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Abstract 
 

In the previous paper, a readout approach for the 
Hamiltonian Path Problem (HPP) in DNA 
computing based on the real-time polymerase chain 
reaction (PCR) was proposed. Based on this 
approach, real-time amplification was performed 
with the TaqMan probes and the TaqMan detection 
mechanism was exploited for the design and 
development of the readout approach. The readout 
approach consists of two steps: real-time 
amplification in vitro using TaqMan-based real-time 
PCR, followed by information processing in silico to 
assess the results of real-time amplification, which in 
turn, enables extraction of the Hamiltonian path. 
However, the previous method used manual 
classification of two different output reactions of 
real-time PCR. In this paper, Alternative Fuzzy C-
Means (AFCM) clustering algorithm is used to 
identify automatically two different reactions in real-
time PCR. We show that AFCM clustering technique 
can be implemented for clustering output results of 
DNA computing readout method based on DNA 
Engine Opticon 2 System.  
 
1. Introduction 
 

The innovation of real-time PCR has rapidly 
gained popularity and plays a crucial role in 
molecular medicine and clinical diagnostics [1]. All 
real-time amplification instruments require a 
fluorescence reporter molecule for detection and 
quantitation, whose signal increase is proportional to 
the amount of amplified product. It has been found 
that the mechanism of the TaqMan hydrolysis probe 

shown in Figure 1 [2] is very suitable for the design 
and development of a readout method for DNA 
computing. 

Previously, we have proposed a readout method 
tailored specifically to the HPP in DNA computing, 
which employs a hybrid in vitro-in silico approach 
[3]. In the in vitro phase, O( |V|2 ) TaqMan-based 
real-time PCR reactions are performed in parallel, to 
investigate the ordering of pairs of nodes in the 
Hamiltonian path of a |V|-node instance graph, in 
terms of relative distance from the DNA sequence 
encoding the known start node. The resulting relative 
orderings are then processed in silico, which 
efficiently returns the complete Hamiltonian path. 
The proposed approach is experimentally validated 
optical method specifically designed for the quick 
readout of HPP instances, in DNA computing.  

As shown in Figure 2, the output of DNA 
computing readout method implemented on DNA 
Engine Opticon 2 System consist of two kinds of 
reactions, namely “YES” reaction and “NO” 
reaction. In this paper, we implement AFCM 
clustering algorithm for automatic classification of 
“YES” and “NO” reaction. We also implement the 
conventional FCM clustering algorithm. The results 
show that the conventional FCM clustering 
algorithm implemented on output of DNA Engine 
Opticon 2 system give two misclassifications of 
“YES” and “NO” reaction, due to the problem of 
outliers or noises. However, the misclassifications 
are overcome by implementing the AFCM clustering 
algorithm. We show that the “YES” and “NO” 
reactions can be separated for better in silico 
information processing  
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Figure 1. Illustration of the structure of a TaqMan 

DNA probe. Here, R and Q denote the reporter and 
quencher fluorophores, respectively 

 
2. Readout approach of the DNA 
computing based on real-time PCR 
 

First of all, v1v2v3v4 denotes a double-stranded 
DNA (dsDNA) which contains the base-pairs 
subsequences, v1, v2, v3, and v4 respectively. A 
reaction denoted by TaqMan(v0,vk,vl) indicates that 
real-time PCR is performed using forward primer v0, 
reverse primer vl , and TaqMan probe vk . Based on 
the proposed approach, there are two possible 
reaction conditions regarding the relative locations of 
the TaqMan probe and reverse primer. In particular, 
the first condition occurs when the TaqMan probe 
specifically hybridizes to the template, between the 
forward and reverse primers, while the second 
condition occurs when the reverse primer hybridizes 
between the forward primer and the TaqMan probe. 
Thus, we define TaqMan(v0,vk,vl) = YES if the first 
condition occurred, while TaqMan(v0,vk,vl) = NO if 
the second condition occurred. 

Let the output of an in vitro computation of an 
HPP instance of the input graph be represented by a 
140 base-pairs dsDNA(each node represents 20 base-
pairs) v0v1v4v2v5v3v6 , where the Hamiltonian path 
V0•V1•V4•V2•V5•V3•V6, begins at node V0, ends at 
node V6, and contains intermediate nodes V1, V4, V2, 
V5, and V3 respectively. Note that in practice, only 
the identities of the starting and ending nodes, and 
the presence of all intermediate nodes will be known 
in advance to characterize a solving path. The 
specific order of the intermediate nodes within such 
a path is unknown. 

The first part of the approach, which is performed 
in vitro, consists of [(|V|-2)2-(|V|-2)]/2 real-time PCR 
reactions, each denoted by TaqMan(v0,vk,vl) for all k 
and l, such that 0 < k < |V|-2, 1 < l < |V|-1 , and k < l. 
For this example instance, so that the DNA template 
is dsDNA v0v1v4v2v5v3v6, these 10 reactions are as 
follows: 

(1)   TaqMan(v0,v1,v2) = YES 
(2)   TaqMan(v0,v1,v3) = YES 
(3)   TaqMan(v0,v1,v4) = YES 
(4)   TaqMan(v0,v1,v5) = YES 
(5)   TaqMan(v0,v2,v3) = YES 
(6)   TaqMan(v0,v2,v4) =   NO 
(7)   TaqMan(v0,v2,v5) = YES 
(8)   TaqMan(v0,v3,v4) =   NO 
(9)   TaqMan(v0,v3,v5) =   NO 
(10)   TaqMan(v0,v4,v5) = YES 

The real-time PCR reaction involves primers 
(Sigma Genosys, Japan), TaqMan probes (Sigma 
Genosys, Japan), and QuantiTect Probe PCR Kit 
(QIAGEN, Japan). Ten separate real-time PCR 
reactions were performed in parallel, in order to 
implement the first stage of the proposed HPP 
readout. After the initial activation step at 95ºC for 
15 minutes, the amplification consists of 45 cycles of 
denaturation and annealing/extension, performed at 
94ºC for 15 s and 60ºC for 60 s, respectively. The 
resulting real-time PCR amplification plots are 
illustrated in Figure 3.  

All real-time PCR reactions are completed, the in 
vitro output is subjected to an algorithm for in silico 
information processing, producing the satisfying 
Hamiltonian path of the HPP instance in O(n2) TIME 
(here, n denotes vertex number). The next step is to 
use all the information from 10 TaqMan reactions to 
allocate the each nodes of the Hamiltonian path. This 
can be done by applying the in silico algorithm 
below.  

Input: A[0…|V|-1]=2           // A[2, 2, 2, 2, 2, 2, 2] 
A[0]=1, A[|V|-1]=|V|             // A[1, 2, 2, 2, 2, 2, 

7] 
         for k=1 to |V|-3 
                for l=2 to |V|-2 
                       while l>k 
                           if   TaqMan(v0,vk,vl) = YES 
                                 A[l] = A[l]+1 
                          else A[k] = A[k]+1 
                          endif 
                      endwhile 
                 endfor 
          endfor 
Output : A = {1, 2, 4, 6, 3, 5, 7} 
 

3. Implementation of clustering 
algorithms 
 

From the output graph of real-time PCR, an 
unsupervised learning such as clustering algorithm 
can be implemented for automatic classification of a 
data [4]. Clustering algorithm, K-means for example 
is easy to implement, since the number of groups for 
classification of TaqMan reactions are already 
known. However, hard partitioning or non-fuzzy 
clustering algorithm requires an exhaustive search in 
a huge space because some variables can only take 
two values 0 and 1. Meanwhile fuzzy clustering is 
more computational tractability than hard 
partitioning algorithm [5]. Hence, all the variables 
are continuous, so that derivatives can be computed 
to find the right direction for the search [6]. 

Fuzzy C-means (FCM) has become the well 
known and powerful method in cluster analysis, and 
has been applied in many fields. However FCM 
clustering algorithm cannot handles noise and 
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outliers data. Thus, AFCM clustering algorithm has 
been developed by Wu and Yang, to enhance thre 

robustness of FCM to noise and outliers as well as 
tolerate with unequal sized clusters [7]. 
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Figure 2. An example of reaction plots corresponding to TaqMan(v0,vk,vl) = YES(first condition) and 

TaqMan(v0,vk,vl) = NO (second condition). 
 

 
Figure 3. Output of real-time PCR. Reactions 1 to 10 indicate the [(|V|-2)2-(|V|-2)]/2 TaqMan(v0,vk,vl) reactions of 

the input instance, as defined in Section 3. Note that reactions 6, 8, and 9, which correspond to “NO”, show 
virtually no amplification 

 
 

3.1. FCM clustering algorithm 
 

FCM is a data clustering technique based on the 
optimization of the objective function [8]: 
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where C is a number of clusters and N is a number of 
data. Every data point in the data set requires to 
belong to a cluster at a particular membership 
degree. The purpose of FCM is to group data points 
into different specific clusters. Let 

},...,,{ 21 NxxxX = be a collection of data. By 
minimizing (1), X  is classified into C homogeneous 

clusters, where ijμ  is the membership degree of data 

jx  to a fuzzy cluster set iv , },...,,{ 21 CvvvV =  are 
the cluster centers. CNijU *)(μ=  is a fuzzy partition 

matrix, and ijμ  indicates the membership degree of 
each data point in the data set to the cluster i. The 
value of U  should satisfy the following conditions: 
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The ij vx −  is the Euclidean distance between jx  

and iv . The parameter m  is called fuzziness value 
index, which control the fuzziness value of 
membership of each datum. The cluster center can be 
calculated by using the following equation 

Ci

x

v N

j

m
ij

N

j
j

m
ij

i ,...,1,
)(

)(

1

1 =∀=

∑

∑

=

=

μ

μ

                    (4) 

Then, clustering can be achieved by iteratively 
minimize the aggregate distance between each data 
point in the data set and cluster centers until no 
further minimization is possible. Then, the fuzzy 
partition matrix U is updated by using following 
equation 
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3.2. AFCM clustering algorithm 
 

Wu and Yang have shown that Euclidean norm is 
not robust in a noisy environment [7]. Thus, they 
proposed the exponential distance metric to replace 
the Euclidean distance in the objective function. The 
exponential distance is given by: 

( )
2/1

2
exp1, ⎟

⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞⎜

⎝
⎛ −−−= ijij vxvxd β                         (6) 

where β  is a positive constant, defined by: 
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and x  is defined as 

⎟⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜
⎜

⎝

⎛

=
∑

=

N

x

x

N

j
j

1                                                            (8) 

By replacing Euclidean distance with the exponential 
distance, the new objective function is formulated as: 
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which defines the formulation of AFCM clustering 
algorithm. The necessary condition for minimizing 
equation (9) is given in equation (10) and (11): 
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A fixed-point iteration method can be implemented 
for calculating the iv . 
 
3.3. Classification of TaqMan reactions 
 

In order to cluster the results of TaqMan reaction, 
namely “YES” and “NO” reaction, each graph of the 
reactions are represented as vector 
xj={xj(1),xj(2),xj(3),…,xj(45),xj(46)}. The reactions are 
clustered into two groups, having their centre at 
v1={v1(1),v1(2),…,v1(45),v1(46)} and 
v2={v2(1),v2(2),…,v2(45),v2(46)}. The two centres can be 
viewed as graphs that similar to the TaqMan reaction 
“YES” and “NO”. It is noticed that the centre that is 
located in the amplification region always have 
greater value than the other center in the non-
amplification region. The two centers are called as 
“YES” and “NO” center, where “YES” center is 
greater than “NO” center. This information is used to 
classify the TaqMan reactions “YES” and “NO” by 
comparing the fuzzy partition matrix U. If v2 
represents the “YES” center and v1 represent the 
“NO” center (note that v2 is not always represent the 
“YES” center when the FCM algorithm is 
implemented), then v2 > v1. For example, if U11 and 
U12 equals to 0.6 and 0.4, respectively, the “YES” 
and “NO” reaction can be determined by following 
this rule 

 
if (v1> v2 and Ui1> Ui2) or (v2> v1 and Ui2> Ui1) )   
              xj =”YES” 
else        xj =”NO” 
 
Based on the proposed rule, xj is classified as “NO” 
reaction since Ui1> Ui2 and v1< v2. This rule is 
applied to the remaining “YES” and “NO” reactions. 
The whole classification process for FCM and 
AFCM can be described in the following steps 
FCM 
Step 1: Initialize the membership matrix U with 
random values, subject to (2) and (3) 
Step 2: Calculate the cluster center V by using (4) 
Step 3: Update fuzzy partition matrix U by using (5) 
Step 4: Stop if ||U(t+1)-U(t)||< e, otherwise go to 
step 2 
Step 5: Determine “YES” and “NO” centers (either 
v1> v2 or v2> v1) 

501501501501



Step 6: Classify each TaqMan reactions by using the 
predefined rule 
2 AFCM  
Step 1: Initialize the membership matrix U with 
random values, subjected to conditions (2) and (3) 
Step 2: Calculate the cluster center V by solving the 
equation (11), and calculate for each dimension of V. 
Step 3: Update fuzzy partition matrix U based on 
(10) 
Step 4: Stop if ||U(t+1)-U(t)||< e, otherwise go to 
step 2 
Step 5: Determine “YES” and “NO” centers (either 
v1> v2 or v2> v1) 
 Step 6: Classify each TaqMan reactions by using the 
predefined rule 
 
4. Result and Discusion 
 

FCM and AFCM are implemented to classify the 
TaqMan reaction produced by the DNA Engine 
Opticon 2. The clusterinf parameters used are 
e=0.00001, m=2, N=10, and C=2. The algorithms are 
implemented on Matlab 7.0. The results are shown in 
Figure 4, and Figure 5. The fuzzy partition 
membership values for those two different 
algorithms are listed in Table 1. Based on Table 1, 
two misclassifications occurred when the 
conventional FCM is applied. On the other hand, the 
AFCM has correctly classified all the TaqMan 
reactions. Based on the amplification output of 
TaqMan reactions, reactions 1 and 10 are clearly out 
of range from the “YES” group, reactions 6, 8 and 9 
are closely grouped together to form “NO” group, 
and reactions 2,3,4,5 and 7 can be viewed as “YES” 
group. The misclassification, occurred for the FCM, 
is affected by reactions 1 and 10, as the FCM 
clustering algorithm is based on the “means” or 

“average”. From this observation, reactions 1 and 10 
can be classified as outliers or noises. 

The misclassification problem can be corrected by 
using different distance measure such as exponential 
Euclidean distance, which is employed by AFCM. 
Table 1 shows that the AFCM  has correctly 
classified all the TaqMan reaction, which proves that 
the exponential distance is more robust than 
Euclidean distance, in terms of handling of outliers 
and noises.  
 
5. Conclusion 
 

Based on the DNA computing readout approach 
based on the real-time PCR, the output of real-time 
PCR is clustered for automatically implementation of 
in silico information processing algorithm. The 
AFCM clustering has correctly classified the two 
reactions, namely “YES” and “NO”. 
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Figure. 4.  Output of real-time PCR. with “YES” and “NO” centers calculated using FCM clustering algorithm  
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Figure. 5. Output of real-time PCR. with “YES” and “NO” centers calculated using AFCM clustering algorithm 

 
Table 1. Fuzzy partition value for each TaqMan reactions 

TaqMan manual FCM Reaction 
(v1> v2) 

AFCM Reaction 
(v1> v2) Ui1 Ui2 Ui1 Ui2 

1 YES 0.89454 0.10546 YES 0.52675 0.47325 YES 
2 YES 0.60642 0.39358 YES 0.93949 0.060506 YES 
3 YES 0.97209 0.027907 YES 0.90602 0.093975 YES 
4 YES 0.90606 0.093941 YES 0.97078 0.029225 YES 
5 YES 0.17222 0.82778 NO 0.58404 0.41596 YES 
6 NO 0.018769 0.98123 NO 0.000716 0.99928 NO 
7 YES 0.45078 0.54922 NO 0.8486 0.1514 YES 
8 NO 0.021623 0.97838 NO 0.00265 0.99735 NO 
9 NO 0.017352 0.98265 NO 0.000141 0.99986 NO 
10 YES 0.96744 0.032556 YES 0.61813 0.38187 YES 
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