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Abstract—The technology of DNA self-assembly has played 
an important role in the field of DNA computing and 
nanotechnology. Many small-scaled NP complete problems 
can be solved by self-assembly model. In this paper, we 
based on the addition of two numbers, and proposed the 
addition of two matrices of DNA Tile self-assembly model. 
The algorithm can   be applied to add two elements in the 
corresponding positions automatically, and then in top line 
of the assembly appears the final results. Theoretical 
analysis shows that the model can solve the matrix addition 
operation of any order.  
 
Index Terms—DNA computing; NP complete problem; 
matrix addition; self-assembly 
 

I.  INTRODUCTION 

 DNA computing is a new kind of information 
processing pattern, which is based on biochemical 
reaction with DNA molecules, bio-enzyme and so on 
being the most basic materials. DNA computing was first 
put forward by Adlema[1,2] in 1994. He solved the 
problem of a seven vertices Hamilton road with DNA 
molecule, and successfully conducted the biochemical 
experiments. The significance of the experiment was that 
the application of a brand-new medium for calculation 
provides a new computing method to solve difficult 
problems, which can not be solved by traditional 
electronic computers in multinomial time. Thus he 
created a totally new field of computing, which attracted 
many scholars’ interest. If we think of a strand of DNA as 
a sequence of characters chosen from a four-letter 
alphabet, then it is clear that we may use it to represent 
information in the same way that electronic computers 
use a two-letter (binary) alphabet. The general principle 
of extant DNA computation is to first generate a random 
set of strands in which solutions to a given problem occur 
with high probability. The computation then proceeds by 
using standard manipulation techniques to isolate those 
that are solutions. In 1995, Lipton[3] established a 
computing model rested on the SAT problems of DNA 
computing. In 1996, Roweis[4]and some other scholars 
put forward a new kind of DNA computing model--
Sticking model by further research of the mechanism of 
biological calculation. In the same year, Frank[5] 
advanced an addition model of DNA computing and 
published in the science. Professor Sakamoto[6],from 
Tokyo University, created a hairpin form of DNA 
molecular for DNA computing model. In 2002, Braich[7] 
and others successfully solved a SAT problem with 20-

variables.This was the largest scale of NP complete 
problems which were solved by using the DNA 
computing model at that time. Theoretical analysis 
showed that, the highly concurrence and huge storage 
capacity of DNA computing made it an effective method 
to solve the NP complete problems. 

DNA tile self-assembly is looked forward to many 
applications in different fields. More and more scientists 
have paid their attention on this field. Therefore, DNA 
computation based on self-assembly has been playing a 
significant role in bio-molecular computing. Mao [8] 
came up with triplecrossover to execute four steps of 
logical (cumulative XOR) operations on a string of binary 
bits. These kinds of tiles are more stable and rigid which 
ensure that the process of tile assembly can achieve our 
desired computation. Barish et al.[9] have proposed an 
algorithmic self-assembly to perform two primitive 
computations: copying and counting, and experimentally 
demonstrated the potential of algorithmic self-assembly 
to create complex nano-scale patterns. Fujibayashi et al. 
[10] have used DNA tiles and DNA origami to grow 
crystals containing a cellular automaton pattern and 
proved that programmable molecular self-assembly may 
be sufficient to create a wide range of complex objects in 
one-pot reactions. Dwyer and his research group [11] 
have proposed two architectures that are enabled by self-
assembly for implementation of DNA computers solving 
highly demanding computational problems. 

In addition, a variety of researches have emerged in 
this field and applied this biological technique to 
implementing more intricate computation. NP-complete 
problems have been considered as a kind of problems 
which are hard to solve by the conventional electronic 
computer. In 2000, Lagoudakis et al.[12] presented an 
algorithmic design for solving the SAT problem using 2-
dimensional DNA self-assembly. His design and 
encoding of the algorithm in a general way separated the 
algorithm from the data and minimized the dependence 
on particular instance. Jonoska and McColm [13] have 
developed an algebraic representation of the self-
assembly process and use it to prove that his model of 
self-assembly precisely captures NP-computability under 
certain conditions. 

In recent 10 years, DNA self-assembly has been 
widely developped in the fields of molecular calculation, 
biophysics, nanometer technical, etc. In 1989, Seeman 
first proposed a crisscross structure as the basic element 
of DNA self-assembly. In 1998, Winfree[14-16], based 
on Seeman’s molecular nanometer structure, had the idea 
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that using the procedure of the Tile model to construct the 
nanometer structure can help to achieve calculation. And 
they first constructed the simple of two dimensional tiles 
using DNA strands, including doublecrossover molecules 
and triple-crossover molecules, to demonstrate the 
feasibility of computing through the self-assembling of 
DNA tiles. In 2003, Hao[17] designed the crystal of  
DNA self-assembly, which included DNA barcode 
patterns. It was the first time to construct the non-periodic 
pattern by making use of DNA self-assembly. In 2004, 
Rothemund[18,19] took advantage of  DX to design 
Sierpinski triangle self-assembly, and used the automata 
theory of one-dimensional cellular to realize XOR 
operations. In 2007, Brun[20-23], the student of Adleman, 
created the addition and multiplication model with the 
application of Tile self-assembly. In 2008, Qian[24] used 
DNA self-assembly to realize the logic circuit with “and” 
and “not” gates, which could be employed to design 
molecular circuit. In 2009, Zhang[25] achieved the 
subtraction and division with the application of DNA 
self-assembly. In the same year, Cheng[26] proposed a 
method on the base of DNA Tile self-assembly algorithm 
to solve the problem of subset accumulations. 

II.  FORMALIZATION OF TILE SELF-ASSEMBLY 

Self-assembly is a process that is ubiquitous in nature. 
Systems form on all scales via self-assembly: atoms self-
assemble to form molecules, molecules to form 
complexes, and stars and planets to form galaxies. One 
manifestation of self-assembly is crystal growth: 
molecules self-assembling to form crystals. Crystal 
growth is an interesting area of research for computer 
scientists because it has been shown that, in theory, under 
careful control, crystals can compute.  

Building on classical Wang tiling models[27] dating 
back to the 1960s, Rothemund and Winfree in 2000 
proposed an elegant discrete mathematical model for 
complexity theoretic studies of self-assembly known as 
the Tile Assembly Model. In this model, DNA tiles are 
treated as oriented unit squares (tiles). Each of the four 
sides of a tile has a glue with a positive integral strength. 
Assembly occurs by accretion of tiles iteratively to an 
existing assembly, starting with a distinguished seed tile. 
A tile can be  “glued”  to a position in an existing 
assembly if the tile can fit in the position such that each 
pair of abutting sides of the tile and the assembly have the 
same glue and the total strength of the glues is greater 
than or equal to the temperature, a system parameter. 
Research in this field largely focuses on studying the 
complexity of and algorithms for (uniquely and 
terminally) producing assemblies with given properties, 
such as shape. It has been shown that the construction of 

nn× squares has a program size complexity (the 
minimum number of distinct types of tiles required) of 

)
loglog

log(
n

n
Θ [28]. The upper bound is obtained by 

simulating a binary counter and the lower bound by 
analyzing the Kolmogorov complexity of the tiling 
system. This model was later extended by Adleman et al. 

to include the time complexity of generating specified 
assemblies. Later work studies various topics, including 
combinatorial optimization, fault tolerance, complexity 
problems and topology changes, in the standard Tile 
Assembly Model as well as some of its variants [29-40]. 

DNA Tile self-assembly model has been fully defined 
in Ref [20] and the definitions here are similar to those. It 
is necessary to restate them here to assist the readers to 
understand the following discussions. It is defined that 
the glue is used to represent binding domain of each tile. 
Each single-stranded overhang of a tile is designed 
different so that the glue corresponding to each side is 
different. Formally, each tile will be covered with a 
“specific” glue on its east, south, west and north side. It 
may stick to another tile when the binding domain on the 
abutting sides of those tiles match when total strength of 
all the abutting domains on the tile equals or exceeds the 
current temperature. By specific, it is defined that each 
type of glue will have a set of glues to which it can stick 
and which can stick to it and disjoint set of glues to which 
it cannot stick and which cannot stick to it. 

Tile self-assembly model mainly consists of four parts
： 

 basic Tile types：the basic Tile types used to 
construct various calculation operator, stored the 
value of operation,to finish all kinds of 
calculation. 

 A strength function: used to define two adjacent 
Tile at any two domains intensity. 

 Seed Tile: used to define the beginning and end 
for a self-assembly. 

 Parameter τ : used to express the thermal 
dynamic parameters, only when the domain 
strength sum between every two Tile greater than 
a given parameterτ , the whole assembly steady 

Formally, letΣ be a finite alphabet of binding domains 
such that null Σ∈ . A tile over a set of binding 
domains Σ is a 4-tuple< WSEN σσσσ ,,, >

4Σ∈ .A 
position is an element of Z2. The set of 
directions },,,{ WSEND = is a set of four functions from 
positions to positions, i.e. Z2 to Z2 such that for all 
positions ),( yx , )1,(),( += yxyxN , ),1(),( yxyxE += , 

)1,(),( −= yxyxS , ),1(),( yxyxW −= . If )','( yx  and 
),( yx  are next to each other, and only if the positions of 

)','( yx  and ),( yx  meet the conditions of 
)','(),(, yxyxdDd =∈∃ . For a tile t , for Dd ∈ , 

)(tbdd  as the binding domain of tile t  on s’d  side. A 
special tile empty = <null, null, null, null> represents the 
absence of all other tiles. 

A strength function g : R→Σ×Σ , Σ∈∀σ , 

0),( =σnullg .It is common to assume 
that 0)',( =σσg ⇔ 'σσ ≠ .This simplification of the 
model implies that the abutting binding domains of two 
tiles have to match to bind. 

Let T be a set of tiles containing the empty tile. A 
configuration of T  is a function A : Z ×  
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Z→ T . emptyyxA ≠),( , Ayx ∈),( .There is only a finite 
number of distinct positions Ayx ∈),( . 

Finally, a tile system S a 4-tuple < τ,,, gTS >,where 
S  is a seed-configuration; T is a finite set of tiles 
containing empty; g is a strength function; N∈τ is the 
temperature. 

If A is a configuration, then within system S, a tile t  
can attach to A  at position ),( yx and produce a new 
configuration 'A iff: 
(1) Ayx ∉),(  and  

(2) τ≥∑ ∈ −Dd dd yxdAbdtbdg )))),(((),(( 1
, and  

(3) ∈∀ ),( vu 2Z ， ),(),('),(),( vuAvuAyxvu =⇒≠ ，

and  
(4) tyxA =),(' . 

That is, a tile can attach to a configuration only in 
empty positions and only if the total strength of the 
appropriate binding domains on the tiles in neighboring 
positions meets or exceeds the temperature τ .  

Given a tile system S=< τ,,, gTS >, a set of tiles T , 
and a seed configuration S : Z2→ S , if the above 
conditions are satisfied, one may attach tiles of T to S . 
Configurations produced by repeated attachments of tiles 
fromT  are said to be produced by S on S . If this process 
terminates, then the configuration achieved when no 
more attachments are possible is called the final 
configuration. If for all sequences of tile attachments, all 
possible final configurations are identical, then S is said 
to produce a unique final configuration on S . 

III.  TWO NUMBERS ADD SYSTEM 

A. Preliminary 
This paper establishes a tile assembly model on the 

basis of triple-crossover tile molecules. As shown by 
Brun [20], a tile can attach to a configuration only in 
empty positions and only if the total strength of the 
appropriate binding domains on the tiles in adjacent 
positions meets or exceeds the temperature t . Herein, we 
give some assumptions that 1=g and 2=t . 
Consequently, it means that a tile t can attach only at 
positions with matching binding domains on the tiles in at 
least two adjacent positions. 

A Lot of research has demonstrated that tile assembly 
is a powerful technique for performing DNA-based 
computation. Here, we devote to theoretically developing 
a tile assembly system model which is used to accomplish 
the matrix addition problem. We mainly consider the 
triple-crossover molecule as the basic computational unit; 
their molecular structure is illustrated in Fig.1. The 
molecule contains four strands (shown in red, green, blue, 
purple) that self-assemble through Watson-Crick base 
pairing to produce three double helixes in a roughly 
planar plane. Each double helix is connected to the 
adjacent double helical domains at two points where their 

strands cross over between them. The ends of the central 
double helix are closed by hairpin loops. Our design is 
described at the algorithmic level so that we abstract each 
DNA tile as a square for simplicity with labels at each 
side(see Fig.1). Each alphabetic label formally indicates a 
parallel kind of sticky end. Two sticky ends that can be 
attachable in the Watson-Crick sense and ligation are 
represented by identical labels. Each tile can have from 
one to four labels. 

E
σ

Sσ

W
σ

Nσ

Fig.1.Triple-crossover tile and its abstracted representation. The 
structure in the left contains four strands (shown in red, green, blue and 
purple) that self-assemble through Watson-Crick base pairing to 
produce three double helices in a roughly planar arrangement. The ends 
of the central double helix are closed by hairpin loops, but the other 
helices can terminate in sticky ends containing information that directs 
the assembly of the tiles. For simplicity, the right square is used to 
abstract the structure of the left tile. The four sticky ends are shown by 

iσ where },,,{ NWSEi∈ , and only the sticky ends of the 

adjacent tiles which owned the same information that can attach to each 
other. 

Computation by self-assembly is the spontaneous 
selfordering of substructures into superstructures driven 
by annealing of Watson-Crick base-pairing DNA 
sequences. Computation by DNA tile self-assembly 
entails the building up of superstructures from starting 
units such that the assembly process itself performs the 
actual computation. DNA tile self-assembly is also a 
highly parallel process, where many copies of different 
molecules bind simultaneously to form intermediate 
complexes. One might be seeking to construct many 
copies of the same complexes at the same time, as in the 
assembly of periodic 1D or 2D arrays; Alternatively, one 
might wish to assemble in parallel different molecules, as 
in DNA-based computation, where different assemblies 
are sought to test out the combinatorics of the problem. 

A sequential or deterministic process of DNA tile self-
assembly has three highly parallel instruction steps [40]. 
The first one is molecular recognition: elementary 
molecules selectively bind to others. The second is 
growth: elementary molecules or intermediate assemblies 
are the building blocks that bind to each other following a 
sequential or hierarchical assembly. The cooperativity 
and non-linear behavior often characterize this process. 
The third way is termination: a built-in halting feature is 
required to specify the completion of the assembly. In 
practice, their growth is interrupted by physical and/or 
environmental constraints. DNA tile self-assembly is a 
time-dependent process and because of this, temporal 
information and kinetic control may play a role in the 
process before thermodynamic stability is reached. The 
process of DNA tile self-assembly has three characters 
[41]: it is a timedependent process and because of this, 
temporal information and kinetic control may play a role 
in the process before thermodynamic stability is reached. 
And the molecular self-assembly is also a highly parallel 
process, where many copies of different molecules bind 

700 JOURNAL OF COMPUTERS, VOL. 6, NO. 4, APRIL 2011

© 2011 ACADEMY PUBLISHER



 

 

simultaneously to form intermediate complexes. Another 
characteristic of a molecular self-assembly is that the 
hierarchical build-up of complex assemblies allows one 
to intervene at each step, either to suppress the following 
one, or to orient the system towards a different pathway. 

B. Two Numbers Add System 
Here we use the L-configure to calculate the addition 

operator, the method use a size )1(Θ  tile set. It is 
important to construction the matrix addition system, the 
following will give a detailed presentation. 

Encodes two numbers in binary: 2101001183 ==a , 

210001135 ==b . Then we use of DNA tile self-
assembly to solution ba + . The below show are the 
abstract tile types and the basic tile type, and an example 
of the seed configuration and finail configuration(Fig.1). 
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(d) 

Fig 2. An example for addition system The system computes 3583+ . 
The tiles have two input sides (east and south)and two output sides 
(west and north). (d) shows the final stage of the addition system. 
 
 

Theorem 1: Let }1,*0,*1#,0#,1,0{16 =Σ , 116 =g , 216 =τ , 

16T  is a tile set for 16Σ , show as Fig1(b). Then 
S+16= >< 16161616 ,,, τgTS  computes the function 

babaf +=),( . 
In L-configure, there are four abstract tile types: 

yellow, green, magenta and blue four colors. Blue tiles 
are used to convey information; magenta tiles that 
perform two jobs: propagating the information up just as 
the blue tiles and guiding the yellow diagonal line. Green 
and yellow tiles to perform addition operation. As for 
addition system, one of the input numbers is coded on the 
bottom row and the second input number on the rightmost 
column of an L-configuration. The adder adds one bit of 
the column number to the row number, per row. The i th 
bit has to be added at the ith position, and the system uses 
the yellow diagonal line to compute that position. Each 
tile has two input sides (south and east) and two output 
sides (north and west). The north side is the value of the 
tile and the west side is the carry bit. The 1 or 0 in the 
middle of the tile t  is that tile’s )(tv  value. 

Fig.2(c) shows a sample seed configuration which 
encodes two numbers in binary: 8310100112 = , 

351000112 = . Just as before, Number 83 is encoded on 
the bottom row and number 35 is encoded on the 
rightmost column. There are four tiles in 16Σ ,  the 1 and 0 
tiles for each of the inputs. Note that at the start, only one 
tile may attach to this configuration because 2=τ and 
there is only a single corner. Therefore, S+16 produces a 
unique final configuration. Fig.2(d) shows the final 
configuration for the example of 3583+ , with the 
solution encoded on the top row. The row reads 

358311811101102 +== . Just as before, because the 
sum of two n -bit numbers may be as large as 1+n  bits, 
the row input needs to be padded with a single extra 0 tile 
as its most significant bit. The column input does not 
need this padding. 

IV.  MATRIX ADDITION SYSTEM 

Through the above description, we are clear that the 
addition system of tile self-assembly. But for the sum of 
two matrix: mnA  and mnB . There are nm× pairs numbers 
for addition. In order to read out these results, we need to 
add some separators. Each of the matrix in the 
corresponding location are separated with separator. So it 
can read the result easily. 

The following we will given a simply example to 
illuminate the matrix addition system of DNA tile self-
assembly. The calculation tiles are the same as 
above(Fig.2(b)). The tiles for separate as show Fig3.(a). 
Note here, two matrices used in the separators can not be 
the same. Otherwise it would causeambiguity in 
calculation. So it can’t get the right result. We take a 

22× matrix addition as an example to show the 
calculation process. The matrix addition is as follow. 
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(a) 

 
(b) (c) 

Fig.3 An example for matrix addition system. (a) The basic tile types of the  matrix addition system. (b) The seed configuration for matrix addition 
system. (c) The final stage for matrix addition system. 
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⎛
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Fig.3(a) 12 kinds of tiles, they perform two jobs: 
propagating the information up and chansmission 
information. For example, after 11a add 11b , through the 
red tiles to transmit information up. Fig.3(b) give a seed 
configuration for two matrix addition. Just as before, in 
front of each number(the bottom row), needs to be 
padded with a single extra 0 tile as its most significant bit. 
The column input does not need this padding. Fig.3(c) 
shows the final configuration. From Fig.3(c) we can see 
clearly that the four partitioned matrices along the main 
diagonal rectangular, they are for add operation. It 
involves yellow, magenta and green tiles. Both the red 
and blue tiles are for information transmission. The final 
result showed at the top line. From the right to left are 
the values of matrix at each position. The value are: 

2102 = , 21015 = , 2113 = , 2113 = .  
In theory, the model can be calculation to any order of 

the addition operation of two matrices. Just as increases 
the number of the matrix and the order, the assembly will 
be increased also. In the paper, the elements of value are 
relatively small. It should also be noted that the matrix 
addition model is only applicable to each element of the 
matrix are non-negative, for the more general case of 
matrix addition model also need to study in the future. 

V.  COMPLEXITY ANALYSIS 

As for matrix addition model, the self-assembly time 
is relevant with the size and the number of element 
contain in the matrix. Let the largest element in the 
matrix is n -binary, and the matrix contain nn×  

elements. Therefore, the time complexity of the assembly 
is: 

)( 3nnnnT Θ=××= . 
The space complexity of the system S is the area of 

the assembly: 
)(]1][1)1[( 62322 nnnnnnS Θ=−+−++= . 

Finally, the type of the required tiles are: 
Border tiles: 8; 
Calculated tiles: 16; 
Tiles for separator and information transfer: 12; 
Total tiles: )1(3612168 Θ==++ . 

VI.  CONCLUSION 

The paper is based on the addition model, and we 
proposed the matrix addition model by DNA tile self-
assembly. The elements of the matrix are encoding by 
binary, the encoding sequence of elements in the matrix 
are from each row, and corresponding to the seed 
configuaration are from right to left, bottom to top. The 
results display in the top row of the system. From right to 
left is the results of  each elements in the matrix. In 
theory, this model can calculate any order of the matrix 
addition operation. 

As  DNA tile self-assembly suffers from high error 
rates, the possible sources of errors are, either an error in 
constructing the tiles, or an erroneous binding of tiles. 
Methods of error control and error correction may be 
used to decrease the error rates in the computation of 
DNA tile self-assembly model. Many experimental 
results in DNA tile self-assembly have not appealed to 
the advantages of crystal growth; however, these early 
works on the fundamentals of self-assembly and the 
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physical experimental evidence of actual DNA tile 
crystals suggest a bright future for DNA tile self-
assembly. The field of nanotechnology holds tremendous 
promise, but many technical hurdles will have to be 
overcome before algorithmic DNA tile self-assembly can 
be developed into a practical commercial technology. If 
the molecules and supramolecules can be controlled at 
will, then it may be possible to achieve vastly better 
performance for computers and memories. So we can see 
that the DNA tile self-assembly model has various 
applications in many fields and it also might open up a 
host of other applications in materials science, medicine, 
biology and other ways. 
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