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Improved Volume Molecular Solutions
for the Maximum Clique Problem on DNA-Based Supercomputing
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Abstract How to decrease the volume in DNA computers is of a great significance in the re-
search of DNA computing. For the objective to decrease the DNA volume of the maximum clique
problem which is a famous NP-complete problem, the pruning strategy is introduced into the
DNA supercomputing and a new DNA algorithm is proposed. The new algorithm consists of a
Degree Searcher, a Clique Generator, a Dense Parallel Searcher, a Sparse Parallel Searcher and a

Maximum Clique Searcher. In a computer simulation, the DNA strands of maximum number re-

quired is OG/3") on the condition of not varying the time complexity where 7 is the number of the
vertex in a graph, while O(2") DNA strands are needed in present molecular algorithms for the
maximum clique problems. Furthermore, this algorithm is highly space-efficient and error-toler-

ant compared to conventional brute-force searching.

Keywords DNA-based supercomputing; maximum clique problem; pruning strategy; NP-com-

plete problem

. and biological laboratory experiments as informa-

1 Introduction . . [ r2]
tion processing operators-’. In 1994 Adleman

DNA computing is a computational model that succeeded to solve an instance of the Hamiltonian

uses bio-molecules as information storage materials path problem in a test tube, just by handling DNA
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strands. The power of parallel, high density com-
putation by molecules in solution allows DNA com-
puters to solve hard computational problems such
as NP-complete problems in polynomially increas-
ing time, while a conventional Turing machine re-
quires exponentially increasing time. However,
most of the current DNA computing strategies are
based on enumerating all candidate solutions.
These algorithms require that the size of the initial
data pool increases exponentially with the number
of variables in the calculation, so that the capacity
of the DNA computer is limited. And what is
more, Fu'* presented the enumeration algorithms
made the length may also too long to make the al-
gorithm to be length-efficient.

In order to break the barrier of this kind of

M proposed a

simply enumerate method, Bach et al
nl. 89" volume, O(n”* 4+ m”) time molecular algo-
rithm for the 3-coloring problem and a 1.51" vol-
ume, O(n*m?) time molecular algorithm for the in-
dependent set problem, where n and m are, subse-
quently, the number of vertices and the number of
edges in the problems resolved. Fu'® presented a
polynomial-time algorithm with a 1.497" volume
for the 3-SAT problem, a polynomial-time algo-
rithm with a 1.345" volume for the 3-coloring
problem and a polynomial-time algorithm with a

Though

is lower, constructing

1. 229" volume for the independent set.

the size of those volumes™*™
those volumes is more difficult and the time com-
plexity is higher.

Maximum Clique Problem'®, which is widely
used in the information retrieval, experimental de-
sign and computer vision, is a famous combinatori-
al optimization problem. Now the algorithm for
the maximum clique problem can not meet the
needs of the application.

In this paper, we describe an algorithm to
solve the maximum clique problem. Since Qu’s™"
paradigm proposed in 2004 demonstrated the feasi-
bility of applying DNA computer to tackle such an
NP-complete problem. Instead of surveying all
possible assignment sequences generated at the
very beginning, we use the operations of Adleman-
Lipton model and the solution space of sticker
which is proposed by Chang et al. , then apply the
pruning strategy, a new DNA algorithm for maxi-
mum clique problem is proposed. The proposed al-

gorithm can solve the maximum clique problem by

using the O (/3") shorter DNA strands without
substantially increasing their time complexity.

2 Reference Model

Chang et al. ' presented the model that took
biological operations in the Adleman-Lipton model
and the solution space of stickers in the sticker-
based model” ', This model has several advanta-
ges from the Adleman-Lipton model and the stick-
er-based model:

(1) The new model has finished all the basic
mathematical functions, and the number of tubes,
the longest length of DNA library strands, the
number of DNA library strands and the number of
biological operations are polynomial.

(2) The basic biological operations in the
Adleman-Lipton model had been performed in a
fully automated manner in their lab. The full auto-
mation manner is essential not only for the speedup
of computation but also for error-free computation.

(3) Chang and Guo''¥ also employed the
sticker-based model and the Adleman-Lipton model
for dealing with Cook’s theorem, the set-packing
and clique problems, the subset-product problem
and many other NP complete problems for decrea-
sing the error rate of hybridization.

If given a tube, one can perform the following
operations in Adleman-Lipton model.

3 Improved DNA Algorithm for Solving
the Maximum Clique Problem

The maximum clique problem is an NP-com-
Bl Let G=(V,
E) be a graph with n nodes. A clique in G is de-
fined as a subset V'CV such that each two vertices

plete problem in computer science

in V' are connected by an arc in E. The Maximum

Clique Problem then involves finding the biggest

subset V' of totally connected nodes in the graph.
The main principle of the improved DNA algo-

rithm for the maximum clique problem is the fol-

lowing

the

problem and searching the vertexes whose degrees

Step 1. Preprocessing maximum clique
are “n—1"or “0”,

Step2. Producing the resolvent solution spaces
for the maximum clique problem.

Step3. Using the pruning strategy for elimi-
nating unfeasible solutions from the resolvent solu-
tion spaces.

Step4. Basing on step3, producing the solu-
tion spaces of the maximum clique problem.
satisfiable  solution

Step5. Searching for

space.
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Step6. Finding the solutions of the maximum
clique problem.

The improved DNA algorithm corresponding
to the basis algorithm above is as follows:

Let G=(V, E) be a finite undirected graph
with vertex set V={v,v,, . v,} and edge set
E={e ,e;,*+,e,}. The ith edge is denoted by e¢;=
{Ull s Uiz b
3.1 Construction of a Parallel Degree Searcher

Before producing the resolvent solution spaces,
the parallel degree searcher is designed to search
the vertexes whose degrees are “0” or “n— 17,
The vertexes whose degrees are “0” are not in the
solution of the maximum problem, and the verte-
xes whose degrees are “n—1” are always in the so-

lution of the maximum problem.

Procedure. Degree_Searcher(E,V,n).
1. For i=n down to 1
2. I (Degree(v;)=i—1) then
v; is the vertex with the maximum degree in the
Graphics
2a. E'=E—E, and V' =V —xv,.
2b.  Degree_Searcher(E’, V', i—1).
Else
3. If (Degree(v;)=0) then
3a. V' =V—nu,.
3b. Degree_Searcher(E', V', i—1).
EndIf
EndIf
EndFor
EndProcedure

The algorithm, Degree_Searcher(E,V,n) can
be used for preprocessing the maximum clique
problem. Degree_Searcher(E, V, n) is a recursive
procedure. Searching the vertex v; whose degree is
“0” or “n—1” and eliminating v; and the edges cor-
responding to it e; from the graph G. At last we
can get a new graph G,. So finding the maximum
clique of the graph G is translated to finding the
maximum clique of the graph G;.

3.2 DNA Algorithm for Resolvent Solution Space
of the Maximum Clique Problem

This algorithm for constructing the resolvent
solution space of the maximum clique problem is
similar to the Michael’s algorithm™ %,

First we find the vertex v; which has the mini-
mization degree of the vertexes in the graph G;.
Suppose that there is £#—1 vertexes adjoining to v;.
Assume that x; *** 2, is an k-bit binary number,
which is applied to represent k£ vertexes. For con-
venience, we assume that x} denotes the vertex v,
that is in the maximum clique problem and ! de-
notes the vertex wv; that is not in the maximum

clique problem. For example, i :** 2} represents
that the vertexes v;(0<{;<Ck) are not in the maxi-
mum clique problem. In this process, we will con-
sider k£ vertexes for producing the resolvent solu-
tion, where the & vertexes are chosen differently
due to the graph G,.

Procedure. Init_Resolvent_Solution(T,, %)

1. For m=1 to &

la.  Amplify (T, T,, Ty).

Ib.  Append (T,, x}).

lc.  Append (Ty, 2.

1d. T,=UCTy.T).

EndFor

EndProcedure

Lemma 1. The resolvent solution space of 2*
possible arrays of input can be constructed with
sticker in a sticker-based model from the algo-
rithm, Init_ Resolvent_Solution(Ty , £).

Proof. Assume that T,, T, and T, are distinct
test tubes but only T, and T, are empty. The algo-
rithm, Init_Resolvent_Solution(T,, %) is imple-
mented via the amplifying, append and merge oper-
ations. Each time step la is used to amplify tube
T, and to generate two new tubes, T, and T,,
which are copies of T,. Tube T, becomes empty.
Then, step 1b is applied to append a DNA se-
quence (sticker), representing the value “1” for
x,,» onto the end of every strand in tube T,. Step
lc is also employed to append a DNA sequence
(sticker) , representing the value “0” for x, , onto
the end of every strand in tube T,. Next, step 1d
is used to pour tube T, and T, into tube T,. This
indicates that DNA strands in tube T, include DNA
sequences of x,,=1 and x,, =0. After repeating the
execution of step la through step 1d, it finally pro-
duces tube T, that consists of 2 DNA sequences
representing 2° possible arrays of input. There-
fore, it is inferred that sticker-based solution space
for 2" possible arrays of input can be constructed
with sticker. O

From Init _ Resolvent _ Solution(T,, k), it
takes £ amplify operations, 2 X k append opera-
tions, # merge operations and three test tubes to
construct sticker-based solution space. A k-bit bi-
nary number corresponds to an array of input. A
value sequence for every bit contains 15 bases.
Therefore, the length of a DNA strand, encoding a
subset, is 15X k bases consisting of the concatena-
tion of one value sequence for each bit.

3.3 Construction of a Clique Generator

In order to reduce the DNA strands of the
maximum clique problem, a parallel clique genera-
tor is designed.
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Procedure. Clique_Generator(T,,n, E', V)
1. Fori=kLk+1 ton
Stopl ;

2. Forj=1ltoi—1
2a. 1 (e,; =0)
2b. Ty =+ (T, zD).
2¢c. If (Detect (T),)="yes”) then
2d. Append (T,, x)).
2e. break Stop 1;
EndIf
EndFor
3. Amplify (T, , Ty, Ts).
4. Append (T,, x}).
5. Append(T;, x).
6. T,=U (T, T, T.).
EndFor

EndProcedure

Lemma 2. The algorithm, Clique_ Generator
(T, ,n,E",V) can be applied to construct the solu-
tion space of the maximum clique problem.

Proof. By the algorithm, Init_Resolvent_So-
lution(T,, k), we can gain the resolvent solution
space. After eliminating the illegal solutions, we
can get the solution space with the algorithm
Clique_Generator (T, ,n,E V). Step 2 is a inner
loop and is mainly employed to produce the solu-
tion space. Step 2a employs the detect operations
to detect whether v; and v, is adjoin. If v, is adjoin
to v;, step 2a uses the extract operation to form a
test tubes: T,. Tube T, includes all of the strands
that have x; = 1. On the execution of step 2c, the
detect operation is applied to check if tube T, con-
tains DNA strands. If it returns a ‘yes’, then step
2d through step 2e are run. On the execution of
step 2d, it uses the append operation to append 15-
based DNA sequences for representing x} onto the
tail of every strand in T;. On the execution of step
2e, this inner loop will be broke and a new inner
loop starts. Step 3 is used to amplify tube T, and
to generate two new tubes, T, and T,, which are
copies of T,. Tube T, becomes empty. On the ex-
ecution of step 4, it uses the append operation to
append 15-based DNA sequences for representing
the value “0” of x;onto the tail of every strand in
T,. On the step 5, it uses the append operation to
append 15-based DNA sequences for representing
x? onto the tail of every strand in T5. ]

From Clique_Generator(T, ,n,E",V), it takes
(n—k—1) extract operations, (n—#k—1) amplify
operations, 2X (n—#k—1) append operations, (n—
k—1) merge operations and 4 test tubes. The
length of a DNA strand is 15 X n.

After the algorithms, Init_Resolvent_Solution
(T, ,k) and Clique_Generator (Ty,n,E ,V), the

solution space for the graph G will be produced.
3.4 Construction of a Solution Searcher

The Michael’s algorithm™" and Quyang’s al-
gorithm!® for maximum clique problem, they all
applied brute force algorithm in the search
process. Every vertex must check whether it has
an edge with the left n—1 vertexes in the comple-
ment of the graph.

In this paper, we design a sparse graph
searcher and a dense graph searcher.
3.4.1 DNA based algorithm for a sparse
solution searcher

In a sparse graph, assume that e is an edge in
G and e= (v, ,v,) s where G is the complement of
the graph G, the library strands with ., =1 and
x,=1 are illegal strands. p is used to represent the
number of edges considered in the sparse parallel
searcher. The sparse graph’s parallel searcher is
constructed as follows.

Procedure. Sparse_Parallel_Searcher (T.n,E",V)

1. Fori=1to | E"|

Assume that e,, is an edge in G and e, = (v, s v,)

la. Ti=+(Ty,x!) and Ty =—(T,, x!).

1b. If (Detect(T,)="yes”) then

1b,. T,=4(T,,x%) and T,=—(T,, x}).

1b,. If (Detect (T3)="yes”) then
1b,. Discard (T3).
Else
1b,. To=U(T,, T).
EndIf
Else
To,=U(T,. To).
EndIf
EndFor
EndProcedure
Lemma 3. The algorithm, Sparse_Parallel_

Searcher(T, ,n,E’,V) can be applied to search the
solution of the clique problem from the sparse
graph’s solution space.

Proof. The algorithm, Sparse _ Parallel _
Searcher(T,,n, E', V), is implemented by means
of the extract, detect and merge operations. Step 1
is the outer loop. On the first execution of step la,
it uses the extract operation to form two test
tubes: T, and T,. Tube T, includes all of the
strands that have x, =1. Tube T, consists all of
the strands that have x, =0. On the execution of
step 1b, the tube T, is first detected with “detec-
tion” operation. If it returns “yes”, then the tube
contain the vertex w, and step 1b, ~ 1b; are run.
When the first execution of step 1b, uses the ex-
tract operation to form two test tubes: T3, T,.
The first tube contains all of the strands that have

x,=1, that is to say, the vertex v, appears in tube
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T,. The second tube T, includes all of the strands
that have x,=0, that is to say, the vertex does not
occur in tube T,. On the execution of step 1b,, it
uses the detect operation to test is there is any
DNA sequence in tube Ty. If it returns a “yes”,
this indicates that the vertex v., v, appear in the
tube T, then on the execution of step 1b,, it uses
discard operation to discard the tube T5. If it re-
turns “no”, step lby; will be run. It is indicated
that the tube T,, and T, contains the strands,
which satisfy the definition of maximum clique
problem. Lastly, the execution of step 1b, applies
the merge operation to pour tubes T, into T,. Re-
peat execution of step la and step 1b, until every
vertex in the graph G are considered. All the legal
solution strands will be contained in tube T,. [

From Sparse_ Parallel_Searcher(T,,n,E ,V),
it takes 2 X p exact operations, 2X p merge opera-
tions, 2 detect operations and five test tubes.
3.4.2 DNA based algorithm for a dense

solution searcher

In the dense graph, assume that a strand with
x.=1, x,=1, if in the graph G there is an edge
between the vertex v, and v,, the strand is illegal.
n, is assumed to represent the number of the verte-
xes considered in the dense parallel searcher. The
dense graph’s parallel searcher is constructed as
follows.

Procedure. Dense_Parallel_Searcher(T,,n, ,
E'\V)

1. Fori=1 ton,—1

la. Tv=+(T,.2") and T, = — (T, ).

1b. If (Detect (T,)="yes”) then

1b,. For j=i+1 to n,

1b;. T;=+(Ty,z}) and T, =—(Ty, x}).
Assume that e is an edge in G and e= (v, ,v;)

1b,. Discard (T3).

EndFor
lc. T,=U(T,,Ty).

Else
1d. Ty, =U(T,,T).

EndIf
EndFor

EndProcedure

Lemma 4. The algorithm, Dense_ Parallel _
Searcher (Tysn,5E ,V) can be applied to search
the solution of the clique problem from the dense
graph’s solution space.

Proof. The algorithm, Parallel _

Searcher(T,,n,,E",V), is implemented by means

Dense _

of the extract, detect and merge operations. Step 1
is the outer loop. On the first execution of step la,
it uses the extract operation to form two test

tubes: T, and T,. Tube T, includes all of the

strands that have x; =1. Tube T, consists all of
the strands that have x; =0. On the execution of
step 1b, the tube T, is first detected with “detec-
tion” operation. If it returns “yes”, then step 1b, ~
lc will be run. Step 1b, is an inner loop. When the
first execution of step 1b,, it uses the extract oper-
ation to form two test tubes: Ty, T,. The first
tube T contains all of the strands that have x; =1,
that is to say, the vertex v; appears in tube Tj.
The second tube T, includes all of the strands that
have x; =0, that is to say, the vertex v; does not
occur in tube T,. Assume that there is an edge be-
tween the vertexes v; and v;, tube T; contains all
the illegal solution strands. On the execution of
step 1b,, it uses discard operation to discard the
tube T5. Step lc applies merge operation to pour
tube T, and T, into tube T,. It is indicated that the
tube T, and T, contains the strands, which satisfy
the definition of maximum clique problem. The ex-
ecution of step lc applies the merge operation to
pour tubes T, and T, into T,. If step 1b returns
“no”, step 1d will be run. On the execution of step
1d, it applies the merge operation to pour tube T,
into tube T,. Repeat execution of step la and step
1d until every vertex in the graph G are consid-
ered. All the legal solution strands will be con-
tained in tube T,. ]

From Dense_Parallel_Searcher (T, ,n,E ,V),
it takes (n,—1) X (n, —1)/2 exact operations and
(n,—1) merge operations, (n; —2) X (n, —1)/2
discard operations, (1, —1) detect operations,and
five text tubes.
3.5 The Construction of a Maximum Clique

Searcher

For searching the solution of the maximum
clique, we produce a maximum clique searcher.

Procedure. Maximum_Clique_Searcher (T, , n)

1. For i=0 ton—1

2. For j=i down to 0

2a. T8 =+ (T, 2} ) and T}, =—(T,. =}, ).
2b. T =U(T; 0, T ).
EndFor
EndFor
3. For k=n down to 1
3a. If (Detect(T,)="yes”) then
3b. Read (T,) and terminate the algorithm.
EndIf
EndFor
EndProcedure

Lemma 5. The algorithm, Maximum_Clique_
Searcher (T, ,n), can be applied to search the so-
lution of the maximum clique problem.

Proof. The algorithm, Maximum _ Clique _
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Searcher(T,,n), is implemented via extract, de-
tect and merge operations. Step 1 is the outer loop
and is mainly used to form the n tubes and the
DNA strands in tube T; contains ¢ “1”, for 0<<{;<C
S,. Step 2 is an inner loop. On the first execution
of step 2a, it uses the extract operation to form
two test tubes: T, and T7,. Tube T?", includes
all of the strands that have z;», =1. Tube T,
consists all of the strands that have x;,; =0. On
the execution of step 2b, the merge operation is
used to pour two tubes T¢%, and T}!, into tube
T,.,. Currently, there will be j+1 vertexes ap-
pear in the strands of tube T,;,. Repeat execution
of step 2a and step 2b until every vertex in the
graph are considered. Step 3 is an inner loop, and
on the execution of it we will find the maximum
clique of the graph. Step 3a is a detect operations
to check if tube T,contains DNA strands. If it re-
turns a ‘yes’, step 3b will be run. On the execu-
tion of the inner loop, step 3., the maximum clique
will be found. O

From Maximum_Clique_Searcher (T,,n)., it
takes n X (n+1)/2 extract operations, nX (n+1)/
2 merge operations, n detect operations, one read
operations and n test tubes.

3.6 Improved DNA Algorithm for Maximum
Clique Problem

The following DNA algorithm is applied to
solve the Maximum Clique Problem.

Algorithm 1. the
problem.

1. Degree_Searcher(E,V.,n).
Init_Resolvent_Solution(T, ,£).
Parallel_Searcher(T, ,k,E’).
Clique_Generator(T, ,n—k,E).
Parallel_Searcher(T, ,n—k,E").

. Maximum_Clique _Searcher (T, ,n).

Solving maximum clique

D U1 A~ W Do

Theorem 1. From those steps in Algorithm 1,
the improved DNA based algorithm for maximum
clique problem can be solved.

Proof.
Degree_Searcher(E,V,n). The algorithm, Degree_

Searcher(E,V,n), is mainly used to find the verte-

On the execution of Step 1, it calls

xes whose degrees are “0” or “n—1”. The vertexes
whose degrees are “0” is sure not to be in the solu-
tion of the maximum clique problem, and the ver-
texes whose degrees are “n— 1" are sure to be in
the maximum clique problem. The algorithm, Init_
Resolvent_Solution ( Ty, » 7/2) . is mainly used to
construct the resolvent solution space for 2* possi-
ble arrays. Step 3 calls Parallel _Searcher (T, &,
E’). The algorithm, Parallel_Searcher(T,,k,E")

is employed to search the satisfiable solution from
the The algorithm,
Clique_Generator (T, ,n—k, E) is mainly used to

resolvent solution space.
produce the solution space for the maximum clique
problem. With the algorithm, Parallel _ Searcher
(Tosn— k. E"), the illegal solution strands are
eliminating from the solution strands and we gain
the solution space of the clique problem. Step 6 is
called Maximum_Clique_Searcher(T,,n). The al-
gorithm, Maximum _ Clique _ Searcher ( T, , n) is
mainly used to search the legal DNA strands for
maximum clique problem from the clique problem’s
|
Performance Analysis of the Proposed DNA
Algorithm and Comparison

solution space.

3.7

The following theorems describe time com-
plexity of Algorithm 1, volume complexity of solu-
tion space in Algorithm 1, the number of the tube
used in Algorithm 1 and the longest library strand
in solution space in Algorithm 1.

Theorem 2. The maximum clique problem
for any undirected n-vertex graph G with m edges

can be solved with O (#n*) biological operations,

OG/3") strands, O(n) tubes and the longest librar-
y strand, O(n) in the Chang et al.’s model, where
n is the number of vertices in G and m is at most
equal to (n X (n—1)/2).

Proof.
From the algorithm, Step 2, it is very obvious that

Algorithm 1 includes six main steps.

it takes £ “amplify” operations, 2 Xk append oper-
ations, k merge operations. Step 4 is mainly ap-
plied to produce the solution space for the maxi-
mum clique problem. It is indicated that it takes
(n—k—1) extract operations, (n—#k—1) amplify
operations, 2X (n—#k—1) append operations, (n—
k—1) merge operations. Step 6 is mainly applied
to figure out the maximum clique and it takes n X
(n+1)/2 extract operations, n X (n+1)/2 merge
operations, n detect operations, one read opera-
tions and n test tubes.

Step 3 and step 5 is used to elimilate the illegal
strands from the solution space. The searcher can
be chosen due to the graph’s character.

(1) m<<nlogn

The graph G is a sparse graph™'", the sparse
parallel searcher is chosen to figure out the solu-
tion. The searching will takes 2 X p extract opera-
tions (0<p<m), 2X p merge operations, two de-
tect operations. The number of operations in Algo-
rithm 1 is n* +7n+4m—~k—2.

(2) m=>nlogn

The graph G is a dense graph', the dense
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parallel searcher is chosen to figure out the solu-
tion. The searching will takes (n,—1) X (n,—1)/2
extract operations, (n, — 1) merge operations,
(n,—1) detect operations and (n,—1) X (n,—1)/2
discard operations, where (n, —1) X (n, —1)/2 is
equal to £ or n—*k and k is an constant. The num-
ber of operations in Algorithm 1 is 2n* 4+7n—k—5.

It is obvious that O(m) =0(x"). Hence, from
the statements mentioned above, it is at once in-
ferred that the time complexity of Algorithm 1 is
On®).

After Step 2 of Algorithml, the resolvent so-
lution is constructed and there are 2* strands in it.
Suppose that there are M(0 <M <(2") strands after
the execution of Step 3 where M is constant. Fig. 1
shows the worse complement graph which we can

get from the graph G. After the execution of Step 4,

the number of strands is less than M X /3".
Hence, the maximum clique problem can be solved

with O(/3") strands on the Algorithm 1.

v, U3 Us U1

Uy U, Vs Uy

Fig.1 Complement of a graph G

Refer to the Michael’ s algorithm™''?), the
number of the tube used in Algorithm 1 is O(n).
According to Lemma 1 and lemma 2, the longest
strand in Algorithm 1 is O(#n).

We summarize the resources used by each algo-
rithm for the maximum clique problem in Table 1.

Table 1 Asymptotic Bounds for Resources Required
by the Three DNA Algorithm
. Solution Length of Number of Number of
Algorithm . . .
space slze computation operations test tubes
Michael” s 11 o2 O(n) O(n?) O
Quyang’ s 13] 02" O(n) O(n?) o)

This paper’s

0G/3") O(n) On?) O(n)

As Table 1 showing, our improved algorithm
reduces the solution space size of the maximum
clique problem with not varying the length of com-
putation and number of operations. But the num-
ber of test tubes increases from O(1) to O(n). [

The Li’s algorithm™® for the maximum clique
problem is the primary result of the extensible al-
gorithm, It has reduced the solution space size
with not varying the length of computation. But
for a graph with great vertexes, it can not solve
the maximum problem efficiency and the number of

iterations is very big.

Our improved algorithm is highly space-effi-
cient and error-tolerant compared to the algo-
rithms for maximum clique problem above.

4 Experimental Results by Simulated DNA
Computing

The graph in Fig. 2 denotes such a problem.
In Fig. 2, the graph G contains seven vertexes and

eleven edges.

v, Uy

Us

Fig. 2 The graph G of our problem

4.1 DNA Code

Our way to simulate the new algorithm is refer
to Michael and Chang at 20040127,

DNA sequences generated by the modified
Adleman program are shown in Table 2. With the
nearest neighbor parameters, the Adleman pro-
gram was used to calculate the enthalpy, entropy,
and free energy for the binding of each probe to its
corresponding region on a library strand. The en-
ergys used are shown in Table 3. The program also
figured out the average and standard deviation for
the enthalpy., entropy and free energy over all
probe/library strand interactions. The energy lev-
els are shown in Table 4.

Table 2 Sequences Used to Represent the 14bits (Blocks) inT,

Bit 5'—>3" DNA sequence Bit
2} AATAATTTCCTCCCC| =}
2y ACCTAACCACACTCT| )
23 CTCCTATATCCACCT| a}
2y TCTACTTTCTCTCAT| x}
22 TTCACTATTAATCCC| !
20 CATTCTTTCAATAAC| =z}
22 TTATTACAACTTAAT| =}

5'—>3" DNA sequence
CTATCTAATTAAACA
TTCCCACATCAAACC
CCATAATCACTACCC
ACCCCAACCATCTCA
TTTAATATTCACATT
TCCCTACTCATCACA
CCACAATAAATTTCC

Table 3 The Energys for Binding of Each Probe to Its
Corresponding Region on a Library Strand in T,

Enthalpy Entropy Free Enthalpy Entropy Free

Bit  energy energy energy || Bit energy energy  energy
(H) S) (G) (H) (S) (&)
) 114. 4 299. 4 25.0 | i 107. 8 278.6 24.3
) 103. 8 272.6 22.3 | xi 112.8 284.9 27.8
R 115.9 294.0 28.2 || x4 111.3 285.7 25.9
2 108.5 273.0 27.0 || x4 105.0 270.8 24.1
22 111.3 285.7  25.9 ||zl 105.2 270.5  24.4
xy  108.4 286.3  22.6 || xf 109.9 285.5  24.5
9 111. 1 288.3 25.0 || x3 101. 9 266.0 22.4
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Table 4 The Energys over All Probe/Library Strand
Interactions in T,

Enthalpy Entropy Free
energy (H) energy (S) energy (G)
Average 109. 0929 281.5214 24.95714
Standard deviation 3.935455 9. 42786 1. 80068

4.2 Solving Process of the Improved Algorithm for
the Maximum Clique Problem

After DNA coding, we can simulate the Algo-
rithm 1. First, on the execution of Step 1, finding
out the vertex v, whose degree is five and the ver-
tex v; whose degree is “0”. Eliminating the vertex
v, » the vertex v; and all the edges related to the
vertex v, , we can get a new graph G, that shows in
Fig. 3. There are five vertexes in graph G, and the

minimum degree is three.

U Uy

g v

v,

Fig.3 The graph G,

Of the graph G, . the vertex set V is {v;,v;,
v, .05 »s ) and the degree set is {1, 3, 2, 3, 3}.
The vertex v, having the min degree and the vertex
v 1s adjoin to the vertex v;. On the execution of
Step 2, the resolvent solution space for the vertex
v, and v, is produced. The library strands are
{ay 2y a2l ab s 2] )y 21 28 ). Searching the resolvent
solution space, the illegal strands are eliminated
and the library strands is {x{af .2 xs » 2128 s2ixs ).
the the

relsovent strands, the solution space of the graph

Based on clique generator and legal

G, is produced. The library strands are {x{xfx}x!

0 0_0_0_0_1 0_0_0_1_0 0o_0_0_1_1 0o_0_1_0
X5 s L1 X X3y X5 s L1 Xg X3 Ly L5 s L] Xg X3y X5 e L] Xg X3y

00101 _0_0_1_1_0 _0_0_1_1_1 _0_1_0_0
s L1 XLg L3 Xy L5 9 X LgX3Ly X5 9 XL L3XLy L5 97 Lp X3 Xy

o_1_o_o0o_1 _0_1_0_1_0 o_1_o0o_1_1 _0_1_1_0
s X1 Xg X3 X4 X5 s X1 XgX3L4 X5 9 XX L3X4 L5 91 Lp X3 Ty

o1 _1_0_1 _0o_1_1_1_0 _0_1_1_1_1 _1_0_0_0
sy L1 X6 X3 Ty L5 s X1 XT3y X5 9 X1 X6 X3 X4 L5 9 X1 L6 X3 X4

sxiagalalxd ).

The graph G, showing in Fig. 4 has four ledges
and five vertexes, so it is a dense graph. We
choose the dense parallel searcher for figuring out
the satisfied solution. After the execution of Step

5, the library strands are {afx§a)x) a2l , 2) 2§ 25 2}

0 _0_0_1_0 0 _0_0_1 1 0o_.0_1_0_0 0o_0_1_0
X5 s X1 X X34 X5 s L1 XgX3Xy L5 s X1 Xg X34 X5 ¢ X1 Xg X3y

1
5
1 0.0 1.1.0 0 0 1_1_1 _0_1_0_0_0 _0_1_0_0
X5 9 L] XgL3 X5 9 X1 XgX3L4 X5 9 X1 X6 X345 91 X6 X34
1

o_1_1_0_0 o_1_1_0_1 1._0_0_0_0 1_1_0_0
X5 s X1 X3 X4 X5 s L1 X3y 5 s XN XgL3 Xy A5 ¢ X1 Lg X3y

x2}. Because of the Step 6, we can get the maxi-
mum cique for the clique G,. It needs six tubes,

T,,T,,T,,T,,T, and T;. In tube T,, the strand,

{2222}, will appear. The strands, {afx)x}

0 1 0_0_0 1 0 0 _.0 1 0 _0 0 1 0 _0_0 1 0 0
Xy s L1 g3y A5 s L] X3 Ly X5 s L] Lg X345 9] X5 X3
0 0 : 0 0 0 1
xx?}, appear in tube T,. The strands, {x{xfxix;

1
X5 s

xixixial, plxlaixeial s 2l xgalalxal, vl
x5 x), xixixialxl}, appear in tube T,. The strand
{2l i 2t 2ty 2 xbxi 2 2}, appear in tube Ts;.
The tube T,and T; will be empty. Hence, from
the tube T; we can find the maximum clique of the
graph G, which is {v;, v;, v; } and {v;, vs, v }.
Adding the vertex v, to it, the maximum clique of
the graph G is got, which is {v;, vy, v,. v} and
{2503 505 505 |

v, v,

v,

Fig.4 G, , the complement of the graph G,

5 Conclusion

Although there is much preliminary study to the
volume’ s exponential explosion problem™®™, it is
also the critical factor that constraints the develop-
ment of the DNA computing. For the objective to
decrease the DNA volume of the maximum clique
problem, the pruning strategy was taken into the
DNA-based supercomputing and a new DNA-based
algorithm was proposed. Comparing with the enu-
merate DNA-based algorithm for maximum clique

problem " '*1" | the DNA library strands reduced
from O(2") to OG/3").

There are still many NP-complete problems
have electronic algorithms where the space com-
Whether these algo-
rithms have corresponding DNA algorithms, or can

plex is lower than O (2").

modify then use in DNA computing? However,
currently it is hard to say the molecular computers
will have a bright future. In the future molecular
computers may be the clear choice for performing
massively parallel computations. To reach a free
stage in using DNA computers, just as using clas-
sical digital computers, there are still many techni-
cal difficulties to overcome before this becomes a

reality.
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