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ABSTRACT

Genetic information encoding in deoxyribonucleic acid (DNA) and DNA manipulation
techniques contributes to the advancement of computing technology; namely DNA
computing. However, the research in the counterpart of automata in formal language
theory which is grammars, of Watson-Crick automata that is one of DNA computing
models, has yet to be completed. Thus, more extended computing models for both
computationally and algorithmically efficient methods for general and specific purposes
can be further exhibited through the investigation of the grammars. The purpose of this
research is to develop novel theoretical models based on DNA computing, Watson-
Crick automata specifically and it also aims to design efficient algorithms using these
models for the specific purposes especially membership and parsing problems. We have
established Watson-Crick grammars; particularly modified version of Watson-Crick
regular grammars, novel Watson-Crick linear grammars, and Watson-Crick context-
free grammars. The expansion of the grammars starting from Watson-Crick regular
grammars to Watson-Crick context-free grammars was based on Chomsky’s families
of languages hierarchy. The generative power and closure properties of each type of the
grammars were investigated. Watson-Crick regular grammars are able to generate non-
context-free languages, thus it is more powerful than their counterpart which is regular
grammars. The distinction of each type of Watson-Crick grammars is on their ability to
generate different levels of balanced parentheses in Dyck language. It is proven that
Watson-Crick regular languages are properly included in Watson-Crick linear
languages, and the latter are properly included in Watson-Crick context-free languages.
The upper bound of the family of Watson-Crick context-free languages is the family of
matrix languages. Although they are more powerful, it has been discovered that their
closure properties are similar with the properties of the Chomsky grammars’
counterparts. The simplification processes of Watson-Crick (WK) context-free
grammars were studied. This resulted in a normal form based on Chomsky normal form,
but it came with two types of terminal symbols instead of one. Using this WK-Chomsky
normal form, we designed a membership algorithm based on Cocke-Younger-Kasami
algorithm, which can also be utilized as a parsing method for data in the form of double-
stranded string with Watson-Crick complementarity. The expansion of Watson-Crick
context-free grammars also led to the development of their automata counterparts,
Watson-Crick pushdown automata; with one stack or complementarity stacks. Unlike
Watson-Crick automata, complementarity-stack Watson-Crick pushdown automaton
includes double stacks connected by Watson-Crick complementarity. We also modified
two basic parsing algorithms: top-down parsing and bottom-up parsing to suit double-
stranded strings based on this automaton. Further, we introduced Watson-Crick matrix
grammars where the rules in Watson-Crick context-free grammars are arranged in
matrices, allowing simultaneous control on the production rules. Although it is not more
powerful than parallel communicating Watson-Crick automata systems, the result
suggests that parallelism features can be employed in the variants of Watson-Crick
grammars. These models can be well implemented in string matching problems such as
problems occur in DNA analysis and natural language processing.
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CHAPTER ONE
INTRODUCTION

1.1 MOTIVATION OF THE STUDY

-When DNA meets food authentication, computing, and formal language theory-
Following the discovery of deoxyribonucleic acids (DNA) in 1950’s, thanks to the
unique features of DNA: complementarity relation and massive parallelism, technology
has been improved in many biology-related fields such as biotechnology and food
authentication.

Food authenticity is very important for the Muslim dietary and it is also very
important for ensuring health and preventing fraud in trades regardless of beliefs. Prior
to this discovery, to differentiate between different kinds of meat products, researchers
use methods such as microscopic imaging, analysing thermal compounds and protein.
Analysing DNA is found to be much more useful due to its existence in almost all cells,
stability against heat and processing, and contains much more information than protein
(Ali et al., 2012). With the existence of data in the form of DNA sequences,
bioinformatics and computer science field also play important roles in analysing these
data especially by the means of, not limited to, string matching algorithms (Jones &
Pevzner, 2004).

The discovery also brings novel computation ideas formed into a special field
named DNA computing, which began when Adleman solved the Hamiltonian path
problem by using DNA in (Adleman, 1994). Heavily related to the theory of formal
language and automata field, several computation models have been created to
formalise the biological processes performed on DNA, such as sticker system from

sticking operation and splicing system form splicing operation (Paun, Rozenberg, &



Salomaa, 1998). Another fascinating model is Watson-Crick automaton (Freund, Paun,
Rozenberg, & Salomaa, 1999), which can also be thought as a simple but brilliant
extension to the well-known finite automaton, and its grammar counterpart called
Watson-Crick regular grammar.

Grammars are also found to be profoundly useful in finding the language
structures of DNA, and its sister molecules ribonucleic acids (Damasevicius, 2010). Not
only that, it is revealed that digital information can also be successfully stored and
rewritten in a rewritable DNA storage (Tabatabaei Yazdi, Yuan, Ma, Zhao, &
Milenkovic, 2015; Yazdi, Kiah, Garcia-ruiz, Ma, & Zhao, 2016), which was once only
available in archival version (Bornholt et al., 2016), thus may bring a new era of storing

digital information.

1.2 STATEMENT OF THE PROBLEM

There is a variety of DNA-based technologies, for example DNA-based food
authentication methods and DNA storage. However, these DNA-based technologies
have not yet been fully described in formal language theory and automata, despite using
biological processes on DNA which can also be categorised as computing. Some, but
not all, of the bio-operations such as sticking operation and splicing have been
formalised, in the form of sticker systems (Kari, Paun, Rozenberg, Salomaa, & Yu,
1998) and splicing systems (Head, 1987; Paun, 1996), respectively, which are parts of
DNA computing.

Although most of DNA-based food authentications are conducted by detecting
DNA fragments’ length of different species with the use of gel electrophoresis, on the
core, authentication can also be considered as identification or recognition of double-

stranded sequences of nucleotides. This may be done with a model called Watson-Crick



finite automata (Freund, et. al., 1999), but it is not confirmed if the automata is powerful
enough to describe fully the language of DNA, as more researches are still ongoing in
finding the grammatical structure of DNA.

Despite having the automata version, their grammars’ counterparts are yet to be
studied completely. The regular grammars version for double-stranded string with
complementarity relation have been introduced in (Subramanian & Venkat, 2012), but
not the linear and context-free ones. Moreover, how powerful the grammars are, and
what will happen when string operations performed on the languages generated by the
grammars are also yet to be known.

There are also many extended models of Watson-Crick finite automata, but
since the research on their grammars’ counterparts is not yet completed, further
implementation to related fields such as natural language processing and programming
languages had to be withhold. The necessity to parse double-stranded strings with
complementarity relation will arise with the advent of DNA-based computers and
technologies, for example storing information in DNA, which has higher storage
capacity electronic media and long-term durability, but costly in writing and extracting
information (Tabatabaei Yazdi et al., 2015).

Moreover, many of the parsers used in developing programming languages and
in analysing natural languages are based on context-free grammars. However, context-
free grammars, although useful and easy to use, are not omnipotent: they cannot cover
all aspects of natural languages (Dassow, 2004). On the other hand, grammars using
double-stranded strings with complementarity relation may yield more powerful
computation exceeding the performance of context-free grammars, which are important

in parsing thus bringing improvement in other related fields.



1.3 RESEARCH QUESTIONS

1. What are the existing DNA-based technologies, especially food
authentication methods and DNA computing models? What are the
similarities and differences between them?

2. Which DNA-based processes that are suitable for proposing DNA
computing-based models?

3. Which formal language models that are more suitable to adapt for
developing the DNA computing-based models?

4. What are the computational power, complexity and closure properties of the
proposed models?

5. What types of algorithms for DNA data analysis that could be designed

using the proposed models?

14 REASONS, HYPOTHESIS, AND CONTRIBUTION

In this section, the questions stated above are answered.

In the attempt to formalize the processes in DNA-based food authentication
process, one can successfully use DNA computing, which is one of the most exciting
new developments of computer science from both theoretical and practical points of
view. DNA computing models use two fundamental features, namely, Watson-Crick
complementarity and massive parallelism of DNA molecules. The use of these features
has already illustrated that DNA-based computers can solve many computationally
intractable problems for large instances. Since the main aim of DNA computing
paradigms is to develop computationally efficient methods and techniques, models

based on DNA computing can be easily implemented at hardware and software levels.



As authentication process at its core intuitively can be regarded as recognition
of double-stranded sequences, the DNA computing model is one of ideal model for that
purpose, specifically Watson-Crick automata. By using these automata, the symbols
(nucleotides) in the input string are examined one by one, which differ from sticker
systems and splicing systems where the operations are performed on fragments of
substrings.

Another reason to analyse the symbols (nucleotides) one by one, lies in the
DNA's principal function consisting of self-replication which allows precise copy to be
passed to the offspring cells. As a motivation, how the synthesis process in a bacterial
DNA replication (Campbell & Reece, 2005) resembles a grammar derivation is
mentioned below. In the beginning of the replication process (see Figure 1.1), the
double-stranded string is being unzipped into two strings, but still connected to each
other at one or more points, producing shape(s) resembling bubble(s). In the bubble,
there are points where the replication will begin, called origin of replications.

Using these parental strands as template, the synthesis process starts from the
origin, proceeding in 5’ to 3’ directions of the new strands. Thus, this leads to two types
of new strands in the process, called the leading strand and the lagging strand. Enzymes
called primase produce one RNA primer to each leading strand, and several RNA
primers for lagging strands. Another enzymes called DNA polymerase 11 (DNA pol
I11) elongate the new strands by adding nucleotides complement to the parental strands
one by one after the primers. The RNA primers are then replaced with DNA by the
enzymes DNA polymerase | (DNA pol I). The gaps in between the new strands resulted
from this process are filled by the enzymes DNA ligase, thus completing the replication

process.
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Figure 1.1 Synthesis process in bacterial DNA replication.

Figure 1.2 The simulation of a synthesis process with a grammar derivation.

Coming from the theory of formal languages, this synthesis process can be seen
as a string derivation process in grammars (see Figure 1.2). The primase works as the
initial symbol S, while the DNA polymerase (I and 11l) enzymes as the nonterminal
symbols (A) in the production rules. The symbol w in the figure denotes the string
generated by the nonterminal symbol A. Finally, the enzyme DNA ligase works as the

nonterminal symbol which produces only terminal symbols.



Since the grammars’ counterparts for Watson-Crick automata have not been
completely studied yet, the particular subject has been chosen to be investigated, as the
grammars of Watson-Crick finite automata can be extended to linear and context-free
versions based on Chomsky hierarchy in formal language theory. From this, equivalent
automata can be developed for the particular grammars. By establishing the relations
between the automata and grammars, it will be more flexible to switch to one another
for different occasions or purposes.

Additionally, it is also fascinating if to generate desired DNA fully within our
control, instead of only recognising and generating DNA sequences without full control.
In the future, more discoveries about which part in the strands describes the human traits
may be found, thus it may be possible to control the genetics according to desired
preferences. To do this, grammars approach might be the ideal way, and suitable parsing
algorithms specially designed for double-stranded strands with complementarity
relation might be necessary in verifying the correctness of the grammar to desired trait
(language) and vice versa. As mentioned before, parsing this type of strands might also
improve the process of reading and rewriting information in DNA storage.

Insya Allah, the proposed Watson-Crick grammars and automata are
computationally powerful, thus they can be considered as new models for DNA
computation. Further, these models can provide novel parsing techniques for data in the
form of DNA-based sequences. Moreover, a matrix variant is more suitable to manifest

the massive parallelism feature of DNA in formal languages.



