint test cases/tests
-z to debug, show nmenory before/after searching

The flags commonly used are;

Flag Function

-- Read input from the standard input. For example, the list of files “inputfilel -- inputfile2” means read

from inputfilel then from the standard input then from inputfile2.

-e The content of theinput file(s) (except blank lines and comments) is placed in the output, preceded by an

exclamation mark at the start of theline.

-m Messages, such as status messages, warnings and errors, are placed in the output file, preceded by and

exclamation mark, as well as being written to the normal error output.

-r Reactionsthat only replenish PRESENT molecules are considered useless and are deleted before search-

ing for reaction subsets.
-S Status messages are not shown, only warnings and errors.
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4.0 Input File

Input files are specified when the program is invoked (see Section 3.0).

4.1 File Lines

Theinput fileisatext file and consists of lines, each terminated by either a Unix, Windows or Macintosh
newline. Blank lines are allowed and ignored. All lines must be less than 512 charactersin length, not count-
ing comments. The order of input lines has no effect on the program output.

4.2 Comments

Any occurrence of the exclamation point “!” indicates the start of a comment, which continues to the end of
the line. Comments are for human convenience and are deleted by the program before further processing.

4.3 Case Insensitivity

All words are case insensitive; that is, two words will be considered to match if they contain the same
seguence of letters and symbols regardless of the case of the letters. All reaction and molecule names are
words, as are the strings“AND,” “OR” and “PRESENT.”

4.4 Whitespace

Any string of one or more spaces or tabs are considered whitespace. Any whitespace at the beginning or end
of alineis deleted before further processing. Some whitespace must be placed between words in order to
indicate word boundaries but any amount may be used. Whitespace may be placed around operators such as
“+" or“->" or“>>" or“(* or*)” if desired.

45 Molecule and Reaction Names

Thenames*“and” and “or” and “ present” may not be used, nor may a name contain whitespace or commas or

the strings“)”, “ (", “+", “->",“|", “>>" or “!”. Names may contain any sequence of letters, numbers or spe-
cia characterssuchas“&”, “:”,“™,“.”, " ", “-", or “*". Examples of valid names are:

o A& A*

* pB. A&

e areallyl ongnaneconsi sti ngof 64char act er sf ol | owedbyaquot echar act er’

4.6 AND Separators

An“and-list” isalist of one or more molecules considered as a group, for example:
MOLA AND MOLB AND MOLC

Instead of the word “AND”, plus signs or commas or just spaces may be used. The following are all equiva-
lent to the above:

MOLA MOLB MOLC
MOLA, MOLB, MOLC
MOLA+MOLB+MOLC
MOLA and MOLB+MOLC
MOLA+MOLB MOLC
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4.7 Reactions

A reaction is defined on asingle line of the input file. The format of areaction lineis:
react-name ) input-and-list -> output-and-list | input-Ilist-continued

For example:

R1) MOLA MOLB -> MOLC MOLD

defines areaction named “R1” that accepts MOLA and MOLB and produced MOLC and MOLD. The following
isinterpreted to be exactly the same:

R1) MOLA -> MOLC MOLD | MOLB

The reaction name is optional. If omitted (along with the following right parenthesis), the program will
assign the reaction a name of the form “inputfilename_line_33.” This may be useful for simple tests.

The same molecule may not be in both the input and output of a reaction.

There isno fixed limit on the number of reactions. However a maximum of 32 non-identical, non-useless
reactions may produce the same output molecule. Thisis because the number of candidate reactions
increases exponentially with the number of reactions producing a molecule.

4.8 Constraints

A congtraint is defined on a single line of the input file. The format of a constraint lineis:

i nput - expressi on >> out put-and-1|i st
Thereis no fixed limit on the number of constraints.

The same molecule may not be in both the input and output of a constraint.

4.9 Constraint Expressions
Theinput expression of aconstraint may consist of molecule names, parentheses, and-lists and or-lists, for
example:

(MOLA AND MOLB) OR (MOLC AND MOLD)

MOLA MOLB

( MOLA) ( MOLB)

(MOLA OR MOLB) (MOLC or MOLD)

When both and-lists and or-lists are used without parentheses, “AND” bindstighter than “OR,” for example

MOLA AND MOLB OR MOLC or MOLD

is equivalent to the clearer

(MOLA AND MOLB) OR (MOLC AND MOLD)

The only restriction for input expressions is that molecule names may not be duplicated inside an expres-
sion. For example,

(MOLA AND MOLB) OR (MOLC AND MOLA)

isillegal. In many cases, an invalid expression can be converted to avalid one by factoring using the follow-
ing rules:

1. A AND Aisequivaentto: A
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2. A OR Aisequivaentto: A

3. A AND Bisequivalentto: B AND A

4. A OR Bisequivaentto:B OR A

5. (A AND B) OR (A AND Q) isequivaentto: A AND (B OR Q)
6. (A OR B) AND (A OR Q) isequivadentto: A OR (B AND Q)

For example, the expression:

(A AND B) OR (B AND C) OR (C AND D) OR (D AND A)
which isillegal, can be factored to:

(B ORD AND (AORCQ

It isimpossible to factor certain expressions. For example, the following expression isillegal and cannot be
transformed into alegal form:

(A OR (B AND C)) AND (B OR C)

Expressions of this type have been disallowed because of the amount of time that is necessary to test a sub-
set of reactions for conformance.

4.10 Present Lists

A present list is defined on asingle line of the input file, although multiple present lists may bein thefile.
The format of apresent list lineis:

PRESENT present-and-|i st

For example:
PRESENT MOLA MOLB

The program will generate awarning if a molecule may be mentioned in more than one present list.
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5.0 Output File

Provided that the debugging flags are not used, the output file consists of comments and reaction subsets.
Comments start with an exclamation mark. They are intended to be readable by humans.

A subset isa set of reaction names, separated by spaces. A large subset may continue over severa lines.
After thelast line of a subset, the program generates a blank line.

For example, the program might output:

I Network #1 found, length
R1

1
=

(blank line)

I Network #2 found, length
Rl R3

I
N

(blank line)

(end of file)

5.1 Duplicate Reactions

Reactions that have the same inputs and outputs are considered duplicates. The program combines them
immediately so they will not create extra subsets to search (recall that if there are N reactions producing a

molecule, there are 2MN-1 possible subsets).

When the program outputs a reaction subset, it outputs the duplicate names together, surrounded by paren-
theses. For exampl e, the subset

RL (R2 R3) R4

has duplicate reactions R2 and R3. The single line above is shorthand for the 2%-1 = 3 subsets:
RLRR R4

Rl R3 R4

Rl R2 R3 R4

A subset such as
Rl (R R3 R4 R5) (R6 R7 R8) R9

would be shorthand for 15 x 7 = 105 different subsets.
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6.0 Theory of Operation

The program uses seven processing steps to generate its output:
Lexical analyzing of theinput

Parsing the resulting tokens

Combining duplicate reactions

Connectivity testing and eliminating useless reactions
Estimating complexity

Generating candidate subsets

N o g~ o Dd PR

Testing constraint logic

Each step is described in detail below.

6.1 Lexical Analyzing

Lexical analyzing breaks the input files into tokens (strings of characters that are interpreted as a name or
operator) and ignores extra whitespace and comments. For example, the input line:

(atb )>>f! a comment

would produce the token output:
TOK_LPAREN = " ("

TOLID = "a"
TOK_AND = "+"
TOK ID = "b"

TOK_RPAREN = ") "
TOK_DBLARROW = " >>"
TOK ID = "f"

6.2 Parsing

Parsing determines the semantic meaning of the input tokens produced by the lexical analyzer. For example,
the input file lines:

R1) a+b+c- >f
(((a)or(b))c)>>f

Would produce the parser output:

Reaction "R1":
I nput nol ecul e:
I nput nol ecul e:
I nput nol ecul e:
Qut put nol ecul e:
Constraint "testfile line 2":
| nput expression:
(AND (OR ab) c)
Qut put nol ecul e: f

0 T o

The parser also simplifies constraint expressionsinto and-lists and or-lists, as can be seen above.
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6.3 Combining Duplicate Reactions

Duplicate reactions are combined immediately after the reactions are stored in memory. Aninput file:

Rl) a ->b

R2) b ->c

R3) b ->c

R4) b ->c

R5) ¢ ->d
a>>d

Produces the output:

I Network #1 found, length = 3:
RL( R RBRRA) RS

6.4 Connectivity Testing

Connectivity testing is used to eliminate useless reactions quickly and early, before they can slow down sub-
set generation. For example, the input file:

Rl1) a -> b

R2) b ->c¢

R3) ¢ ->d

b >> ¢

produces the output:

Status: deleting useless reaction RL
Status: deleting useless reaction R3
Status: deleting useless nolecule a
Status: deleting useless nolecule d
I Network #1 found, length = 1:

R2

The connectivity testing uses the following rules:

* A moleculeis considered “input-connected to a constraint” if it isPRESENT or if it isfound in the input
expression of the constraint or if any of the reactionsthat generate it are input-connected to the same con-
straint.

* A reaction is considered “input-connected to a constraint” if all of itsinput molecules are input-con-
nected to the same constraint.

¢ A moleculeis considered “output-connected to a constraint” if it isfound in the output list of the con-
straint or if any reaction that usesit is output-connected to the same constraint. (If the -r flag is given on
the command line, amolecule that is PRESENT is not considered output connected to any constraint.)

¢ Areactionisconsidered “output-connected to a constraint” if any of its output molecules are output-con-
nected to the same constraint.

The program recursively solves the above rules for al reactions and molecules until the results stabilize.
(Connectivity for all constraintsis determined in parallel.) Then:

¢ A reaction is considered useless there is no constraint for which it is both input-connected and output-
connected.

All useless reactions are deleted. Then the connectivity testing is done again until no more useless reactions
are produced. Then:
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* A moleculeis considered uselessif it isnot in the input expression or output list of any constraint and it
does not feed any reaction.

All useless molecules are del eted.

6.5 Estimating Complexity

After deleting usel ess reactions and molecules, the program estimates the complexity of the input in order to
estimate the time and memory required to search all subsets. These estimates are then output as status mes-
sages, for example:

Status: est. menory required (M) = 17.1
Status: est. seconds to search = 11

When searching reaction subsets, the program works backwards from the constraint outputs. The complexity
estimate uses a dightly less accurate, but faster, method:

* Thecomplexity isinitially set to the number of reactions.

* Molecules are processed in an arbitrary order. Molecules that do not feed any reaction and are not in the
output list of any constraint are ignored. When a molecule is processed, the complexity is multiplied by

2P -1, where Pisthe number of reactions, not yet counted, which produce the molecule. (Once areaction
is counted in thisway, it is not counted again for another molecule.)

The memory requirement is estimated by multiplying the complexity by the size of an internal structure
called anode. Thetimeis estimated by multiplying the complexity by a constant determined by experiment.

6.6 Generating Candidate Subsets
The program uses a breadth-first search to find all subsets of reactions from smallest to largest.

To perform the search, the program uses variable-sized structures called “ searchsets,” which are built up of
fixed-sized structures called nodes. (Using fixed-sized structures eliminates memory fragmentation, which
isaproblem for breadth-first searching.)

Each searchset contains:

¢ alist of reactions that comprise the current subset

¢ alist of reactions that are disallowed

¢ alist of moleculesto be searched

Initialy, there is one searchset, which has no reactions on either reaction list. Itslist of molecules contains
the molecules that are in the output lists of al constraints, with no duplicates.

The generation of candidate subsets uses the following algorithm:

1. The searchset with the smallest number of reactionsin its current subset is processed (in the case of atie,
an arbitrary one is picked). If there are no searchsets, the program terminates.

2. Thesearchset’s current reaction subset list is examined. If, for every constraint, the reactions use all the
moleculesin the constraint input expression and outputs all of the molecules in the constraint output list,
the subset is said to satisfy all the constraints. If so, and if all the molecules on searchset’s search list are
either PRESENT or produced by areaction in the current subset or are in a constraint input expression,
the subset is sent for further processing (see Section 6.7).

3. If there are no molecules on the searchset’s search list, the searchset is deleted. Otherwise, the molecule
on the search list with the least number of reactions generating it in the input file is removed and exam-
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ined to find the number of reactions generating it that are not on one of the searchset’s two reaction lists.

If there are N such new reactions, 2N-1 searchsets will replace the searchset being examined (as dis-
cussed below). Otherwise, if there are no new reactions, the next molecule is examined.

4, A searchset iscreated for all subsets of the new reactions. Each new searchset will beidentical to the old
searchset but will have added all the new reactions, either on its current subset list or on its disallowed
list. (For example, if the new reactions were R4 and R5, three new searchsets will replace the old one.
Thefirst will have R4 added to its current subset and R5 added to its disallowed list. The second will
have R5 added to its current subset and R4 added to its disallowed list. The third will have R4 and R5
added to its current subset and nothing added to its disallowed list.) The inputs molecules of the reactions
added to the current subset are added to the search list. The search then continues at step 1.

For example, consider the input file:

Rl) ab->cd
R2) a ->c¢
R3) b ->d
ab>cd

Initially, one searchset is created with molecules“c” and “d” to search:

Initial searchset 0x0414c5b8 created
Sear chset 0x0414c5b8 acti ve:
Reactions (0):
Di sal | owed reacti ons:
Mol ecul es yet to search: ¢ d
Satisfaction bitmp: 0000000f

Both “c” and “d” have two reactions generating them so molecule “c” is arbitrarily chosen:
Searchset 0x0414c5b8 checking c

Molecule“c” is produced by two new reactions, requiring three searchsets to replace the old. Two new
searchsets are created, in addition to the original .

Searchset 0x0414c578 created
Searchset 0x0414c518 created

One of the searchsets with only one reaction in the current subset is arbitrarily chosen:

Searchset 0x0414c578 active:
Reactions (1): Rl
Di sal | owed reactions: R2
Mol ecul es yet to search: b a d
Satisfaction bitmap: 00000000

Using bitmap arithmetic, the searchset is found to satisfy all of the constraints (there is only one). The candi-
date subset is passed on for logic testing (which decides to output it):

Searchset 0x0414c578 testing constraint |ogic
I Network #1 found, length = 1:
R1
Molecules“b” and “a" are examined without finding any new reactions:
Sear chset 0x0414c¢578 checking b
Sear chset 0x0414c¢578 checking a

Molecule “d” is examined and reaction R3 is added to the current subset:
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Sear chset 0x0414c578 checking d

The next searchset with only one reaction is chosen but it does not satisfy the constraint (“a’ and “d” are not
connected):

Searchset 0x0414c518 acti ve:
Reactions (1): R2
Di sal | owed reactions: Rl
Mol ecul es yet to search: a d
Satisfaction bitmp: 0000000a

Molecule“a’ is examined without finding any new reactions:
Sear chset 0x0414c¢518 checking a

Molecule “d” is examined and reaction R3 is added to the current subset:
Sear chset 0x0414c518 checking d

The next searchset (with two reactions) is chosen:

Searchset 0x0414c5b8 acti ve:
Reactions (2): R2 R1
Di sal | owed reactions:
Mol ecul es yet to search: b a d
Satisfaction bitmap: 00000000

The searchset is found to satisfy the constraint. The candidate subset is passed on for logic testing (which
decides to output it):

Sear chset 0x0414c5b8 testing constraint |logic
I Network #2 found, length = 2:
Rl R2

Molecules“b” and “a" are examined without finding any new reactions:

Searchset 0x0414c5b8 checking b
Searchset 0x0414c5b8 checking a

Molecule “d” is examined and reaction R3 is added to the current subset:
Sear chset 0x0414c5b8 checking d

The next searchset (with two reactions) is chosen:

Searchset 0x0414c578 active:
Reactions (2): R3 Rl
Di sal | owed reactions: R2
Mol ecul es yet to search: b
Satisfaction bitmap: 00000000

The searchset is found to satisfy the constraint. The candidate subset is passed on for logic testing (which
decides to output it):

Sear chset 0x0414c578 testing constraint |logic
I Network #3 found, length = 2:
Rl R3

Molecule“b” isexamined without finding any new reactions and there are no molecul es|eft so the searchset
is deleted:
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Sear chset 0x0414c578 checking b
Sear chset 0x0414c578 del et ed

The next searchset (with two reactions) is chosen:

Searchset 0x0414c518 acti ve:
Reactions (2): R3 R2
Di sal | owed reactions: Rl
Mol ecul es yet to search: b
Satisfaction bitmap: 00000000

The searchset is found to satisfy the constraint. The candidate subset is passed on for logic testing (which
decides to output it):

Sear chset 0x0414c518 testing constraint |logic
I Network #4 found, length = 2:
R2 R3

Molecule“b” is examined without finding any new reactions and there are no molecul es | eft so the searchset
is deleted:

Sear chset 0x0414c518 checking b

Sear chset 0x0414c518 del eted

The next searchset (with three reactions) is chosen:

Searchset 0x0414c5b8 acti ve:
Reactions (3): R3 R2Z R1
Di sal | owed reactions:
Mol ecul es yet to search: b
Satisfaction bitmap: 00000000

The searchset is found to satisfy the constraint. The candidate subset is passed on for logic testing (which
decides to output it):

Sear chset 0x0414c5b8 testing constraint |ogic
I Network #5 found, length = 3:
Rl R2 R3

Molecule“b” isexamined without finding any new reactions and there are no molecul es|eft so the searchset
is deleted:

Searchset 0x0414c5b8 checking b
Searchset 0x0414c5b8 del et ed

There are no more searchsets so the program terminates.

6.7 Test Case Genration for Constraint Logic

The candidate subset generation in the previous section only checks that a subset uses all the constraint
inputs and generates all the constraint outputs. Constraint logic testing guarantees that only subsets that pro-
duce the logic required by the constraints will be output.

There are two phases to this testing:
¢ Before any candidates are generated, the program generates a set of test cases for each constraint.

¢ Aseach candidateis generated, itslogic is tested against al the test cases.
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Each test case is a set of inputs to the subset along with an expected output. For example, consider the con-
straint:

(a and b) or (c and d) or e >> f

The parsed output of the expression is:
(OR (ANDab) (ANDc d) e)

The program generates the following test cases to prove the logic:

QUTPUT=0
QUTPUT=1
QUTPUT=0
QUTPUT=0
QUTPUT=1
QUTPUT=0
QUTPUT=0
QUTPUT=1

D
|
Q.
o
11
o
i
o

®®D®D®D®D®ODOD
o oo
P OOOOOOoOOoO
Q0 0 0 Q QO
1 A | R | R
OCORFrRrPFRPROOOO
O 0000000
I A | R | R
OFrPOPFrOO0OO0OOo
O OO OTOTUOTUT
oo
OCOO0OO0OO0ORrF
QYYD
I I
[cNoNeNaN ol

In the table above, the value “1” indicates TRUE and “0" indicates false. “OUTPUT=1" meansthat al the
moleculesin the output list of the constraint must be produced and “OUTPUT=0" means that not al of the
moleculesin the output list may be produced.

The following recursive algorithm is used to generate the test cases:

1. If the constraint input expression isa single molecule (e.g. “A”), it is converted to an AND list (e.g.
“(AND A)"). Because of this, the algorithm only has to deal with lists.

2. Aninitial test caseiscreated for alist. If itisan AND list, thetest case has all variablesin thelist (includ-
ing variables in sub-lists) set to 1 and the output set to 1. If itisan OR list, all variablesin thelist are set
to 0 and the output isset to 0. If it isasub-list (see the next step), there may be variables not in the list;
these are set to the values in the most recently saved initial test case.

3. Eachentry inthelist is examined, from left to right. If it isamolecule, atest case is generated with
everything the same asthe initial test case for the list except the molecul e and the output are both toggled
(settoalifinitially O and vice versa). If theentry isasub-list, theinitial test casefor thislist is saved (so
further entries can be processed) and test case generation for the sub-list begins back at step 2.

4. When all entries have been processed, the program determines if any initial test cases have been saved
and, if so, the most recent is restored and examination of the entriesin its associated list is continued.
Otherwise, the top level list is complete and test case generation stops for this constraint.

An example is obviously needed. Consider:

(OR(ANDab) (ANDc d) e)
The outer listisan OR list so the initial caseis generated with all variablesin the list and sub-lists set to O:
Casel:e=0 d=0 c=0 b=0 a=0 OUTPUT=0

Thefirst entry in the OR list isasub-list so case 1 is saved for later. The sub-list isan AND list, so acase
with all itsvariables (inthiscase“a’ and “b") set to one is generated:

Case 2: e=0 d=0 c¢=0 b=1 a=1 QUTPUT=1

Thefirst entry (“a") in the sub-list are examined and, because it is a molecule, atest case is generated with
its value and the output value toggled:

Case 3: e=0 d=0 c=0 b=1 a=0 OQUTPUT=0

The second entry (“b”) isaso amolecule:
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Case 4: e=0 d=0 c=0 b=0 a=1 QUTPUT=0

The end of the first sub-list has been reached. The most recent saved case (Case 1) is restored and examina
tion of the outer list continues. The next entry isalso an AND list of two molecules (“¢” and “d"), so three
more test cases are generated in asimilar manner as the first sub-list:

Case 5: e=0 d=1 c=1 b=0 a=0 QUTPUT=1
Case 6: 0 a=0 QUTPUT=0

e=0 d= b=

Case 7: e=0 d= b=0 a=0 OUTPUT=0
The end of the second sub-list has been reached. The most recent saved case (Case 1) is restored and exami-
nation of the outer list continues. The next entry isthe molecule “e.” Case 1 is modefied by toggling the

value of “€" and the output to generate a test case:
Case 8: e=1 d=0 c=0 b=0 a=0 OUTPUT=1

The end of the outer list has been reached. Because it is the outer list, no higher-level initial test cases have
been saved so test case generation stops for this constraint.

6.8 Testing Constraint Logic

During candidate testing, the molecule inputs to the reactions in the subset are set to the valuesin the test
case being considered. PRESENT molecules are set to one and molecules not in the test case are set to zero.
The reactions are simulated until the molecul e values stabilize and then the constraint’ s output molecules are
examined to determine if together they match the test case' s output value.

Each test case must be run through the reaction subset (and there will be two or more for each constraint).
Actualy, the program processes all test cases of all constraints simultaneously. Each molecul e has a bitmap,
which is as wide as the number of test cases, to alow all cases to be solved independently yet together.
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7.0 Compiling the Source Code

The source code consists of nearly 2,800 ANSI C statements separated into 15 files:

File

ns_defs. h
ns_proto. h
ns_main. c
ns_|lexical.c
ns_parse. c
ns_netstore.c

ns_connect.c

ns_conplexity.c
ns_candi dates. c
ns_expr.c
ns_out put.c

ns file.c
ns_menory. c
ns_listops.c
ns_bit maps. c

Function

Global structure and constant definitions
Function prototype definitions

Main entry point, command line parsing, help
Lexical analysis (see Section 6.1)

Parsing (see Section 6.2)

Error checking and storing of input file, converting to structures, and dupli-
cate reaction combining (see Section 6.3)

Connectivity testing and usel ess reaction/molecule elimination (see
Section 6.4)

Complexity estimation (see Section 6.5)

Candidate subset generation (see Section 6.6)

Constraint expression test case generation and testing (see Section 6.7)
Output file formatting (see Section 5.0)

File handling

Memory allocation/deall ocation

Variable-length list operations

Variable-length bitmap operations

Thefiles are provided in three variants, with Macintosh, Unix and Windows line endings. All three are iden-
tical except for the line endings.

The code is POSIX compliant and should work on 64-bit machines. It can be compiled with any ANSI C
compiler. For example, the GNU C compiler can be used to produce an executable program using the fol-

lowing command line:
gcc *.c

The - | mflag may be required on some systems to load the math library.

Binary versions for the Windows DOS command line and Macintosh Classic environment have been pro-

vided.
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8.0 Test Files

Six test input files have been provided to alow user-compiled programs to be checked.

8.1 pons_asinorum.rxl

The most basic program that produces aload on the processor, this file takes 10 seconds or more to generate
its output. It consists of 16 parallel reaction paths:

Rl) b->c
R2) ¢ ->q1
R3) g1 ->d
R4) c -> Qg2
R5) g2 ->d
R6) c -> g3
R7) g3 ->d
(etc., etc.)

R32) ¢ -> ql16
R33) 916 -> d

R34) d -> e

b >> e

There are 65,535 output subsets generated:

I Network #1 found, length = 4:
Rl R2 R3 R34

I Network #2 found, length = 4:
Rl R4 R5 R34

I Network #3 found, length = 4:

Rl R6 R7 R34
(etc., etc.)

I Network #65534 found, |length = 32:
RLRAR5 R R R8 RO RIO R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 R21
R22 R23 R24 R25 R26 R27 R28 R29 R30 R31 R32 R33 R34

I Network #65535 found, |ength = 34:
RLRR RBRA RS R6 R7T R8 RO RI0O R11 R12 R13 R14 R15 R16 R17 R18 R19
R20 R21 R22 R23 R24 R25 R26 R27 R28 R29 R30 R31 R32 R33 R34

Pat hs18. r x| isthe same, but with 18 different paths. It requires approximately four times as long to
search, uses about 80 Mb of memory, and generates an output file that is 123 Mbin size.
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8.2 4 test.rxl

Thisfileisabasic test of alternate reaction paths and duplicate elimination:

Rl) ab->cd
R2) a ->c
R3) b ->d
R4) a ->c
ab>cd

It produces four subsets:

Status: conbini ng duplicate reaction R4
I Network #1 found, length = 1:

R1

I Network #2 found, length = 2:
RL( R R4)

I Network #3 found, length = 2:
Rl R3

I Network #4 found, length = 2:
(R M) R

I Network #5 found, length = 3:

RL( R R4) R3

8.3 useless.rx|

Thisfile tests duplicate elimination. All but one reaction is eliminated because there is no source for the
molecule xx:

R1) a -> Db
R2) b ->ql
R3) gl xx ->rl
R4) r1l ->c
R5) b -> g2
R6) g2 xx ->r2
R7) r2 ->C
R8) b -> @3
R9) g3 xx ->7r3
R10) r3 ->C
(etc., etc.)
R71) b -> g24
R72) 24 xx -> r24
R73) r24 ->cC
R74) ¢ ->d
R75) a ->d

a>>d
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The output should be:

Status: deleting useless reaction Rl
Status: deleting useless reaction R2
Status: deleting useless reaction R3
(etc., etc.)
Status: deleting useless reaction R73
Status: deleting useless reaction R74
Status: deleting useless nolecule b
Status: deleting useless nolecule gl
Status: deleting useless nol ecul e xx
Status: deleting useless nolecule rl
Status: deleting useless nolecule ¢
Status: deleting usel ess nolecule g2
Status: deleting useless nolecule r2
(etc., etc.)
Status: deleting usel ess nol ecul e 24
Status: deleting usel ess nolecule r24
I Network #1 found, length = 1:

R75

8.4 duplicates.rxl

This file demonstrates duplicate elimination; no program could solve this network without it. It consists of
192 reactions; eight reactions duplicated 24 times.

Rl) ab->qr
R2) cd->st
R3) ef ->uv
RA) g h->wx
R5) gs ->i j
R6) uw->k I
R7) rt ->mn
R8) vx->o0p
RO) ab->qr
R10) c d -> st
R11) ef ->uv
R12) g h -> w X
R13) g s ->1i j
R14) uw-> k|
R15) r t -> mn
R16) v x -> 0 p
(etc., etc.)

R185) a b ->qr
R186) ¢ d -> s t
R187) e f ->u v
R188) g h -> w x
R189) g s -> i |
R190) u w -> k |
R191) r t -> mn
R192) v x -> 0 p
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abcdefgh>ij kl mnop

The output produces a single subset with many duplicate reactions:

Status: conbi ni ng duplicate reaction RO

Status: conbini ng duplicate reaction R17

Status: conbini ng duplicate reaction R25

Status: conbini ng duplicate reaction R33

(etc., etc.)

Status: conbini ng duplicate reaction RL76

Status: conbini ng duplicate reaction R184

Status: comnbi ni ng duplicate reaction R192

I Network #1 found, length = 8:
( RL RO R17 R25 R33 R41 R49 R57 R65 R73 R81 R89 R97 R105 R113 R121
R129 R137 R145 R153 R161 R169 R177 R185 ) ( R2 R10 R18 R26 R34 R42
R50 R58 R66 R74 R82 RI90 R98 R106 R114 R122 R130 R138 R146 R154 R162
R170 R178 R186 ) ( R3 R11 R19 R27 R35 R43 R51 R59 R67 R75 R83 R91 R99
R107 R115 R123 R131 R139 R147 R155 R163 R171 R179 R187 ) ( R4 R12 R20
R28 R36 R44 R52 R60 R68 R76 R84 R92 R100 R108 R116 R124 R132 R140 R148
R156 R164 R172 R180 R188 ) ( R5 R13 R21 R29 R37 R45 R53 R61 R69 R77
R85 R93 R101 R109 R117 R125 R133 R141 R149 R157 R165 R173 R181 R189 )
( R6 R14 R22 R30 R38 R46 R54 R62 R70 R78 R86 R94 R102 R110 R118 R126
R134 R142 R150 R158 R166 R174 R182 R190 ) ( R7 R15 R23 R31 R39 R47
R55 R63 R71 R79 R87 R95 R103 R111 R119 R127 R135 R143 R151 R159 R167
R175 R183 R191 ) ( R8 R16 R24 R32 R40 R48 R56 R64 R72 R80 R88 R96 R104
R112 R120 R128 R136 R144 R152 R160 R168 R176 R184 R192 )

8.5 expr.rxl

Thisfiletests avariety of different constraint input expressions, requiring 103 test cases:

Rl) ab->e
R) cd->e
R3) e f ->
R4) g h ->i
R5) i j ->k
R6) k1 ->m
R7) mn ->o0

R8) pq->r
R9) s ->u
R10) t ->u

b) or (c d) > e

ab) or (cd)) f) or (g h) >> i

(a b) or (cd)) f) or (g h)) j >k
(ab) or (cd)) f) or (gh)) j I >m
(ab) or (cd)) f) or (gh)) jI n>>o0
>> r

(ab) or (cd) pg>er

sort >u

p(sort)g>ur

((ab) or (cd) (sort) pg>eru

A single valid subset is found, consisting of all 10 reactions:
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I Network #1 found, length = 10
RLRR R3BR4 R5 R6 R7 R8 RO R10

8.6 varied.rx|

Thisfileisacomplex set of reactions that tests many special cases of molecular production and use:

Rl) AB->CllI

R2) 11 ->JJ

R3) NP1 ->EEE| C
PRESENT P1

R4) QQ -> N NN

R5) P2 ->1 PP | E
PRESENT P2

R6) EE X -> G GG
R7) PP -> Z

R8) P3 -> OO | PP
PRESENT P3

R9) I -> K

R10) GGG N -> P
R11) P -> HH LL
R12) Z -> BB | AA
R13) AA OO -> CC
R14) P4 -> FF | OO
PRESENT P4

R15) P5 -> RM| P
PRESENT P5

R16) BB -> DD

R17) CC -> DD

R18) P6 -> DD | KK
PRESENT P6

R19) P7 -> X | MM
PRESENT P7
R20) DD -> U
R21) KN->T
R22) RU-> W
R23) KK -> R
R24) L -> QQ
R25) | -> K

U

PRESENT MM | renpve recurrence
ABL>W

The output is a single subset with 12 reactionsin a chain:

Status: conbining duplicate reaction R25
Status: deleting useless reaction R2
Status: deleting useless reaction R7
Status: deleting useless reaction R8
Status: deleting useless reaction R11
Status: deleting useless reaction R12
Status: deleting useless reaction R13
Status: deleting useless reaction R14
Status: deleting useless reaction R16
Status: deleting useless reaction R17
Status: deleting useless reaction R18
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Status: deleting useless reaction R20
Status: deleting useless reaction R23
Status: deleting useless nolecule |
Status: deleting useless nolecule JJ
Status: deleting usel ess nolecule NN
Status: deleting usel ess nol ecule PP
Status: deleting useless nolecule Z
Status: deleting usel ess nolecule P3
Status: deleting useless nolecule OO
Status: deleting usel ess nolecule HH
Status: deleting useless nolecule LL
Status: deleting usel ess nolecul e BB
Status: deleting usel ess nolecule AA
Status: deleting useless nolecule CC
Status: deleting useless nolecule P4
Status: deleting usel ess nolecule FF
Status: deleting usel ess nolecul e DD
Status: deleting usel ess nol ecul e P6
Status: deleting usel ess nolecule KK
Status: deleting useless nolecule T
I Network #1 found, length = 12

Rl R3R4 RS R6 ( RO RR5 ) RIO R15 R19 R21 R22 R24
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