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Abstract 
The objective of this study has been to answer the question of finding 
ways to improve the quality of database. There exists a lot of problems 
of the data stored in the database, like missing or spelling errors. To deal 
with the dirty data in the database, this study adopts the conditional 
functional dependencies and regular expressions to detect and correct 
data. Based on the former studies of data cleaning methods, this study 
considers the more complex conditions of database and combines the 
efficient algorithms to deal with the data. The study shows that by using 
these methods, the database’s quality can be improved and considering 
the complexity of time and space, there still has a lot of things to do to 
make the data cleaning process more efficiency. 

Keywords: data cleaning, data quality, condition functional dependency, 
regular expression 
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Acronyms/Abbreviations 

CFD   Conditional function dependency 
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1 Introduction 
In the world of computer science and technology, all of devices tend to 
connect to the Internet. All the stuffs, using in the daily life or work, are 
becoming intellectual which can be controlled by computer. It is certain 
that effectiveness, efficiency and time-saving are improved. People can 
communicate with each other in a more convenient way and live more 
comfortable under today’s technology. Internet of things is developed to 
the devices control and intellectual evolution. In the foresee future, 
people can complete most work without going out of their home. 
Companies now compete on the ability to absorb and respond to 
information, not just manufacture and distribute products. Intellectual 
capital and know-how are more important assets than physical 
infrastructure and equipment. 

As fourth-generation wireless communications and networks are 
becoming more mature and widely implemented in mobile wireless 
industrial and commercial products, fifth-generation mobile and 
wireless communication technologies are rapidly emerging into research 
fields. While 5G mobile wireless networks create great potential and 
flexibility supporting various advanced and high-data rate wireless 
communication, they also impose new challenges not encountered in 4G 
wireless systems[1].  

Databases are designed to catch up with today’s rapid development of 
devices. To store and operate with different kinds of data and different 
demands of service, big data and complex data structure are becoming 
difficult to deal with[2]. Engineers use big data to evaluate users’ 
behaviors, predict the further development the trend. Because of the 
wide use of big data, other related or relevant sciences are now being 
developed to use data, like machine learning, to find rules or 
connections to design the better system or machine. Database is not only 
designed for storing the data but also designed to make full use of usage 
of data.  

As we entering the information age, data and information are now 
becoming as vital to an organization’s well being and future success as 
oxygen to human. The data warehousing institute estimates that the cost 
of dealing of data quality problem of America business is more than 600 
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billion dollars a year. High quality data is critical to success in the 
information age. The related problems generated from data is getting 
more attentions. The data related to customers changed when time goes 
on and happens things that changes peoples life, like divorce. Despite 
the devices and storage of device have improved, the amount of  data is 
huge to deal in today’s life. It becomes essential and utmost important to 
deal with the data in this information age. 

1.1 Background and problem motivation 
Within the organization there is an increased need for dealing with data 
and at the same time growing problems with the increasing amount of 
data. We therefore in the assignment choose to implement a preliminary 
study about dealing with data quality. Those who can improve the data 
quality can have a quick response of huge amount of user demands. 
And at the same time, they can have a high position and reputation in 
the market. A solution to this problem is urgently sought for because 
this can lead to a considerable reduction of costs for the transaction 
between companies, increased market shares within quick response of 
database dealing results and an improved work environment.  

Due to its importance, data quality draws great attention in both 
industry and academia. Data quality is the measurement of validity and 
correctness of the data. Low quality data may cause disasters. It is 
reported that data errors account for 6% of annual industrial economic 
loss in America. According to the statistic data of Institute of Medicine, 
data errors are responsible for 98,000 people’s death per year. To 
improve data quality, data cleaning is a natural approach, which is to 
repair the data with errors[2]. 

High quality data[3] can have a positive impact on the health of a 
company. If not identify and correct the data early, defective data will 
jack up costs and cause imprecise forecast and poor decisions. Some of 
the data can be repaired, corrected, deleted or removed to make the data 
much precise. And there are lots of rules that we can use which the data 
obey to let the data quality improve. There are researches show that 
different qualities of data can bring the efficiency of using data much 
more different. To making the quality of database much more efficient 
and help the user get more efficient and accuracy data. Achieving high 
quality data is not beyond the means of any company. It is critical for 
organizations to sustain a commitment to managing data quality over 



8 

 

time and adjust monitoring and cleansing processes to changes in the 
business and underlying systems. 

For repairing data there are some methods [4]: Rule-based repairing 
methods amend data to make them satisfy a given set of rules. There 
consists a set of given constraints to make the database to obey; Repair 
methods based on truth discovery attempt to discover truth from 
conflicting values; learning-based repair employs machine learning 
models such as decision tree, Bayes network or neural network to 
predict values for imputation or value revision.  

1.2 Overall aim  
The projects overall aim is to find new technical solutions to problems in 
the following area: suppose there is a database which exists error data 
and obsolete data which need to be correct and detect before using. And 
for the input data, there maybe exists some errors or mistakes that 
should be detected or corrected. Based on the method that use rules to 
detect and correct the data, this research uses the method of discovering 
conditional functional dependencies and for the data that regular 
grammar can express, we use the machine to express and detect and 
correct the data. In this way, we can get a much cleaner and accuracy 
database. 

The project’s work is focusing how to correct the data and improve the 
data quality. Finding ways to solve the inconsistent, incorrect and lost 
problems is our target. After dealing with the data in the database, we 
can have a much higher quality data in the database. And finally we 
reduced the time consuming on the database and improve the response 
of data if necessary. 

1.3 Concrete and verifiable goals 
The survey has an objective to respond to the following questions: P1: 
How to solve the problem of filter the input string to the database, like 
the input string put all the column together where the database collects 
data in separate columns? P2: How to use collected data in the database 
to insert missing data in some columns? Are there any potential rules 
can be found and used to the correction of the data?  

To solve these problems, the project is separated into several steps to 
complete:   
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1) Use the database sample and discover algorithm to find conditional 
function dependencies. 

2) Use regular expression and non-determined finite automata to 
express relevant data.  

3) Put the CFDs and regular expressions in a table of rules, which is 
going to be used to detect and correct the data. 

4) Use the modelled database that exists error data to test the result of 
using the methods to the cleaning process.  

1.4 Scope 
The study has its focus on the data correction. In the survey, the effect of 
spelling errors happened in the data, because when considering the 
spelling errors, the rules established based on the database cannot be 
used and meanwhile the separation based on these rules are useless. The 
survey’s conclusions should however be generally valid for conditions 
like input data have same problems as described. The strings that are 
casual given or have no rules lying behind are not in consideration. 
Missing data which do not obey any dependency rules are not included 
in this study. The study is dealing with the relational database, other 
forms of database and structures are not being taken into consideration.  

1.5 Outline 
Chapter 2 describes the theory that the study is based on and relevant 
knowledge of the study and some related science that the study will 
consider to bring into the research. Chapter 3 describes the methodology 
to solve the problem that the study focusing on. Chapter 4 describes the 
solutions and details of the solutions. What’s more, chapter 4 will show 
the complexity of algorithms and give the explanation of the algorithms. 
Chapter 5 describes the results of the study. Chapter 6 describes the 
references that this study uses and learn from. 

1.6 Contributions 
The design of the solution is to detect and correct the data, which is 
conducted by myself. By using the CFDs and regular expressions, the 
database can be cleaned in a much efficient way and what’ s more, the 
complexity form of the dirty data cannot stop our way to detect and 
correct them. Combine the methods of cleaning the data methods to deal 
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with the complex situation of the database in the real world. Give the 
solution to deal with the data which suitable and usable. 
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2 Theory 
To improve the quality of data, there are some mature technologies and 
theories which have been proposed. In this project, I adopt several 
methods from the past to solve the problem. 

2.1 Data Cleaning 
Data cleaning[4] is the process of identifying, detecting and repairing 
corrupt or inaccurate records in a database [5]. The goal is not only to 
bring the database into a consistent state (i.e., with respect to domain or 
integrity constraints), but also to ensure an accurate and complete 
representation of the real-world constructs to which the data refer. Two 
surveys of common techniques and general challenges in this research 
area include [6] and [7]. Recent work has shown the effectiveness of 
applying techniques from machine learning and data mining for the 
purpose of data cleaning[8]. In particular, statistical methods make it 
possible to automate the cleaning process for a variety of domains[9]. 

2.2 The Theory of Computation 
In the theory of computation there exists three areas: automata, 
computability and complexity. And they are linked by the question: 
what are the fundamental capabilities and limitations of computers? In 
each area this question is interpreted differently and the answers vary 
according to the interpretation.   

Complexity theory’s central question is to find the effect points that 
make some questions computationally easy or hard. Computability 
theory is to decide some of the problem is solvable and some are not. 
Automata theory deals with the definitions and properties of 
mathematical models of computation. 

In today’s computer science theory, people use an idealized computer 
called a computational model. As with any model in science, a 
computational model may be accurate in some ways but perhaps not in 
others. Thus people will use several different computational models, 
depending on the features we want to focus on. People begin with the 
simplest model, called the finite state machine or finite automaton. 
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2.3 Conditional Functional Dependencies (CFDs) 
Data consistency, data deduplication, data currency, data accuracy and 
information completeness determine the data quality[10]. Data 
dependencies have been developed to ensure the consistency of the data, 
such as functional dependencies (FDs), conditional functional 
dependencies (CFDs) [11].  

An edge (X, Y ) in the lattice generates a candidate CFD γ : ([Q, P] → A) 
consisting of variable attributes P and Q = (X − P) conditional attributes, 
where Y = (X ∪ A) [12]. P and Q consist of attribute sets that range over 
the parent nodes of X in the lattice[13]. 

Free and closed itemset.  

Constant pattern is defined as follows, a pair (X, 𝑡𝑡𝑝𝑝) which has constant 
value X in the left and 𝑡𝑡𝑝𝑝 in the right. 

When we have a given support for an instance r which follows the 
schema R, we can use supp(X, 𝑡𝑡𝑝𝑝, r) to represent this situation. In this 
formula, tuples in the set satisfy 𝑡𝑡𝑝𝑝.  

The general situation happens when we find (Y, 𝑠𝑠𝑝𝑝) which Y ⊆ X and 𝑠𝑠𝑝𝑝 
= 𝑡𝑡𝑝𝑝 [Y]. Then (Y, 𝑠𝑠𝑝𝑝) can be represented by (X, 𝑡𝑡𝑝𝑝) ≼ (Y, 𝑠𝑠𝑝𝑝) [16]. What’s 
more, we say that (Y, 𝑠𝑠𝑝𝑝) is strictly general than other tuples is in the 
situations as follows, Y ⊂ X and 𝑡𝑡𝑝𝑝[Y] = 𝑠𝑠𝑝𝑝. So when (X, 𝑡𝑡𝑝𝑝) ≼ (Y, 𝑠𝑠𝑝𝑝), we 
can deduce the support of Y is more general than X in the same instance. 

And to define the closed itemset (X, 𝑡𝑡𝑝𝑝), in the instance r there should 
not have any itemset (Y, 𝑠𝑠𝑝𝑝) which satisfies the situation that (Y, 𝑠𝑠𝑝𝑝) is 
more general than (X, 𝑡𝑡𝑝𝑝) [17]. That mean there is no more than any 
itemset that can have same  𝑡𝑡𝑝𝑝. So a closed itemset will not extend to any 
itemset if not decrease its support. And here we use clo(X, 𝑡𝑡𝑝𝑝 ) to 
represent that this is a closed itemset. 

So when an itemset (X, 𝑡𝑡𝑝𝑝 ) has no general itemset that have same 
support, we call this itemset free in r [18]. As introduced above, a free 
itemset cannot be generalized when don’t change its support. Given a 
natural number k ≥ 1, the itemset which satisfy the situation of free and 
close is called k-frequent when the support of the itemset is no more 
than k. 
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The definitions of constant CFD and variable CFD is simple. A constant 
CFD ( X → A,𝑡𝑡𝑝𝑝) is a tuple which only have constants [19]. But when the  

𝑡𝑡𝑝𝑝[A] is a constant and 𝑡𝑡𝑝𝑝[B] is a constant. The variable CFD is a little 

different from the constant, that is 𝑡𝑡𝑝𝑝[A] = _ . 

2.3.1 Minimal CFDs  
There exists CFDs have the form of 𝜑𝜑 = (X →A, 𝑡𝑡𝑝𝑝 ) over R, while A 
belongs X. That means whether it is satisfied by all instances of R or not 
is not important. These rules for repairing make no sense cause the right 
side of the rule can be found in the left hand. In the research area, what 
we are looking for is nontrivial CFDs[20]. 

Left reduced constant CFD can be defined as follows, a CFD (X →A, 
(𝑡𝑡𝑝𝑝 ∥ 𝑎𝑎)) for any Y ⊊X, r ⊭ (Y → A, (𝑡𝑡𝑝𝑝[𝑌𝑌] ∥ 𝑎𝑎)) [21]. 

A left-reduced variable CFD is that  

1) r ⊭ (Y → A, (𝑡𝑡𝑝𝑝[𝑌𝑌] ∥ _))  

2) r ⊭ (X → A, 𝑡𝑡𝑝𝑝′ [𝑋𝑋] ∥ _)) [22] 

Above two rules can ensure that none LHS attributes can be removed, 
so can get minimum set of attributes. Second, there will be no LHS 
pattern can be replaced with ‘_’. The result is that we can get a minimal 
CFD, which is left-reduced and nontrivial in r.  

2.3.2 Frequent CFDs  
We give the support to a CFD with the frequent of a CFD, denoted by 
sup(𝜑𝜑, r).  The support of a CFD can be denoted sup(𝜑𝜑, r).  CFD is 𝜑𝜑 = (X 
→ A, 𝑡𝑡𝑝𝑝) and when t[X] ≤ 𝑡𝑡𝑝𝑝 [X] and at the same time t[A] ≤ 𝑡𝑡𝑝𝑝 [A], then 
at this time, this CFD satisfied that a set of tuples t can match the pattern  
𝜑𝜑 , and get the sup(𝜑𝜑, r)[24]. A given natural number k ≥ 1, if sup ≥ k 
then the CFD 𝜑𝜑 is k-frequent in r.  

The notion of frequent CFDs is not the notion of approximate FDs [9], 
[10], they are different and not one thing. An approximate FD is an FD 
almost holds on r not the accurate relation. A k-frequent CFD in r is a 
dependency hold on r and moreover, there must be sufficiently many (at 
least k) witness tuples in r that match the pattern tuple of 𝜑𝜑. 
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2.4 Multiple Variables and Conditional Attributes 
If a candidate rule does not materialize to a CFD after adding a variable 
attribute, then we condition on an additional attribute. Similar to adding 
variables, we consider conditional attributes Q that range over the 
attribute sets that are parents of X'. We add these new candidates (X', Y') 
to a global candidate list G and mark the corresponding lattice edge (X', 
Y'). We perform the CFD test only for classes in ΩX'. At level k ≥ 2, 
where multi-condition and multi-variable candidates are first 
considered, we only visit nodes with marked edges to ensure minimal 
rules are returned, and thereby also reducing the search space.  

2.5 Related Work  
To improve the quality of the database, there are some basic methods 
that we can use, like using rules lying behind the data to detect and 
correct. Therefore, discovering rules is utmost important and the 
algorithms to find cover rules determines the efficiency of data cleaning. 
People have worked on finding rules for many years and there are many 
methods and minds we can learn from.  

2.5.1 Data Quality Rules 
Dirty data can be found in almost all the relational databases, which 
comes from customers and users. The quality rules are proposed to deal 
with the data and help improve the consistency and accuracy in the 
database [25]. Data-driven tool which is used to give a set of possible 
rules to the company or institutions ranging from commercial to public 
service. The tools can more or less efficiently find the non-consistent or 
non-sense data which should be deleted [26]. While it should be noticed 
that the rules are contextual, by using which can we focus to discover 
[27]. When we look for the conditional functional dependencies, is we 
focus on a part of the data which considering the context of the data. 
The tools to find the CFDs can get the output of a set of dependencies 
which combined with context (for example, a rule of the customer 
purchase record in a market, the database based on the goods of 
consumer bought and the age and gender of the consumer) [28]. Because 
the input of the data or the original database is dirty which consists of 
un-checked data, using conditional functional dependencies[29] that 
hold in the database is an efficient way to repair the data. The output of 
the rules will consider the context of the data though there may be dirty 
data. 
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Poor data quality can occur along several dimensions[30] (e.g. 
conformity, duplication, consistency, etc.), and consistency (i.e. ensuring 
that values across interdependent attributes are correct) is one 
dimension[31] that many organizations struggle with. The process of 
detecting inconsistencies in data[12] is labor intensive. Recently 
Conditional Functional Dependencies (CFDs) were introduced for 
detecting inconsistencies in data[32], and were shown to be more 
effective than standard Functional Dependencies (FDs)[13][14] and 
association rules[15]. 

Significant effort and domain knowledge are required to identify and 
formulate these kinds of rules. The state of the practice is still a manual 
one that involves working closely with Subject Matter Experts (SMEs) 
who know the data. For example, the guideline at one large consulting 
company for estimating the time (and effort) required to identify 
relevant rules for a data quality effort is two hours per attribute per 
SME[16]. Hence, many organizations omit these kinds of rules from 
efforts such as data profiling, data cleansing, and more. This omission 
can lead to numerous problems such as inaccurate reporting of key 
metrics (e.g. who received grants, what types of grants, etc.) used to 
inform critical decisions or derive business insights [33]. 

2.5.2 Discover CFDs  
As introduced above, the process of finding conditional functional 
dependencies is an extension of functional dependencies, which 
considering the context of the data to find the rules for cleaning 
relational data. As related researches before, the finding of functional 
dependency is an expensive process and difficult, compared with them,  
the finding of conditional functional dependencies is much more 
complex and difficult[34]. The problem of finding CFDs is a really 
difficult problem to solve because of its usage.  

Discovering conditional functional dependencies is a new challenge. In 
the previous mining patterns in CFDs, there are already three methods 
which have been used:  

Firstly, the CFDMiner is one of the representative methods, the method 
is based on finding the itemsets which can be used to finding and 
repairing the data, while this kind of conditional functional method is 
just finding the constant rules. The constant values are essential 
elements to be used to the data cleaning.  
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The following two methods of discovering CFDs are general CFDs 
which is not constant values in the rule. The second method is that like 
algorithm CTANE, an algorithm which is an extension of TANE [9], can 
explore the dependency in the relational data. The third one is FastCFD 
[16], one algorithm based on depth-first algorithm from FastFD.  This 
method reduces the search space. 

The experiment studies illustrates, if the goal is to find functional 
dependencies, the method CFDMiner is efficient in the application. In 
finding general CFDs algorithm, when the database is large, CTANE is 
more efficient of discovery. But when the relation arity scales, the result 
of discovery is not work very well. Compared with CTANE, the 
FastCFD is more efficient when we face the situation of scale of arity in 
the relational database [35]. So when the arity scales large, the 
recommended method is FastCFD.  Above all, these three algorithm are 
enough to apply in the different situations [8]. 

The problem of mining functional dependency is nontrivial. As 
illustrated above, the discovery of CFD subsumes functional 
dependency discovery. The complexity of CFD discovery is exponential. 
Moreover, the discovery of dependencies with constant values in certain 
situations requires the semantic patterns with constants. The challenge 
is how to deal with discovery [11]. 

The following example introduces in the relational schema, with several 
contributes in terms of the messages of the customer. The contributes 
involves country code(CC), area code (AC), phone number (PN)), name 
(NM), and address (street (STR), city (CT), zip code (ZIP). The instance 
satisfies the schema is as follows, shown in Fig.1. 

 

Fig. 1 The instance r0  

The traditional functional dependencies in the r0 is as follows : 
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𝑓𝑓1: [𝐶𝐶𝐶𝐶,𝐴𝐴𝐶𝐶] → 𝐶𝐶𝐶𝐶 

𝑓𝑓2: [𝐶𝐶𝐶𝐶,𝐴𝐴𝐶𝐶,𝑃𝑃𝑃𝑃] → 𝑆𝑆𝐶𝐶𝑆𝑆 

The discovery of FD 𝑓𝑓1 is a rule that the country code and the area code 
can decide the city address. This rule can be used that when then 
country code and the area code are the same, then the city address must 
be the same. FD 𝑓𝑓2 can be analyzed like this. These two are the general 
rules discovered in the data. There still have some dependencies like the 
following : 

ϕ0: [𝐶𝐶𝐶𝐶,𝑍𝑍𝑍𝑍𝑃𝑃] → 𝑆𝑆𝐶𝐶𝑆𝑆, (44, _||_)) 

ϕ1: [𝐶𝐶𝐶𝐶,𝐴𝐴𝐶𝐶] → 𝐶𝐶𝐶𝐶, �01,908�|𝑀𝑀𝑀𝑀)� 
 

ϕ2: [𝐶𝐶𝐶𝐶,𝐴𝐴𝐶𝐶] → 𝐶𝐶𝐶𝐶, (44,131||𝐸𝐸𝐸𝐸𝑍𝑍)) 

ϕ3: [𝐶𝐶𝐶𝐶,𝐴𝐴𝐶𝐶] → 𝐶𝐶𝐶𝐶, �01,212�|𝑃𝑃𝑌𝑌𝐶𝐶)� 

As introduced before, a CFD (X → A, 𝑡𝑡𝑝𝑝) is in a form that X → A is what 
previous research focusing on, functional dependencies, and the 𝑡𝑡𝑝𝑝 is a 
tuple with attributes in the columns from X and A [12].  

2.5.3 Regular Language  
A language is called a regular language if some finite automaton 
recognizes it. And another definition of regular language is that a 
language is regular if and only if some NFA recognizes it. Regular 
expressions and finite automaton are equivalent in their description. If a 
language is regular, then it is described by a regular expression. 

In arithmetic, the basic objects are numbers and the tools are operations 
for manipulating them, such as + and ×. In the theory of computation, 
the objects are languages and the tools include operations specifically 
designed for manipulating them. We define three operations on 
languages, called the regular operations, and use them to study 
properties of the regular languages. The regular operations are union, 
concatenation, and star. 

Non-regular Languages 

The technique for proving nonregularity stems from a theorem about 
regular languages, traditionally called the pumping lemma. This 
theorem states that all regular languages have a special property. If we 
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can show that a language does not have this property, we are 
guaranteed that it is not regular[23]. The pumping lemma is as follows. 

If A is a regular language, then there is a number p (the pumping length) 
where if s is any string in A of length at least p, then s may be divided 
into three pieces, s = xyz, satisfying the following conditions:  

1. for each i ≥ 0, x𝑦𝑦𝑖𝑖z ∈ A,  

2. |y| > 0, and  

3. |xy| ≤ p 

Finite Automata 

The language of a formal definition is somewhat arcane, having some 
similarity to the language of a legal document[23]. Both need to be 
precise, and every detail must be spelled out. A finite automaton has 
several parts. It has a set of states and rules for going from one state to 
another, depending on the input symbol. It has an input alphabet that 
indicates the allowed input symbols. It has a start state and a set of 
accept states. The formal definition says that a finite automaton is a list 
of those five objects: set of states, input alphabet, rules for moving, start 
state, and accept states. In mathematical language, a list of five elements 
is often called a 5-tuple. Here people define a finite automaton to be a 5-
tuple consisting of these five parts. 

 

Figure 2 A finite automaton called M1 that has three states 

Figure 1 is called the state diagram of M1. It has three states, labeled q1, 
q2, and q3. The start state, q1, is indicated by the arrow pointing at it 
from nowhere. The accept state, q2, is the one with a double circle. The 
arrows going from one state to another are called transitions. When this 
automaton receives an input string such as 1101, it processes that string 
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and produces an output. The output is either accept or reject. We will 
consider only this yes/no type of output for now to keep things simple. 
The processing begins in M1’s start state. The automaton receives the 
symbols from the input string one by one from left to right. After 
reading each symbol, M1 moves from one state to another along the 
transition that has that symbol as its label. When it reads the last symbol, 
M1 produces its output. The output is accept if M1 is now in an accept 
state and reject if it is not. 

We can describe M1 formally by writing M1 = (Q, Σ, δ, q1, F), where  

1. Q = {q1, q2, q3},  

2. Σ = {0,1},  

3. δ is described as  

 

4. q1 is the start state, and  

5. F = {q2}. 

A finite automaton is a 5-tuple ( Q, Σ, δ, q0, F), where 

1. Q is a finite set called the states, 
2. Σ is a finite set called the alphabet, 
3.δ : Q × Σ−→Q is the transition function, 

4. q0∈ Q is the start state, and 

5. F ⊆ Q is the set of accept states. 

Non-determined Finite Automata(NFA) 

NFA is an important tool to recognize and express regular languages 
[17].NFA is a kind of automata  In an NFA, the transition function takes 
a state and an input symbol or the empty string and produces the set of 
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possible next states. In order to write the formal definition, we need to 
set up some additional notation. For any set Q we write P(Q) to be the 
collection of all subsets of Q. Here P(Q) is called the power set of Q. For 
any alphabet Σ we write Σε to be Σ ∪ {ε}. Now we can write the formal 
description of the type of the transition function in an NFA as δ : Q × 
Σε−→P(Q). 

Deterministic and nondeterministic finite automata recognize the same 
class of languages. Such equivalence is both surprising and useful. It is 
surprising because NFAs appear to have more power than DFAs, so we 
might expect that NFAs recognize more languages. It is useful because 
describing an NFA for a given language sometimes is much easier than 
describing a DFA for that language. Two machines are equivalent if they 
recognize the same language. Every nondeterministic finite automaton 
has an equivalent deterministic finite automaton. 

 

Figure 3 The nondeterministic finite automaton N1 

The difference between a deterministic finite automaton, abbreviated 
DFA, and a nondeterministic finite automaton, abbreviated NFA, is 
immediately apparent. First, every state of a DFA always has exactly 
one exiting transition arrow for each symbol in the alphabet. The NFA 
shown in Figure 1 violates that rule. State q1 has one exiting arrow for 0, 
but it has two for 1; q2 has one arrow for 0, but it has none for 1. In an 
NFA, a state may have zero, one, or many exiting arrows for each 
alphabet symbol. 

Second, in a DFA, labels on the transition arrows are symbols from the 
alphabet. This NFA has an arrow with the label ε. In general, an NFA 
may have arrows labeled with members of the alphabet or ε. Zero, one, 
or many arrows may exit from each state with the label ε. 

How does an NFA compute? Suppose that we are running an NFA on 
an input string and come to a state with multiple ways to proceed. For 
example, say that we are in state q1 in NFA N1 and that the next input 
symbol is a 1. After reading that symbol, the machine splits into 
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multiple copies of itself and follows all the possibilities in parallel. Each 
copy of the machine takes one of the possible ways to proceed and 
continues as before. If there are subsequent choices, the machine splits 
again. If the next input symbol doesn’t appear on any of the arrows 
exiting the state occupied by a copy of the machine, that copy of the 
machine dies, along with the branch of the computation associated with 
it. Finally, if any one of these copies of the machine is in an accept state 
at the end of the input, the NFA accepts the input string. 

Regular Operations 

Let A and B be languages. We define the regular operations union, 
concatenation, and star as follows:  

• Union: A ∪ B = {x| x ∈ A or x ∈ B}.  

• Concatenation: A ◦ B = {xy| x ∈ A and y ∈ B}.  

• Star: A∗ = {x1x2 ... x𝑘𝑘| k ≥ 0 and each x𝑖𝑖∈ A}. 

The concatenation operation is a little trickier. It attaches a string from A 
in front of a string from B in all possible ways to get the strings in the 
new language. The star operation is a bit different from the other two 
because it applies to a single language rather than to two different 
languages. That is, the star operation is a unary operation instead of a 
binary operation. It works by attaching any number of strings in A 
together to get a string in the new language. Because “any number” 
includes 0 as a possibility, the empty string ε is always a member of A∗, 
no matter what A is. 

Here is an example of regular operations. Let the alphabet Σ be the 
standard 26 letters {a, b,..., z}. If A = {good, bad} and B = {boy, girl}, then 
A ∪ B = {good, bad, boy, girl},  

A ◦ B = {goodboy, goodgirl, badboy, badgirl}, and  

A∗ = {ε, good, bad, goodgood, goodbad, badgood, badbad, 
goodgoodgood, goodgoodbad, goodbadgood, goodbadbad, ... }.  

Let N = {1, 2, 3,... } be the set of natural numbers. When we say that N is 
closed under multiplication, we mean that for any x and y in N , the 
product x × y also is in N . In contrast, N is not closed under division, as 
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1 and 2 are in N but 1/2 is not. Generally speaking, a collection of objects 
is closed under some operation if applying that operation to members of 
the collection returns an object still in the collection. We show that the 
collection of regular languages is closed under all three of the regular 
operations. 

The class of regular languages is closed under the union operation. In 
other words, if A1 and A2 are regular languages, so is A1 ∪ A2. 

The class of regular languages is closed under the concatenation 
operation. In other words, if A1 and A2 are regular languages then so is 
A1 ◦ A2. 
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3 Methodology 
To solve the problem of string which going to store in the database, 
there are different forms and features of data in the database [13]. If the 
data is complex which consists numbers and words, usually we suppose 
there are rules that the string obeys and these data can be seen as 
languages. We can use regular expressions to express these data and at 
the same time, the finite automata can also be a tool to detect and correct 
them [14]. 

In the reality of the world, the dirty data exists in the database is much 
common and becoming an obstacle to provide accuracy data to the users 
and the company. There are some basic methods[15][16][17] to solve the 
problem of dirty data, here I adopt dependencies which can be used to 
determine some relevant data and efficiently decide which needs to be 
correct. And finally improve the data quality. 

1) Adopt the algorithm of discovering CFDs and the improvement of 
the algorithm to the minimum set of CFDs. Prune the set of CFDs by   
using pruning methods, like conditional attributes, support and 
frequency statistic. Finding constant CFDs that present the rules that 
the data obey.  

2) Some columns like “reference” have the data that have more 
complex structure. Based on the regular language and regular 
grammar, this kind of data can be expressed by the regular 
expression. The algorithm can identify and correct the data using 
non-determined finite automata to clean the data. Using edit 
distance to measure the steps of correction and the algorithm will 
accept the minimum cost on correcting the data.  

3) CFDs and regular expressions are rules that the data obey in the 
database. Combine the rules together to form a rules table to be used 
to identify data is necessary. In this study, because the reference data 
is related to the products name, so the regular expressions can be 
added to the CFDs that consists of products name. Though the CFDs 
have many rules, we choose the rules that can cover the columns. 



24 

 

4) Use simulated data to measure if the methods work well. Use the 
modelled database  and real data supported by the company SSG to 
test if the problems are solved.  
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4 Implementation 
To solve the problem of dirty data, the first step is to use discover 
algorithm to discover CFDs[8][18] from the database sample. And after 
forming the CFDs table, considering the complexity of data in the 
database, using regular expression to dealing with the dirty data. The 
second step is to extend the rules that some data will obey, like reference 
data. Then the initial database can be detected and corrected basing the 
rules that found before. After the regular process of search and 
comparison, the database will have much less dirty data. The process of 
solution of dirty data is the following fig4 Solution process. 

 

                                                         Discover algorithm  

 

                                                          Using regex to express some data 

 

                                            Fig 4 Solution process 

4.1 Database Sample 
The sample used to find CFDs are from the database that have been 
confirmed no error and mistake. The sample have 10 attributes: SKC-
nummer, Benämning, Grupp, Varumärke/Norm, Referens (artikelnr, 
typbet, rit.nr), Antal, Enhet, Kompl uppg övrigt, Förpackning, SSG-
notering.  

To make the computer recognize every column and simplify the name, I 
rename every column by using A, B, C, D, …. Some columns are 
composed with numbers, like column A and C. Others are composed 
with strings. The column named “Referens”  is complex because of the 
combination of words and numbers, which make the form is much 
difficult to following the rules lying behind. This column will be a 
particular column to deal which will use regular expression to detect 
and correct. The database sample is as follows, shown in table 1 
Database Sample. 

CFDs  Table 

Database Sample 

Initial 
Database Detect and Correct Database 
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Table 1 Database Sample  

SKC-
nummer 

Benäm
ning 

Grupp Varumär
ke/Norm 

Referens 
(artikelnr, 
typbet, rit.nr) 

An
tal 

En
het 

Kompl 
uppg 
övrigt 

Fö
rp
ac
kni
ng 

SSG-notering 

11111111 

FEOJEW 695954 OEWIEORW FIOWIEOFJ      

492374839
2 

FEWFEW
O 

5430950
4 REKWLKR FEIOW93200   HRERGXC   

14321324 

FDSFDE
WOFJ 

5209234
0 

REWORKE
W FEOWFJ9302      

43245333 

FEWOFJ
KS 424320 REWRKEE 504892049332   2140 932   

333333363 

VLKL 
4351700
0 REW 5904294032      

766643225
4 

POKI 
5338432
00 REWREW 

FJEOWFMKGPR0
903      

540939855 

OFEOW 4324340 AXRON 
4302985024930F
JEOJFLS   40   

4.2 Discover Algorithm 
Proposition 1: For an instance r of R and any k-frequent left-reduced 
constant CFD 𝜑𝜑= (X → A, (𝑡𝑡𝑝𝑝 ∥ a)), r |= 𝜑𝜑 if and only if (i) the itemset (X, 
𝑡𝑡𝑝𝑝) is free, k-frequent and it does not contain (A, a); (ii) clo(X, 𝑡𝑡𝑝𝑝) ≼(A, a); 
and (iii) (X, 𝑡𝑡𝑝𝑝 ) does not contain a smaller free set (Y, 𝑠𝑠𝑝𝑝 ) with this 
property, i.e., there exists no (Y, 𝑠𝑠𝑝𝑝) such that (X, 𝑡𝑡𝑝𝑝) ≼ (Y, 𝑠𝑠𝑝𝑝), Y ⊊ X, and 
clo(Y, 𝑠𝑠𝑝𝑝) ≼ (A, a). 

Algorithm CFDMiner 

Proposition 1 There introduced the constant CFD discovery 
algorithm[8]. Firstly, there should be a given instance r and a k which 
represent threshold, so there will be k-frequent closed sets[19], and will 
be k-frequent free sets of their corresponding. CFDMiner is finding k-
frequent left-reduced constant CFDs in these already found sets. In the 
formal algorithms, there are various methods and ways to find CFDs. 
The GCGROWTH algorithm[21] is different from all the other 
algorithms, which in the process of finding sets it can both find closed 
sets and free sets. In the following introduction, this paper will cover the 
details of GCGROWTH algorithm. It is important to know about 
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GCGROWTH algorithm and associate with closed itemset from k-
frequent itemset. 

CFDMiner works as follows: 

(1) free sets add with its corresponding k-frequent itemset (X, 𝑡𝑡𝑝𝑝), can 
build a hash table H. 

(2) what’s more, we put every k-frequent itemset (X, 𝑡𝑡𝑝𝑝) with its free 
itemset (Y, 𝑠𝑠𝑝𝑝)  to make itemset RHS(Y, 𝑠𝑠𝑝𝑝) = (X\Y, 𝑡𝑡𝑝𝑝 [X\Y]). In this way, 
the free set RHS as candidate are associated with their corresponding 
constant CFDs. 

 The associating process can construct an ascending order list L as well.  

(3) In the list L, each free itemset (Y, 𝑠𝑠𝑝𝑝) in the CFDMiner is doing as the 
follows: 

(a) Those not included in Y, which we use 𝑌𝑌′ to represent these subset, it 
replaces RHS(Y, 𝑠𝑠𝑝𝑝). In the proposition 1,  it is obvious that elements in 
RHS(Y,  𝑠𝑠𝑝𝑝 ) are associated with a left-reduced constant CFD. These 
elements are not included in some sub itemset[22]. By using the already 
built hash table, we can check this subset efficiently, which is important 
too point out. 

 (b) When all of the sets have been checked in the list, the algorithm can 
get all k-frequent constant CFDs. 

GCGROWTH algorithm and GRGROWTH algorithm 

In the previous study, Gr-growth algorithm, is designed  for mining 
generators that is used for the first option described earlier for mining 
odds ratio patterns. It also proves its correctness. 

Proposition 2.  Let X and Y be nodes on the set-enumeration tree so that 
X ⊆ Y . Then X < Y. 

Theorem 1.  Given a dataset D = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∪ 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 and a support threshold ms, 
Gr-growth is sound and complete for producing the generators of ℱ(ms, 
D) and their support levels. 

Proof. Without loss of generality, we assume Step 1 is correct. Then, for 
any node 𝑋𝑋𝑖𝑖 , P[𝑋𝑋𝑖𝑖 ] (resp. 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝 [𝑋𝑋𝑖𝑖 ], 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 [𝑋𝑋𝑖𝑖 ]) gives the number of 
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occurrences of 𝑋𝑋𝑖𝑖 in D (resp. 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 , 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛) as a prefix. Then, for any node 
𝑋𝑋𝑖𝑖, the set {X ∈ H[last(𝑋𝑋𝑖𝑖)] | 𝑋𝑋𝑖𝑖 ⊆ X} comprises precisely those pre- fixes 
that contain Xi. So S[𝑋𝑋𝑖𝑖] := P X∈H[last(𝑋𝑋𝑖𝑖)], 𝑋𝑋𝑖𝑖⊆X P[X] gives the number 
of occurrences of 𝑋𝑋𝑖𝑖  in D. Thus, S[𝑋𝑋𝑖𝑖 ] = sup(𝑋𝑋𝑖𝑖 , D). Similarly, we 
conclude S pos[𝑋𝑋𝑖𝑖] = sup(𝑋𝑋𝑖𝑖, D pos) and S neg[𝑋𝑋𝑖𝑖] = sup(𝑋𝑋𝑖𝑖, D neg). Thus 
Steps 4–5 are correct. By Proposition 2.8, 𝑋𝑋𝑖𝑖 is a generator iff sup(𝑋𝑋𝑖𝑖) ≥ 
ms, sup(𝑋𝑋𝑖𝑖) < sup(𝑋𝑋𝑖𝑖 − {α}, D) for all α ∈ 𝑋𝑋𝑖𝑖, and 𝑋𝑋𝑖𝑖 − {α} is a generator 
for all α ∈ 𝑋𝑋𝑖𝑖. Thus Steps 7–10 are correct, provided that S[𝑋𝑋𝑖𝑖 − {α}] and 
G[𝑋𝑋𝑖𝑖 − {α}] are already computed at this point. By Proposition 3.1, and 
the order given in Step 2 of Gr-growth, this is indeed the case 

 

Figure 5 Pseudo codes for Gr-growth 

In this subsection, we present the GC-growth algorithm for mining 
generators and closed patterns simultaneously that is used for the 
second option described earlier for mining odds ratio patterns. We also 
prove its correctness.  

To implement GC-growth, we observe that 
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Figure 6 Pseudo codes for GC-growth 

Proposition 2. Let a dataset D be given. Let P[X] = |{𝑑𝑑𝑇𝑇 | T ∈ 𝒟𝒟, X is 
prefix of T}|. Let H[α] = {X | P[X] is defined, {α} is suffix of X}. Let X be a 
generator in 𝒟𝒟 . Then the closed pattern of [𝑋𝑋]𝒟𝒟  is ∩ max{𝑋𝑋′′  | 𝑋𝑋′  ∈ 
H[last(X)], X ⊆ 𝑋𝑋′ , 𝑋𝑋′ is prefix of 𝑋𝑋′′ , P[𝑋𝑋′′] ≤ P[𝑋𝑋′ ]}.  

Proof. Let X be a generator. Let C be the unique closed pattern of the 
equivalence class of X. Then C is in every transaction T that contains X. 
Let 𝑋𝑋′∈ H[last(X)] such that X ⊆ 𝑋𝑋′ . Then C is in every transaction T 
that contains 𝑋𝑋′ . By construction, S = max{𝑋𝑋′′| 𝑋𝑋′ is prefix of 𝑋𝑋′′, P[𝑋𝑋′′] ≤ 
P[𝑋𝑋′ ]} are precisely those transactions having 𝑋𝑋′ as a prefix. In other 
words, S = f(𝑋𝑋′ , D) = f(X, D). Since C is a closed pattern of [𝑋𝑋]𝒟𝒟, it is the 
largest itemset that is common to all transactions in S. Then C = ∩ S. 

Theorem 2. Given a dataset D = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ∪ 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 and a support threshold ms, 
GC-growth is sound and complete for producing the generators and 
closed patterns of ℱ(ms, D) and their support levels simultaneously. 
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There are a number of practical matters involved in getting an efficient 
implementation of GC-growth.  

First, as in Gr-growth, we use a special prefix tree and head table to 
keep P[·], 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝[·], 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 [·], and H[·]. Note that in the case of Gr-growth, 
FPclose* is run first to produce closed patterns, and the prefix tree and 
head table are produced as a byproduct by FPclose*. In the case of GC-
growth, we only run the part of FPclose* that builds the prefix tree and 
head table, but we do not run the rest of FPclose*.  

Second, as in Gr-growth, although we use a for-loop in Step 3 of the 
pseudo codes of GC-growth, we traverse in reality the prefix tree. As 
before, we skip the traversal and computations involving supersets of 
those 𝑋𝑋𝑖𝑖 that are not generators.  

Third, as in Gr-growth, to avoid walking up and down the prefix tree 
when looking for S[X] and G[X], we use a hashtable. Similarly, R[C] is 
implemented as a hashtable.  

Fourth, we optimize the computation of S = ∩ max{𝑋𝑋′′ | 𝑋𝑋′ ∈ H[last(Xi)], 
Xi ⊆ 𝑋𝑋′ , 𝑋𝑋′ is prefix of 𝑋𝑋′′ , P[𝑋𝑋′′] ≤ P[𝑋𝑋′ ]}. Note that in Step 4 of GC-
growth, we have already identified 𝑆𝑆′  = {𝑋𝑋′ ∈ H[last(Xi)] | Xi ⊆ 𝑋𝑋′ }. 
We can thus re-use this in the computation of S, and avoid traversing 
those branches of the prefix tree that do not contain Xi. Furthermore, the 
∩ computation can be avoided by walking down the subtree of the node 
corresponding to each 𝑋𝑋′ , and keeping those items that have a total P[·] 
count that is equal to P[𝑋𝑋′ ]. 

4.3 CFDs Table 
After applying the above algorithm, we can get the set of CFDs which is 
important to be used to detect and correct the data [23]. CFD’s form[24] 
is like the following form, which means D→A with the condition of D 
equals ‘HYDRAULOLJA’. 
['D', 'A', [('237583',), ('IEOWFSF',)]] 
 

4.4 Using Regular Expression to Some Data 
Since regular expressions are often used to detect errors in sequences 
such as strings or date, it is natural to use them for data repair. 
Motivated by this, we propose a data repair method based on regular 
expression to make the input sequence data obey the given regular 
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expression with minimal revision cost. The proposed method contains 
two steps, sequence repair and token value repair. 

For sequence repair, we propose the Regular-expression-based 
Structural Repair (RSR in short) algorithm. RSR algorithm is a dynamic 
programming algorithm that utilizes Nondeterministic Finite Automata 
(NFA) to calculate the edit distance between a prefix of the input string 
and a partial pattern regular expression with time complexity of O(nm2) 
and space complexity of O(mn) where m is the edge number of NFA 
and n is the input string length. We also develop an optimization 
strategy to achieve higher performance for long strings. For token value 
repair, we combine the edit-distance-based method and associate rules 
by a unified argument for the selection of the proper method. 
Experimental results show that the method in introduced here could 
repair the data effectively and efficiently. 

Regex-Based Structure Repair (RSR) Algorithm 

The first step of repair is structure repair, which based on the regular 
expression and regular grammar. There are several important 
definitions before the algorithm. This algorithm uses edit distance to 
measure the steps of correction and find the minimum cost on repairing. 

Definition 1. Given a regex r and a string s, for a s′ ∈ L(r), if ∀s′′  ∈ L(r), 
ed(s, s′′ ) ≥ ed(s, s′ ), then s′  is defined as the best repair to r of s, where 
L(r) is the language of r and ed(s1 , s2 ) computes the edit distance 
between s1 and s2. 

Definition 2. L(A) denotes the set of all strings that could be accepted 
by an NFA A. 𝑠𝑠𝑝𝑝 denotes a prefix of a string s which is one-character 
shorter than s. A Prefix of A, denoted by 𝐴𝐴𝑝𝑝, is an NFA that satisfies the 
following two conditions: 

1. ∀s ∈ L(A), ∃𝐴𝐴𝑝𝑝 ∈ PS(A), s.t. 𝑠𝑠𝑝𝑝 ∈ L(𝐴𝐴𝑝𝑝), where PS(A) is the set of all 
prefixes of A. 
2. The state transition diagram of 𝐴𝐴𝑝𝑝 is a subgraph of that of A. 

Definition 3. Given a string s and an NFA N, the edit distance from s to 
N (denoted by 𝑒𝑒𝑑𝑑∗ (s, N)) is defined as the minimal edit distance 
between s and a string s′  in L(N). That is, 𝑒𝑒𝑑𝑑∗ (s, N) = min {ed(s, s′ )}, s′  
∈ L(N). 



32 

 

𝑒𝑒𝑑𝑑∗(𝑠𝑠𝑖𝑖 ,𝐴𝐴) = 𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑒𝑒𝑑𝑑∗�𝑠𝑠𝑖𝑖 ,𝐴𝐴𝑝𝑝� + 1,                        (𝑎𝑎)
𝑒𝑒𝑑𝑑∗�𝑠𝑠𝑖𝑖−1 ,𝐴𝐴𝑝𝑝� + 𝑓𝑓�𝑠𝑠[𝑚𝑚], 𝑒𝑒𝑓𝑓�,   (𝑏𝑏)
𝑒𝑒𝑑𝑑∗(𝑠𝑠𝑖𝑖−1 ,𝐴𝐴) + 1,                       (𝑐𝑐)

             (1) 

𝑓𝑓�𝑠𝑠[𝑚𝑚], 𝑒𝑒𝑓𝑓� is defined as follows. 

𝑓𝑓�𝑠𝑠[𝑚𝑚], 𝑒𝑒𝑓𝑓� =  �
1, 𝑠𝑠[𝑚𝑚] ≠ 𝑡𝑡𝑡𝑡(𝑒𝑒𝑓𝑓)
0, 𝑠𝑠[𝑚𝑚] = 𝑡𝑡𝑡𝑡(𝑒𝑒𝑓𝑓)       (2) 

The recursion function describes such relationship as formula (1), and 
(a), (b) and (c) are dealing with different operations of edit distance. If 
c(A) denotes any character in {tr(e)|e ∈ TAIL(A)}, then (a) inserts c(A) to 
the end of 𝑠𝑠𝑖𝑖; (b) substitutes s[i] by a c(A) when 𝑓𝑓 = 1 or does nothing 
when 𝑓𝑓 = 0 which means that s[i] ∈ {tr(e)|e ∈ TAIL(A)}; (c) deletes s[i]. 
These options are proposed to search the optimal solution of 
subproblems for the computation of 𝑒𝑒𝑑𝑑∗(𝑠𝑠𝑖𝑖 ,𝐴𝐴). 

 

Figure 7 algorithm RSR  

Value Repair 
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Since edit distance is effective to measure the similarity of strings, it is 
natural to select the value with the smallest edit distance to the original 
string. For example, it is reasonable to repair txp to tcp, since it has the 
minimal edit distance to txp in V(P). 

Association rules mining aims to find the item sets that cooccur 
frequently. For our problem, it is effective to find the co-occurrence 
relationship between one value and its context. Then, the true value 
could be implied. We use this example to illustrate this method. For the 
Snort Rules, in each entry with both = 80 and = 80, the must be tcp, 
because 80 is the port number of tcp services.  

Hence, we can claim if string s mistakenly writes <P> as xxx with 80 as 
the values of source and destination port numbers, then a correct repair 
is to modify xxx to tcp—{<Source, Port >= 80,<Destination Port >= 80} 
implies { <P> =tcp}. This is regarded as an association rule. It describes 
the extent of association or dependency between the two sets. Formally, 
an AR is defined as an implication in form of X ⇒ Y , where X and Y are 
item sets and X ∩ Y = ∅. The example of Port and Protocol can be 
explained by an AR. In the Port-Protocol Rule 𝑆𝑆𝑝𝑝𝑝𝑝 ˙:X ⇒ Y , X is 
{ <S.Port>=80, <D.Port>=80} and Y is {<P> =tcp}.  

For an AR, confidence and support are often used to evaluate its 
usability. Given count(X) as the number of transactions containing X, 
count(X, Y ) as the number of transactions containing both X and Y , and 
count(T) as the size of the entire transaction set, support(X) = count(X)/ 
count(T ) , support(X, Y ) = count(X,Y ) / count(T ) . confidence measures 
the confidence level of a rule. Given a rule R : X ⇒ Y with X, Y as item 
sets, confidence(R) is: confidence(R) = support(X,Y ) /support(X) . 

To implement such method efficiently, we use an efficient top-1 string 
similarity search algorithm on the option set. The advantage is this 
method is easy to comprehend and implement without requiring extra 
knowledge of data. It can be pretty efficient. The disadvantage is when 
the operator is insertion and the token is completely wrong-written, this 
method can hardly make convincing choices without sufficient clues. To 
make rational choices in these cases, we give an association rules (AR) 
based method for supplement. 

Correctness  
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Theorem 1. In Algorithm 1, min𝑛𝑛𝑡𝑡∈TAIL(A){C(len(s), 𝑒𝑒𝑡𝑡)} is the minimum 
edit distance between the string s and the regex r with NFA A. 

In order to prove Theorem 1, we first substantiate four lemmas.  

Lemma 1. If e∗ is the first edge extracted from priority queue Q in Line 
17 of Algorithm 1 and s′ ∈ Se∗ , then C(i, e∗ ) = ed(S1, S0 ).  

Proof : Suppose that there exists e𝑝𝑝∗   ∈ PRE(e∗ ) with C(i, e∗ ) > C(i, e𝑝𝑝∗ ) + 
1 satisfying the condition to modify C(i, e𝑝𝑝∗ ) in Line 19. There must be C(i, 
e𝑝𝑝∗ ) < min{C(i, e)} = C(i, e∗ ), which contradicts to the assumption that e∗ 
is the minimum in Q. Thus, this lemma holds. 

Lemma 2. After substitutions and deletions, for any C(i, e) + 1 
<C(i, en)en∈NEXT (e), C(i, en) = C(i, e) +2. 

Proof : Given edge a, b and e′ where b ∈ NEXT(a), e′∈ PRE(b) and 

                             C(i, b) > C(i, a) + 1.                                                       (3) 

And according to Line 6 and Line 9, we have  

C(i, b) = min{C(i − 1, e′ ), C(i − 1, b)} + 1,                                             (4) 

or C(i, b) = min{C(i − 1, e′ )}.                                                                 (5) 

If (5) holds, then  

C(i, b) ≤ C(i − 1, a)                                           (6) 

Considering the comparison between C(i−1, a) and C(i, a).  

It is possible that  

�
C(i −  1, a)  =  C(i, a)  −  1

C(i −  1, a)  =  C(i, a)
C(i −  1, a)  =  C(i, a)  +  1

 

If C(i − 1, a) = C(i, a) + 2 holds, then only 1 step, cutting s[i], is required 
to make C(i − 1, a) = C(i, a) + 1. Hence,  

C(i − 1, a) ≤ C(i, a) + 1.                                 (7) 
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Combining with (6), we get C(i, b) ≤ C(i, a) + 1, which contradicts to (3). 
Hence, C(i, b) = min{C(i − 1, e′ ), C(i − 1, b)} + 1.  

On the other hand, min{C(i − 1, e′ )} ≥ min{C(i − 1, e′  ), C(i − 1, e)}. 
Therefore, C(i, b) ≤ min{C(i − 1, e′ )} + 1 ≤ C(i − 1, a) + 1.  

Combining with (7), it holds that  

C(i, b) ≤ C(i−1, a)+ 1 ≤ (C(i, a)+ 1)+ 1 = C(i, a)+ 2                       (8) 

Due to (3) and (8): C(i, b) = C(i, a) + 2.  

Lemma 3. For each e extracted from Q, C(i, e) is stable and optimal, that 
is, for s′ ∈ 𝑆𝑆𝑛𝑛, C(i, e) = ed(s, s′ ). 

Proof : The only possible case invalidates this lemma is that when an 
edge e is pop from the Q, C(i, e) is minimal. In such case, consider edges 
e and 𝑒𝑒𝑘𝑘, which is inferior to e in Q, with e ∈ NEXT(𝑒𝑒𝑘𝑘). When an edge 
in PRE(e) is extracted and modifies C(i, 𝑒𝑒𝑘𝑘), C(i, e) could possibly be 
lessen as well for e ∈ NEXT(𝑒𝑒𝑘𝑘). Since e is extracted before ek, C(i, 𝑒𝑒𝑘𝑘) 
will not “correct” C(i, e), as will result in the incorrectness of C(i, e).  

We now prove that above case would never happen. Supposing that C(i, 
𝑒𝑒𝑘𝑘) is modified from x to x−1, with C(i, e) ≤ x, the new C(i, ek) has only 
two possibilities, C(i, 𝑒𝑒𝑘𝑘) = C(i, e) − 1 or C(i, 𝑒𝑒𝑘𝑘) ≥ C(i, e). Above case 
happens only under the former condition where C(i, 𝑒𝑒𝑘𝑘) = C(i, e) − 1. 
However, according to Lemma 2, if C(i, e) is about to modify C(i, 𝑒𝑒𝑘𝑘), C(i, 
e) = C(i, 𝑒𝑒𝑘𝑘)+ 2. Therefore, we have proved that for any e in E, C(i, e) will 
not be modified by edges with smaller key in Q. That is, for all e 
extracted from Q, C(i, e) is stable and optimal 

Lemma 4. Given an NFA A, A’s prefix 𝐴𝐴𝑝𝑝 and edge e ∈ TAIL(𝐴𝐴𝑝𝑝), if for 
any 𝐴𝐴𝑝𝑝, C(i − 1, e)’s cover ed∗ (si−1, 𝐴𝐴𝑝𝑝), then C(i, e) cover any ed∗ (si, 𝐴𝐴𝑝𝑝) 
after Algorithm 1. 

Then, we give the proof of Theorem 1. Proof(Theorem 1): Since this 
algorithm is based on dynamic programming, its correctness is proven 
by inductive method. We apply inductions on i, the length of prefixes of 
s. When i = 0, all C(ε, e) with e ∈ E are initialized as dis(e). Because any 
edit distance from an empty string ε to a string passes e ∈ T AIL(A) in 
L(A) is exactly dis(e), C(ε, e)’s contain ed(ε, A). The inductive hypothesis 
is that all C(i−1, e) are correct for each e and they contain optimal 
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distance values of any ed∗ (si−1, A) given e ∈ T AIL(A). We attempt to 
prove that C(i, e)’s can then provide valid ed∗ (si, A) under above 
hypothesis. Lemma 4 proves the inductive hypothesis. Therefore, 
C(len(s), e) records ed∗ (s, Ap) with e ∈ T AIL(𝐴𝐴𝑝𝑝). Particularly when et 
∈ TAIL(A), C(len(s), et) gives edit distances from s to strings in L(A). 
ed∗ (s, A) = min{ C(len(s), et)}, since it has the minimum repairing cost. 
Theorem 1 is proven. 

Complexity 

Theorem 2. The time complexity of RSR algorithm is O(𝑚𝑚𝑚𝑚2) and the 
space complexity is O(nm). 

Proof : RSR algorithm’s time complexity is comprised of three parts: the 
cost of initialization (denoted by T1), the cost of computation of C and H 
(T2) and the cost of repair sequence generation (T3). Clearly, T = T1 + T2 
+ T3.  

The time complexity of the initialization (Line 1 in Algorithm 1) is T1 = 
O(m) + O(n).  

During the computation of C and H, ‘for’ loop beginning at Line 3 will 
be executed for n times. Therefore, T2 = n × (T2.1 + T2.2 + T2.3), where 
T2.1, T2.2 and T2.3 correspond to the time complexities of ‘for’ loop 
(Line 4-14), creating priority queue (Line 15) and ‘while’ loop (Line 16- 
21), respectively. In the worst case, as for Line 6 and Line 9, |P RE(e)| = 
m. Thus the cost of traversing P RE(e) to get the minimum C(i, ep) is m 
and T2.1 = O(m × m) = O(𝑚𝑚2).  

Time complexity of initializing the priority queue Q is T2.2 = O(m lg m). 
In the ‘while’ loop at Line 16, the number of edge extraction is m and in 
the worst case, |NEXT(e)| = m. Thus, T2.3 = O(m × m) = O(m2 ). 
Therefore, T2 = n × (O(m2 ) + O(m lg m) + O(m2 )) = O(nm2 ).  

The cost of finding min{C(len(s), et]} is |T AIL(A)|, which equals to m in 
the worst case. It takes at most max{len(s) +min(dis (T AIL(A)))} steps to 
restore the string in H. Thus, the maximum min(dis(T AIL(A))) = m. It 
implies that T3 = O(m) + O(max{n + m}) = O(max{m + n}).  

In summary, the entire time complexity: T = T1 + T2 + T3 = O(m) + O(n) + 
O(𝑚𝑚𝑚𝑚2) + O(max{m + n}) = O(𝑚𝑚𝑚𝑚2).  
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For space complexity, both Matrix C and H have n + 1 rows and m + 1 
columns, thus the space complexity is S = O(2 × (m + 1) × (n + 1)) = 
O(mn). 

4.5 Detect and Correct 
By using the set of CFDs, I use a table to store the CFDs and 
corresponding regular grammars. And considering the cost of time and 
space to search and correct the data, RSR algorithm is only used to 
correct the most important columns. In this study, because of the 
database’s most data are focusing on several columns, I consider the 
need and importance of data value and choose the former columns to 
discover CFDs.  

Using regular operations: union, concatenation and star, I decide the 
regular grammars of the data in the reference column. Because regular 
grammars are equivalent to the nondeterminism finite automata(NFA), 
each regular grammar can be expressed by NFA. Now the table will add 
the corresponding regular grammars in each line. The table of rules is as 
follows, shown in Table 2. To improve the searching efficiency, we sort 
the column from ascending number or ascending words. 

Table 2 Example of Rules Table 

C D E 

181200 VENSOTEC (0 − 9)∗(0 − 9)∗(0 − 9)∗ AAJAT 

514240 NELES (ab)*cde*(fgh)*((ij)*kl)*m(n*op)*((qrs)*(tu)*)*(vwxy)*z 

641400 TOSHIBA CO (0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗ 

When detecting the tuples in the database, first search the column in C, 
if the value is equal to the relevant data in the rules table, then the 
corresponding value in column D will be the same. And then the form 
of column E will follow the grammar in the rules table. And the 
detection and correction in column E will use the RSR algorithm.  

4.6 Initial Database 
The initial database consists of all the data from the clients, some tuples 
of columns is missing and not sure about the correctness. The features of 
a database are important and some columns of the database are utmost 
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important to keep its accuracy. In this study, focusing on several 
important columns can improve the algorithm running more efficiently 
and will have more accuracy results. 

To the reality of the initial database shown in Table 3, this study focus 
on the former columns, including SKC-nummer(A), Benämning(B), 
Grupp(C), Varumärke/Norm(D), Referens (artikelnr, typbet, rit.nr)(E). 
These columns consist most important significant data of the database 
and focusing on these columns can make the algorithm save more space 
and time. Other columns will be considered if they have any other 
influences to the former columns. 

Table 3 Initial Database  

SKC-
nummer 

Benäm
ning 

Grupp Varumär
ke/Norm 

Referens 
(artikelnr, 
typbet, rit.nr) 

An
tal 

En
het 

Kompl 
uppg 
övrigt 

Fö
rp
ac
kni
ng 

SSG-notering 

11111111 

FEOJEW 695954 OEWIEORW FIOWIEOFJ      

492374839
2 

FEWFEW
O 

5430950
4 REKWLKR FEIOW93200   HRERGXC   

14321324 

FDSFDE
WOFJ 

5209234
0 

REWORKE
W FEOWFJ9302      

43245333 

FEWOFJ
KS 424320 REWRKEE 504892049332   2140 932   

333333363 

VLKL 
4351700
0 REW 5904294032      

766643225
4 

POKI 
5338432
00 REWREW 

FJEOWFMKGPR0
903      

540939855 

OFEOW 4324340 AXRON 
4302985024930F
JEOJFLS   40   

 
4.7 Database 

The database that exists dirty data will be cleaned by using CFDs and 
RSR algorithm. Dealing the exists data in the database will use a lot of 
time, most of the solution is to deal with the latest data or the input 
tuples. The obsolete data can be detected and cleaned but maybe there 
will be some difference between the nowadays data features and the 
former data, especially the reference column. Anyway, the process of 
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cleaning data can solve the problem of dirty data and therefore improve 
the quality of the database. 
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5 Results 
5.1 CFDs 

We get the set of CFDs by using the algorithm, the result is the constant 
CFDs found in the sample database. There are general CFDs and 
constant CFDs. In this study, we tend to use constant CFDs to form the 
rules table because the data should be accuracy. 

5.2 Regular Expressions 
After observing the reference column and using three operations: union, 
concatenation and star, we can design each kind of regular expressions 
of this column. The result is like in the table 4 below. 

Table 4 Regular Expressions 

references 

(0 − 9)∗(0 − 9)∗(0 − 9)∗ AAJAT 

(ab)*cde*(fgh)*((ij)*kl)*m(n*op)*((qrs)*(tu)*)*(vwxy)*z 

(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗ 

(0 − 9)∗(0 − 9)∗(0 − 9)∗𝑐𝑐𝑚𝑚 ∗ (0 − 9)∗(0 − 9)∗(0 − 9)∗𝑐𝑐𝑚𝑚 ∗ (0 −
9)∗(0 − 9)∗(0 − 9)∗𝑐𝑐𝑚𝑚 

5.3 Forming the Rules Table 
After running the algorithm of discovering CFDs, there are a lot of CFDs 
can be used and to efficiently search and compare, we choose the 
column which exists only number. And combine the regular expressions 
with this CFD. Because the significant data in this database is only five, 
so here we use the column C and D and E. The results are as follows, 
shown in table 5: 

Table 5 rules table 

C D E 

654254354 AABB (0 − 9)∗(0 − 9)∗(0 − 9)∗ AAJAT 
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654563 HTRT (ab)*cde*(fgh)*((ij)*kl)*m(n*op)*((qrs)*(tu)*)*(vwxy)*z 

979878 TRERTERTFFCCG (0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗ 

5.4 Correct Results 
Error data like missing or wrong spelling will be corrected by using 
rules table which the accuracy data obey. 

Table 6 initial database  

A B C D E 

32132143 
AFEHYA 21186200 MO 

150656  DTE 

10 EXCEL 46 

32343 
AFEHYA 21186200  

150655  DTE 

10 EXCEL 46 

10141031 
AFEHYA  MO 

150655  TE 

10 EXCEL 46 

76576454645 
AFEHYA 21186200 MO 

150655  DTE 

EXCEL 46 

Table 7 database 

A B C D E 

32132143 
AFEHYA 21186200 MO 

150656  DTE 

10 EXCEL 46 

32343 
AFEHYA 21186200 MO 

150656  DTE 

10 EXCEL 46 

10141031 
AFEHYA 21186200 MO 

150656  DTE 

10 EXCEL 46 

76576454645 
AFEHYA 21186200 MO 

150656  DTE 

10 EXCEL 46 

Table 6 shows the initial database, there exists some errors of the data 
that need to be repaired or correct. Column A, B, C and D can be found 
rules by using CFDs discovering algorithm. And the result is that B, C 
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and D have the relations that each two columns decide the third 
column’s value. So when dealing with the data in the database, if the 
columns are found to be like missing data in one of the column and the 
other two can be found in the rules table, then we can fix the column. 
And the column E is the reference data, which obeys the regular 
grammar  

(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗(0 − 9)∗ 𝐸𝐸𝐶𝐶𝐸𝐸 10 𝐸𝐸𝑋𝑋𝐶𝐶𝐸𝐸𝐸𝐸 46). 

So when dealing with the column E, the algorithm will use RSR 
algorithm to fix the data. 
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6 Conclusions 
Goal 1: the algorithm CTANE can find the sets of CFDs and the results 
shows that besides the time costing, it works well and we can get the 
useful CFDs. 

Goal 2: after designing the regular expressions, we use NFA which is a 
useful tool to correct the structure of the data and use the edit distance 
method to the value repair. 

Goal 3: the combination of RSR algorithm and CTANE algorithm 
efficiently solve the problem of complex data structure. And the table of 
rules are most efficient to be searched and compared. 

Goal 4:  by using the data from SSG company, the data can be cleaned in 
a meaningful and scientific way. 

By using the algorithm of discovering CFDs, we can find the minimum 
CFDs from the database. The set of CFDs are tools we can use to detect 
and correct the errors or mistakes in the database. The complex 
structure of data is also being corrected by using RSR algorithm. After 
the correction process, the database can be improved on its integrity. 

6.1 Ethical Discuss 
The cleaning data is an important process dealing with the database, 
while if the cleaning rules are abused and the rules are given away, it 
will be a disaster. Because there are some basic rules that the data obey, 
the change of these rules will make the database crush. And if the rules 
are known by the other companies or other people to misuse, like usurp 
the personal data, it will bring personal lost to enormous people and 
cannot be rescued immediately. That would be a disaster to both the 
customers and the companies. So the protection of the data rules and 
relevant data should be in a high position of attention. 

6.2 Future Work 
The efficient and time consuming are important effects to the correction 
process. Most of the time is consumed on the algorithm of discovering 
the CFDs, which needs to be improved. The efficiency of the algorithm 
is utmost important to focus on. And to find the minimum, free and 
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closed CFDs that meets the reality needs can be further discussed to 
carried into the algorithm to improve the efficiency. 

The data in the reference column in this study can be correct which obey 
the regular grammars. But there are a lot of data that are not that easy to 
expressed by grammar or even cannot be expressed. Most of data in this 
column is important information, so finding ways that can improve the 
quality of the data is more important in the future. 
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