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ABSTRACT

Data quality is one of the most important problems in data management. A database system typically
aims to support the creation, maintenance, and use of large amount of data, focusing on the quantity
of data. However, real-life data are often dirty: inconsistent, duplicated, inaccurate, incomplete, or
stale. Dirty data in a database routinely generate misleading or biased analytical results and decisions,
and lead to loss of revenues, credibility and customers. With this comes the need for data quality
management. In contrast to traditional data management tasks, data quality management enables
the detection and correction of errors in the data, syntactic or semantic, in order to improve the
quality of the data and hence, add value to business processes.

This monograph gives an overview of fundamental issues underlying central aspects of data
quality, namely, data consistency, data deduplication, data accuracy, data currency, and information
completeness. We promote a uniform logical framework for dealing with these issues, based on
data quality rules. The text is organized into seven chapters, focusing on relational data. Chapter
1 introduces data quality issues. A conditional dependency theory is developed in Chapter 2, for
capturing data inconsistencies. It is followed by practical techniques in Chapter 3 for discovering
conditional dependencies, and for detecting inconsistencies and repairing data based on conditional
dependencies. Matching dependencies are introduced in Chapter 4, as matching rules for data
deduplication. A theory of relative information completeness is studied in Chapter 5, revising the
classical Closed World Assumption and the Open World Assumption, to characterize incomplete
information in the real world. A data currency model is presented in Chapter 6, to identify the
current values of entities in a database and to answer queries with the current values, in the absence of
reliable timestamps. Finally, interactions between these data quality issues are explored in Chapter 7.
Important theoretical results and practical algorithms are covered, but formal proofs are omitted.
The bibliographical notes contain pointers to papers in which the results were presented and proven,
as well as references to materials for further reading.

This text is intended for a seminar course at the graduate level. It is also to serve as a useful
resource for researchers and practitioners who are interested in the study of data quality. The funda-
mental research on data quality draws on several areas, including mathematical logic, computational
complexity and database theory. It has raised as many questions as it has answered, and is a rich
source of questions and vitality.

KEYWORDS

data quality, data consistency, data deduplication, data accuracy, information complete-
ness, data currency, data dependencies, dependency discovery, rule validation, error
detection, data repairing, master data, certain fixes
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CHAPTER 1

Data Quality: An Overview

Database texts typically teach us how to design databases, formulate queries, and speed up query
evaluation. We are led to believe that as long as we get a query right, then our database management
system (DBMS) will find the correct answer to the query, and voiZa/ Unfortunately, this may not
happen. In the real world, data are often dirty. Given dirty data in a database, we are not warranted
to get accurate, complete, up-to-date or even correct answer to our query, no matter how well we
write our query and how efficient our DBMS is. These highlight the need for improving zbe quality
of the data.

This chapter identifies central issues in connection with data quality, and introduces a uniform
logical framework to deal with these issues, based on data quality rules.

1.1 DATA QUALITY MANAGEMENT

Traditional database systems typically focus on zhe guantity of data, to support the creation, mainte-
nance, and use of large volumes of data. But such a database system may not find correct answers to
our queries if the data in the database are “dirty,” i.e., when the data do not properly represent the
real world entities to which they refer.

To illustrate this, let us consider an employee relation residing in a database of a company,
specified by the following schema:

employee(FN, LN, CC, AC, phn, street, city, zip, salary, status) .

Here each tuple specifies an employee’s name (first name FN and last name LN), office phone (country
code CC, area code AC, phone phn), office address (street, city, zip code), salary, and marital status.
An instance Dy of the employee schema is shown in Figure 1.1.

Consider the following queries posted on relation D.

(1) Query Q; is to find the number of employees working in the NYC office (New York City). A
DBMS will tell us that the answer to Q1 in Dy is 3, by counting tuples ?1, 2, and 3. However, the
answer may not be correct, for the following reasons. First, the data in Dy are inconsistent. Indeed,
the CC and AC values of #1, #2, and 73 have conflicts with their corresponding city attributes: when
CC = 44 and AC = 131, the city should be Edinburgh (EDI) in the UK, rather than NYC in the U.S;
and similarly, when CC = 01 and AC = 908, city should be Murray Hill (MH) in the U.S. It is thus
likely that NYC is not the true city value of 71, #2, and 73. Second, the information in Do may be
incomplete for employees working in NYC. That is, some tuples representing employees working in
NYC may be missing from Dg. Hence, we cannot trust 3 to be the answer to Q.
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FN LN CC AC phn street city zip salary  status

t1: | Mike | Clark | 44 | 131 null Mayfield | NYC | EH4 8LE 60k single
tp: | Rick | Stark | 44 | 131 | 3456789 | Crichton | NYC | EH4 8LE 96k married
t3: | Joe Brady | 01 | 908 | 7966899 | Mtn Ave | NYC | NJ 07974 90k married
t4: | Mary | Smith | 01 | 908 | 7966899 | Mtn Ave | MH | NJ 07974 50k single
ts: | Mary | Luth | 01 | 908 | 7966899 | Mtn Ave | MH | NJ 07974 50k married
tg: | Mary | Luth | 44 | 131 | 3456789 | Mayfield | EDI | EH4 8LE 80k married

Figure 1.1: An employee instance.

(2) Query Q> is to find the number of distinct employees with FN = Mary. In Dy the answer to Q>
is 3, by enumerating tuples 74, 5, and 6. Nevertheless, the chances are that 4, #5, and # actually
refer to the same person: all these tuples were once the true values of Mary, but some have become
obsolete. Hence, the correct answer to 02> may be 1 instead of 3.

(3) Query Q3 is to find Mary’s current salary and current last name, provided that we know that
14, t5, and fg refer to the same person. Simply evaluating Q3 on Dy will get us that salary is either
50k or 80k, and that LN is either Smith or Luth. However, it does not tell us whether Mary’s
current salary is 50k, and whether her current last name is Smith. Indeed, reliable timestamps for
14, t5, and 6 may not be available, as commonly found in practice, and hence, we cannot tell which
of 50k or 80k is more current; similarly for LN.

This example tells us that when the data are dirty, we cannot expect a database system to
answer our queries correctly, no matter what capacity it provides to accommodate large data and
how efficiently it processes our queries.

Unfortunately, real-life data are often dir#y: inconsistent, duplicated, inaccurate, incomplete,
and out of date. Indeed, enterprises typically find data error rates of approximately 1-5%, and for some
companies it is above 30% [Redman, 1998]. In most data warehouse projects, data cleaning accounts
for 30-80% of the development time and budget [Shilakes and Tylman, 1998], for improving the
quality of the data rather than for developing the systems. When it comes to incomplete information,
itis estimated that “pieces of information perceived as being needed for clinical decisions were missing
from 13.6% to 81% of the time” [Miller Jr. et al.,2005]. When data currency is concerned, it is known
that “2% of records in a customer file become obsolete in one month” [Eckerson, 2002]. That is, in a
database of 500,000 customer records, 10,000 records may go stale per month, 120,000 records per
year, and within two years about 50% of all the records may be obsolete.

Why do we care about dirty data? Data quality has become one of the most pressing challenges
to data management. It is reported that dirty data cost U.S. businesses 600 billion dollars annually
[Eckerson, 2002], and that erroneously priced data in retail databases alone cost U.S. consumers $2.5
billion each year [English, 2000]. While these indicate the daunting cost of dirty data in the U.S,,
there is no reason to believe that the scale of the problem is any different in any other society that

is dependent on information technology.
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These highlight the need for data quality management, to improve the quality of the data in
our databases such that the data consistently, accurately, completely, timely, and uniquely represent
the real-world entities to which they refer.

Data quality management is at least as important as traditional data management tasks for
coping with the quantity of data. There has been increasing demand in industries for developing data
quality management systems, aiming to effectively detect and correct errors in the data, and thus to
add accuracy and value to business processes. Indeed, the market for data quality tools is growing
at 16% annually, way above the 7% average forecast for other IT segments [Gartner, 2011]. As an
example, data quality tools deliver “an overall business value of more than 600 million GBP” each
year at British Telecom [Otto and Weber, 2009]. Data quality management is also a critical part
of big data management, master data management (MDM) [Loshin, 2009], customer relationship
management (CRM), enterprise resource planning (ERP), and supply chain management (SCM),
among other things.

1.2 CENTRAL ISSUES OF DATA QUALITY

We highlight five central issues in connection with data quality, namely, data consistency, data
deduplication, data accuracy, information completeness, and data currency.

1.2.1 DATA CONSISTENCY

Data consistency refers to the validity and integrity of data representing real-world entities. It aims
to detect inconsistencies or conflicts in the data. In a relational database, inconsistencies may exist
within a single tuple, between different tuples in the same relation (table), and between tuples across
different relations.

As an example, consider tuples 1, 12, and 3 in Figure 1.1. There are discrepancies and conflicts
within each of these tuples, as well as inconsistencies between different tuples.

(1) It is known that in the UK (when CC = 44), if the area code is 131, then the city should be
Edinburgh (EDI). In tuple #1, however, CC = 44 and AC = 131, but city # EDL That is, there exist
inconsistencies between the values of the CC, AC, and city attributes of #1; similarly for tuple #,.
These tell us that tuples ¢ and #, are erroneous.

(2) Similarly, in the U.S. (CC = 01), if the area code is 908, the city should be Murray Hill (MH).
Nevertheless, CC = 01 and AC = 908 in tuple 73, whereas its city is not MH. This indicates that tuple
13 1s not quite correct.

(3) It is also known that in the UK, zip code uniquely determines street. That is, for any two tuples
that refer to employees in the UK, if they share the same zip code, then they should have the
same value in their street attributes. However, while #1[CC] = 1[CC] = 44 and #;[zip] = 12[zip],

ty[street] # ty[street]. Hence, there are conflicts between ¢ and 1.
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Inconsistencies in the data are typically identified as violations of data dependencies (a.k.a.
integrity constraints [Abiteboul et al., 1995]). As will be seen in Chapter 2, errors in a single relation
can be detected by intrarelation constraints such as extensions of functional dependencies, while
errors across different relations can be identified by interrelation constraints such as extensions of
inclusion dependencies.

1.2.2 DATA DEDUPLICATION

Data deduplication aims to identify tuples in one or more relations that refer to the same real-world
entity. It is also known as entity resolution, duplicate detection, record matching, record linkage,
merge-purge, and object identification (for data with complex structures).

For example, consider tuples 74, #5, and g in Figure 1.1. To answer query Q» given earlier,
we want to know whether these tuples refer to the same employee. The answer is affirmative if, for
instance, there exists another relation that indicates that Mary Smith and Mary Luth have the same
email account and hence, are the same person.

The need for studying data deduplication is evident: for data cleaning it is needed to eliminate
duplicate records; for data integration it is to collate and fuse information about the same entity
from multiple data sources; and for master data management it helps us identify links between input
tuples and master data. The need is also highlighted by payment card fraud, which cost $4.84 billion
worldwide in 2006 [SAS, 2006]. In fraud detection it is a routine process to cross-check whether a
credit card user is the legitimate card holder. As another example, there was a recent effort to match
records on licensed airplane pilots with records on individuals receiving disability benefits from the
U.S. Social Security Administration. The finding was quite surprising: there were 40 pilots whose
records turned up in both databases (cf. [Herzog et al., 2009]).

No matter how important it is, data deduplication is nontrivial. As will be seen in Chapter 4,
tuples pertaining to the same object may have different representations in various data sources
with different schemas. Moreover, the data sources may contain errors. These make it hard, if not
impossible, to match a pair of tuples by simply checking whether their attributes are pairwise equal
to each other. Worse still, it is often too costly to compare and examine every pair of tuples from
large data sources.

1.2.3 DATA ACCURACY
Data accuracy refers to the closeness of values in a database to the true values of the entities that the
data in the database represent. Consider, for example, a person schema:

person(FN, LN, age, height, status),

where a tuple specifies the name (FN, LN), age, height, and marital status of a person. A person
instance is shown Figure 1.2.3, in which so presents the “true” information for Mike. From these
we can conclude that s1[age, height] are more accurate than sy[age, height] as they are closer to the

true values of Mike, while s»[FN, status] are more accurate than s;[FN, status].
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FN LN  age height status
so: | Mike | Clark | 14 1.70 single
St M. Clark | 14 1.69 married
so: | Mike | Clark | 45 1.60 single

Figure 1.2: A person instance.

It is more challenging, however, to determine the relative accuracy of s1 and s, when the
reference s is unknown, as commonly found in practice. In this setting, it is still possible to find
that for certain attributes, the values in one tuple are more accurate than the other by an analysis of
the semantics of the data, as follows.

(1) Suppose that we know that Mike is still going to middle school. From this, we can conclude that
s1[age] is more accurate than sp[age]. That is, s1[age] is closer to Mike’s true age value than s;[age],
although Mike’s true age may not be known. Indeed, it is unlikely that students in a middle school
are 45 years old. Moreover, from the age value (s [age]), we may deduce that s5[status] may be more
accurate than sq[status].

(2) If we know that s [height] and s2[height] were once correct, then we may conclude that s [height]
is more accurate than s[height], since the height of a person is typically monotonically increasing,
at least when the person is young.

1.2.4 INFORMATION COMPLETENESS

Information completeness concerns whether our database has complete information to answer our
queries. Given a database D and a query Q, we want to know whether Q can be completely answered
by using only the data in D. If the information in D is incomplete, one can hardly expect its answer
to Q to be accurate or even correct.

In practice, our databases often do not have sufficient information for our tasks at hand. For
the entities that the data in our database intend to represent, both attribute values and tuples may
be missing from our databases. For instance, the value of #{[phn] in the relation Dy of Figure 1.1 is
missing, as indicated by null. Worse still, tuples representing employees may also be missing from
Dy. As we have seen earlier, for query Q1 given above, if some tuples representing employees in
the NYC office are missing from Dy, then the answer to Q1 in Do may not be correct. Incomplete
information introduces serious problems to enterprises: it routinely leads to misleading analytical
results and biased decisions, and accounts for loss of revenues, credibility and customers.

How should we cope with incomplete information? Traditional work on information com-
pleteness adopts either the Closed World Assumption (CWA) or the Open World Assumption
(OWA), stated as follows (see, for example, [Abiteboul et al., 1995]).

* The CWA assumes that a database has collected all the tuples representing real-world entities,
but the values of some attributes in those tuples are possibly missing.
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* The OWA assumes that in addition to missing values, some fuples representing real-world
entities may also be missing. That is, our database may only be a proper subset of the set of
tuples that represent those real-world entities.

Database theory is typically developed under the CWA. Unfortunately, in practice, one often finds
that not only attribute values but also tuples are missing from our database. That is, the CWA often
does not hold. On the other hand, under the OWA, we can expect few sensible queries to find
complete answers.

As will be seen in Chapter 5, neither the CWA nor the OWA is quite appropriate in emerging
applications such as master data management. In other words, databases in the real world are neither
entirely closed-world 7or entirely open-world. These databases are actually “partially closed.” The
good news is that we often find that partially closed databases have complete information to answer
our queries at hand.

1.2.5 DATA CURRENCY

Data currency is also known as #imeliness. It aims to identify the current values of entities represented
by tuples in a database, and to answer queries with the current values.

The question of data currency would be trivial if all data values carried valid timestamps. In
practice, however, one often finds that timestamps are unavailable or imprecise [Zhang et al., 2010].
Add to this the complication that data values are often copied or imported from other sources
[Berti-Equille et al., 2009; Dong et al., 2010, 2009a,b], which may not support a uniform scheme
of timestamps. These make it challenging to identify the “latest” values of entities from the data in
our database.

For example, recall query Q3 and the employee relation Dy of Figure 1.1 given above. Assume
that tuples 14, 5, and f are found pertaining to the same employee Mary by using data deduplication
techniques [Elmagarmid et al., 2007]. As remarked earlier, in the absence of reliable timestamps,
the answer to Q3 in Dg does not tell us whether Mary’s current salary is 50k or 80k, and whether
her current last name is Smith or Luth.

Not all is lost. As will be seen in Chapter 6, it is often possible to deduce currency orders from
the semantics of the data, as illustrated below.

(1) While we do not have reliable timestamps associated with Mary’s salary, we may know that the
salary of each employee in the company does nos decrease, as commonly found in the real world.
This tells us that fg[salary] is more current than #4[salary] and #5[salary]. Hence, we may conclude
that Mary’s current salary is 80k.

(2) We know that the marital status can only change from single to married and from married to
divorced, but not from married to single. In addition, employee tuples with the most current marital
status also contain the most current last name. Therefore, 75[LN] = #5[LN] is more current than #4[LN].
That is, Mary’s current last name is Luth.
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CC AC/| phn street  city zip

tm1: | 44 | 131 | 3456789 | Mayfield | EDI | EH4 8LE
tmo: | 01 | 908 | 7966899 | Mtn Ave | MH | NJ 07974

Figure 1.3: An example office master data relation.

1.2.6 INTERACTIONS BETWEEN DATA QUALITY ISSUES

To improve data quality we often need to deal with each and every of the five central issues given
above. Moreover, these issues interact with each other, as illustrated below.

Aswe have observed earlier, tuples #1, 2, and 73 in the relation Dy of Figure 1.1 are inconsistent.
We next show how data deduplication may help us resolve the inconsistencies. Suppose that the
company maintains a master relation for its offices, consisting of consistent, complete, and current
information about the address and phone number of each office. The master relation is denoted by
D,, and given in Figure 1.3. It is specified by schema:

office(CC, AC, phn, street, city, zip),

As will be seen in Chapter 7, we may “repair” 1, t2, and #3 as follows.

(1) If the values of attributes CC and AC of these tuples are confirmed accurate, we can safely update
their city attributes by letting #;[city] = 2[city] := EDI, and #3[city] := MH, for reasons remarked
earlier. This yields #{, ¢}, and ¢}, which differ from 71, 72, and #3, respectively, only in their city
attribute values.

(2) We know that if an employee tuple € Dy and an office tuple #,, € D,, agree on their address
(street, city, zip), then the two tuples “match,” i.e., they refer to the same address and phone. Hence,
we can update 7[CC, AC, phn] by taking the corresponding master values from f,,. This allows us to
change #][street] to #,,1[street]. That is, we repair #)[street] by matching ) and #,,1. This leads to
tuple ¢, which differs from ) only in the street attribute.

(3) We also know that for employee tuples 1 and 72, if they have the same address, then they should
have the same phn value. In light of this, we can augment #{ [phn] by letting 7| [phn] := #J[phn], and
obtain a new tuple #{'.

One can readily verify that 7{', #}, and 7} are consistent. In the process above, we “interleave”
operations for resolving conflicts (steps 1 and 3) and operations for detecting duplicates (step 2).
On one hand, conflict resolution helps deduplication: step 2 can be conducted only after #;[city] is
corrected. On the other hand, deduplication also helps us resolve conflicts: 7{[phn] is enriched only
after 1} [street] is fixed via matching.

There are various interactions between data quality issues, including but not limited to the
following.

* Data currency can be improved if more temporal information can be obtained in the process

for improving information completeness.
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* To determine the current values of an entity, we need to identify tuples pertaining to the same
entity, via data deduplication. For instance, to find Mary’s LN in the relation Dy of Figure 1.1,
we have to ask whether tuples 74, #5, and f¢ refer to the same person.

* To resolve conflicts in tuples representing an entity, we often need to determine whether the
information about the entity is complete, and only if so, we can find the true value of the entity
from the available data residing in our database.

These suggest that a practical data quality management system should provide functionality
to deal with each and every one of the five central issues given above, and moreover, leverage the
interactions between these issues to improve data quality.

1.3 IMPROVING DATA QUALITY USING RULES

We have seen that real-life data are often dirty, and that dirty data are costly. In light of these,
effective techniques have to be in place to improve the quality of our data. But how?

Errors in real-life data. To answer this question, we first classify errors typically found in the real
world. There are two types of errors, namely, syntactic errors and semantic errors.

(1) Syntactic errors: violations of domain constraints by the values in our database. For example,
name = 1.23 is a syntactic error if the domain of attribute name is string. Another example is age =
250 when the range of attribute age is [0, 120].

(2) Semantic errors: discrepancies between the values in our database and the true values of the
entities that our data intend to represent. All the examples we have seen in the previous sections
are semantic errors, related to data consistency, deduplication, accuracy, currency, and information
completeness.

While syntactic errors are relatively easy to catch, it is far more challenging to detect and
correct semantic errors. In this book we focus on semantic errors.

Dependencies as data quality rules. A central question concerns how we can tell whether our data
have semantic errors, i.e., whether the data are dirty or clean. To this end, we need data quality rules
to detect semantic errors in our data, and better still, fix those errors by using the rules. But what
data quality rules should we adopt?

A natural idea is to use data dependencies (integrity constraints). Dependency theory is almost
as old as relational databases themselves. Since Codd [1972] introduced functional dependencies, a
variety of dependency languages, defined as various classes of first-order logic sentences, have been
proposed and studied. There are good reasons to believe that dependencies should play an important
role in data quality management systems. Indeed, dependencies specify a fundamental part of the
semantics of data, in a declarative way, such that errors emerge as violations of the dependencies.

Furthermore, inference systems, implication analysis, and profiling methods for dependencies have
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shown promise as a systematic method for reasoning about the semantics of the data. These help us
deduce and discover rules for improving data quality, among other things. In addition, as will be seen
later, all five central aspects of data quality—data consistency, deduplication, accuracy, currency, and
information completeness—can be specified in terms of data dependencies. This allows us to treat
various data quality issues in a uniform logical framework, in which we can study their interactions.

Nevertheless, to make practical use of dependencies in data quality management, classical de-
pendency theory has to be extended. Traditional dependencies were developed to improve zhe quality
of schema via normalization, and to optimize queries and prevent invalid updates (see, for example,
[Abiteboul et al., 1995]). To improve the quality of the data, we need new forms of dependencies, by
specifying patterns of semantically related data values to capture data inconsistencies, supporting
similarity predicates to accommodate data errors in data deduplication, enforcing the containment
of certain information about core business entities in master data for reasoning about information
completeness, and by incorporating temporal orders to determine data currency.

When developing dependencies for improving data quality, we need to balance the tradeoff
between expressive power and complexity, and revisit classical problems for dependencies such as
the satisfiability, implication, and finite axiomatizability analyses.

Improving data quality with rules. After we come up with the “right” dependency languages for
specifying data quality rules, the next question is how to effectively use these rules to improve data
quality. In a nutshell, a rule-based data quality management system should provide the following
functionality.

Discovering data quality rules. To use dependencies as data quality rules, it is necessary to have
efficient techniques in place that can aufomatically discover dependencies from data. Indeed, it is
often unrealistic to rely solely on human experts to design data quality rules via an expensive and long
manual process, and it is typically inadequate to count on business rules that have been accumulated.
This suggests that we learn informative and interesting data quality rules from (possibly dirty) data,
and prune away trivial and insignificant rules based on a threshold set by the users.

Validating data quality rules. A given set X of dependencies, either automatically discovered or man-
ually designed by domain experts, may be dirty itself. In light of this we have to identify “consistent”
dependencies from X, i.e., those rules that make sense, to be used as data quality rules. Moreover,
we need to deduce new rules and to remove redundancies from X, via the implication analysis of
those dependencies in X.

Detecting errors. After a validated set of data quality rules is identified, the next question concerns
how to effectively catch errors in a database by using these rules. Given a set X of data quality rules
and a database D, we want to deect inconsistencies in D, i.e., to find all tuples in D that violate some
rule in ¥. We may also want to decide whether D has complete and current information to answer
an input query Q, among other things.

Repairing data. After the errors are detected, we want to automatically localize the errors, fix the
errors, and make the data consistent, as illustrated in Section 1.2.6. We also need to identify tuples
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that refer to the same entity, and for each entity, determine its latest and most accurate values from
the data in our database. When attribute values or tuples are missing, we need to decide what data
we should import and where to import from, so that we will have sufficient information for the
tasks at hand. As remarked earlier, these should be carried out by exploring and capitalizing on the
interactions between processes for improving various aspects of data quality.

1.4 BACKGROUND

We focus on the quality of relational data in this monograph. Data consistency will be covered in
Chapters 2 and 3, followed by data deduplication, information completeness, and data currency in
Chapters 4, 5, and 6, respectively. We study their interactions in Chapter 7.

We assume that the reader is familiar with the relational data model and the standard notions
of schemas, instances, data dependencies and query languages (see [Abiteboul et al., 1995]). We also
assume the knowledge of complexity theory (see, for example, [Papadimitriou, 1994]). In particular,
we use the following notations.

(1) A database is specified by a relational schema R, which consists of a collection of relation schemas
(Ri, ..., Ry). Each relation schema R; is defined over a set of attributes, denoted by attr(R). For
each attribute A € attr(R), its domain is specified in R, denoted by dom(A). We use A, B, C and
X, Y; to range over attributes in attr(R), and W, X, Y, Z to range over sets (or lists) of attributes.

(2) We consider the following query languages (see [Abiteboul et al., 1995] for details):

* conjunctive queries (CQ), built up from atomic formulas with constants and variables, i.e.,
relation atoms in database schema R and built-in predicates (=, #, <, <, >, >), by closing
under conjunction A and existential quantification 3;

* union of conjunctive queries (UCQ) of the form Q; U ---U Q,, where for each i € [1, r], Q;
1s in CQ;

* positive existential FO queries (3FO™), built from atomic formulas by closing under A, disjunc-
tion V and 3;

* first-order logic queries (FO) built from atomic formulas using A, V, negation —,3 and universal
quantification ¥; and

* datalog queries (FP), defined as a collection of rules p(X) < pi(X1), ..., pn(X,), where each
pi 1s either an atomic formula (a relation atom in R, =, #) or an IDB predicate. In other words,
FP is an extension of IFO*with an inflational fixpoint operator.

BIBLIOGRAPHIC NOTES

Data quality has been a longstanding issue for decades, and the prevalent use of the Web has increased
the risks, on an unprecedented scale, of creating and propagating dirty data. There have been several
books on various topics in connection with data quality [Batini and Scannapieco, 2006; Bertossi,
2011; Herzog et al., 2009; Naumann and Herschel, 2010].
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The need for studying the quality of relational schemas was already recognized when Codd
[1970] introduced the relational model. Starting with keys [Codd, 1970], functional dependen-
cies [Codd, 1972], and inclusion dependencies [Fagin, 1981], a variety of integrity constraints
have been studied, including equality-generating dependencies and tuple-generating dependen-
cies [Beeri and Vardi, 1984] (see [Abiteboul et al., 1995; Maier, 1983; Vardi, 1987] for a historical
account and surveys).

To improve the quality of data, rather than schemas, Fellegi and Holt [1976] introduced the
concept of edits to detect and repair inconsistent census data. The use of integrity constraints in
improving the consistency of relational data was first formalized by Arenas et al. [1999], which
introduced two approaches: repair is to find another database that is consistent and minimally
differs from the original database, and consistent query answer is to find an answer to a given query
in every repair of the original database. We consider data repairing in this book, and refer the reader
to [Bertossi, 2011] for a comprehensive lecture on consistent query answering.

There has also been a host of work on data deduplication. We refer the interested reader
to [Elmagarmid et al., 2007; Herzog et al., 2009; Naumann and Herschel, 2010].

The subject of information completeness has also received much attention; see, for exam-
ple, [Abiteboul et al., 1995; Grahne, 1991; Imieliriski and Lipski Jr, 1984; van der Meyden, 1998]
for surveys.

The temporal database community has studied how to incorporate temporal information
into the relational model, in terms of timestamps; see, for example, [Chomicki and Toman, 2005;
Snodgrass, 1999; van der Meyden, 1997] for surveys.

The study of data accuracy is still in its infancy, and its formal treatment is not yet in place.
This issue will be briefly discussed in Chapter 7.

Much more extensive bibliographic comments will be provided in the subsequent chapters.

Beyond the relational model, there has also been work on improving the quality of XML data
(e.g., [Flesca et al., 2005; Weis and Naumann, 2005]) and the quality of results returned in searches
(e.g., [Cafarella et al., 2009; Dong et al., 2009a; Galland et al., 2010; Yin et al., 2008]). These are
beyond the scope of this book.







CHAPTER 2

Conditional Dependencies

As we saw earlier, there are often conflicts and discrepancies in real-life data. The study of data
consistency aims to detect inconsistencies in our data, and better still, repair the data by fixing the
errors. To tell whether our data are inconsistent, we need data dependencies such that inconsistencies
in the data emerge as violations of the dependencies. But what dependencies should we use? As will
be seen shortly, traditional dependencies such as functional dependencies and inclusion dependencies
often fail to catch errors commonly found in practice. This is not surprising: traditional dependencies
were developed for improving the quality of schema, rather than for improving the quality of daza.

In this chapter, we introduce conditional dependencies, which extend functional dependencies
and inclusion dependencies by specifying constant patterns (conditions), to circumvent limitations
of those traditional dependencies in their ability to capture inconsistencies in real-life data. We
first present conditional functional dependencies (CFDs) and conditional inclusion dependencies
(CINDs), which are intrarelation and interrelation constraints, respectively, to help us determine
whether our data are dirty or clean (Section 2.1). Extending traditional dependency theory, we then
study the satisfiability, implication, finite axiomatizability, and propagation of conditional depen-
dencies (Section 2.2).

2.1 CONDITIONAL DEPENDENCIES

One of the central issues in connection with data consistency concerns how to determine whether
our data are dirty or clean. As remarked earlier, here we need to use dependencies as data quality
rules to capture semantic errors in the data. However, traditional dependencies may not be able to
detect conflicts and discrepancies commonly found in real-life data.

Example2.1 Consider the schema employee defined in Section 1.1. Recall functional dependencies
(FDs) covered in most database textbooks (see, for example, [Abiteboul et al., 1995]). Functional
dependencies defined on employee relation include the following:

fd; : [CC, AC, phn] — [street, city, zip],
fdy : [CC, AC] — [city].

That is, an employee’s phone number uniquely determines her address (fd;). In other words, for
any two employee tuples ¢ and ¢, if t[CC, AC, phn] = /[CC, AC, phn], then it must be the case that
t[street, city, zip] = t'[street, city, zip]. Similarly, the country code and area code uniquely determine

the city (fdz).

13
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FN LN CC AC phn street city zip salary  status
t1: | Mike | Clark | 44 | 131 | 7966899 | Mayfield | NYC | EH4 8LE 60k single
tp: | Rick | Stark | 44 | 131 | 3456789 | Crichton | NYC | EH4 8LE 96k married
t3: | Joe Brady | 01 | 908 | 7966899 | Mtn Ave | NYC | NJ 07974 90k married

Figure 2.1: An example employee relation.

Now consider an instance D of employee given in Figure 2.1. Then D; satisfies fd; and fd>.
That is, there exists no violation of fd; or fds in D1. Hence, if we use fd; and fd; as data quality rules
to specify the consistency of employee data, then no inconsistencies are found by these rules in Dy,
and as a consequence, one may conclude that Dy is clean. a

As we observed in Section 1.2, however, none of the tuples in D is error-free. That is, those
FDs fd; and fdj fail to detect the errors and hence, are not appropriate data quality rules. Indeed,
FDs were developed for schema design, not for data cleaning.

This calls for a new form of dependency for capturing inconsistencies in real-life data. In
response to the need, we present conditional dependencies, which are extensions of traditional
functional dependencies and inclusion dependencies.

2.1.1 CONDITIONAL FUNCTIONAL DEPENDENCIES

To capture the inconsistencies in D1, we may use the following dependencies:

cfdy : ([CC =44, zip] — [street]),
cfdy : ([CC =44, AC = 131, phn] — [street, city = EDI, zip]),
cfds : ([CC =01, AC =908, phn] — [street, city = MH, zip]).

Here, cfd; asserts that for employees in the UK (when CC = 44), zip code uniquely determines street.
In other words, cfd; is an “FD” that holds on the sudser of tuples that satisfies the pattern “CC = 44,”
i.e., {t1, 2} in D1. It is not a traditional FD since it is defined with constants, and it is not required
to hold on the entire employee relation D; (in the U.S,, for example, zip code does not uniquely
determine street).

The last two constraints refine the FD fd; given earlier: cfdy states that for any two UK
employees, if they have the same area code 131 and the same phn, then they must share the same
street and zip, and moreover, the city must be EDI; similarly for cfds.

When we use these dependencies as data quality rules, we find that they catch each and every
tuple in D as a violation; that is, each tuple in Dj is inconsistent. Indeed, tuples #; and #, in D
violate cfd;: they refer to employees in the UK and have the same zip, but they differ in their street
attributes. In addition, while Dy satisfies fd1, each of 1 and #, in D violates cfd,, since CC = 44 and
AC =131, but city # EDL. Similarly, #3 violates cfd3.

This motivates us to introduce the following dependencies. Consider a relation schema R
defined over a set attr(R) of attributes. For an instance, I of R and a tuple t € I, we use t[A] to
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(a) 1 = ([CC, zip] — [street], T;), where T} is

CC | zip || street
|

(b) ¢» = ((CC, AC, phn] — [street, city, zip], T»), where T5 is

CC | AC | phn || street | city | zip

a4 |31 _ || _ |EDI| _
01 | 908 | _ _ MH

(¢) 93 = ([CC, AC] — [city], T3), where T3 is

CC | AC || city

Figure 2.2: Example CFDs defined on employee.

denote the projection of t onto A; similarly, for a sequence X of attributes in attr(R), f[X] denotes
the projection of t onto X.

Definition 2.2 A conditional functional dependency (CFD) defined on a relation schema R is a pair
R(X — Y, T,), where

1. X — Y is a standard FD, referred to as the FD embedded in ¢; and

2. T, is a tableau with attributes in X and Y, referred to as the pattern tableau of ¢.

Here X C attr(R), Y C attr(R), and for each attribute A € X U Y and for each pattern tuple ¢, €

Ty, tp[A] is either a constant “a” in dom(A), or an unnamed (yet marked) variable “_” that draws

values from dom(A).
If an attribute A occurs in both X and Y, we use t[Ax] and t[Ay] to indicate the occurrence
of A in X and Y, respectively. We separate the X and Y attributes in a pattern tuple with “||”. We

write ¢ as (X — Y, T),) when R is clear from the context. O

Example 2.3  All the constraints we have encountered so far in this chapter can be expressed as
the CFDs shown in Figure 2.2 (¢; for cfd;, ¢, for fdy, cfds, and cfd3, and @3 for fd>). Note that each
tuple in a pattern tableau indicates a constraint. For instance, ¢» actually defines three constraints,
each by a pattern tuple in 75. O

15
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Semantics. To formalize the semantics of CFDs, we define an operator < on constants and the
symbol “_": 1 =< ny if either 71 = 17, or one of 11 and 73 is “_”. The operator < naturally extends
to tuples. For example, (Mayfield, EDI) =< (_, EDI) but (Mayfield, EDI ) % (_, NYC).

Definition 2.4  An instance I of schema R satisfies a CFD ¢ = R(X — Y, T}),denoted by I = ¢,
if for each tuple t, in the pattern tableau T), of ¢, and for each pair of tuples t; and 1, in I, if
Hn[X] =n[X] < tp[X], then 1 [Y] = [Y] < 1,[Y]. O

Intuitively, each tuple ), in the pattern tableau 7}, of ¢ is a constraint defined on the subset /;, =
{t 1t €,t[X] =< 1,[X]} of I, such that for all tuples 71, 72 € I;,,if t;[X] = [ X], then (a) [Y] =
©[Y],and (b) #1[Y] < t,[Y]. Here, condition (a) enforces the semantics of the FD embedded in ¢,
and condition (b) assures the binding between the constants in t,[ Y] and the constants in t1[Y]. This
constraint is defined on the subset /;, of I identified by #,[X], rather than on the entire relation /.

Example2.5 While the instance D of employee satisfies the CFD @3 given in Figure 2.2, it satisfies
neither ¢ nor ¢, or in other words, it violates 1 and ¢;. Indeed, tuple #; alone violates the pattern
tuple 1, = (44,131, _ || _, EDI, _) in the tableau 7 of ¢,: #;[CC, AC, phn] = 1;[CC, AC, phn] <
(44,131, _), but 1 [street, city, zip] % (_, EDI, _) since #[city] is NYC instead of EDI; similarly
for t5. In addition, as remarked earlier, for pattern tuple t;, = (44, _ || ) in the tableau T} of ¢y,
1[CC] = 1[CC] = 44 and 11[zip] = 1 [zip], but 1 [street] # 1 [street]. That is, #; and 1, violate ¢
when they are taken together. a

In contrast to FDs, CFDs specify patterns of semantically related constants. In other words, CFDs
are FDs reinforced by patterns of semantically related data values. Equipped with patterns, conditional
functional dependencies are able to capture more errors than their traditional counterparts can detect.
In practice, dependencies that hold conditionally may arise in a number of domains. In particular,
when integrating data, dependencies that hold only in a subset of sources will hold only conditionally
in the integrated data.

Observe that while it takes two tuples to violate an FD, a single tuple may violate a CFD. For
example, tuple 71 alone violates the CFD ¢2, as shown by Example 2.5.

We say that an instance I of R satisfies a set X of CFDs defined on R, denoted by I = %, if
I &= ¢ foreach ¢ € X.

Special cases. We next identify several special cases of CFDs. As will become evident in the subse-
quent chapters, these special cases have found various applications in practice.

Functional dependencies. Traditional FDs are a special case of CFDs, in which the pattern tableau
consists of a single tuple that contains “_” only. For instance, CFD ¢3 expresses the traditional FD
fd,.

Normal form. A CFD ¢ = (X — Y, T}) is said to be in normal form if

* T, consists of a single pattern tuple ¢,, and
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* Y consists of a single attribute A.
We write ¢ simply as (X — A, 1), and denote X and A as LHS(¢) and RHS(¢), respectively.

A CFD ¢ = (X — Y, T)) can be expressed as a set X, of CFDs such that each CFD of X is
in normal form. More specifically, £, = {(X — A,1,) | A€ Y, t; €Ty, ty,= t;[X, Al}. One can
readily verify that {¢} and X, are “equivalent,” after the notion of equivalence is introduced in the
next section.

Example2.6 The CFDs ¢ and @3 given in Figure 2.2 are in normal form, while ¢> can be expressed
as a set of CFDs of the form ([CC, AC, phn] — [A], 7,), where A ranges over street, city and zip.
When A is city, the pattern tuple 7, is one of (_, _, _ || _), (44,131, _ || EDI), and (01, 908, _ || MH);
similarly for 7, when A is street or zip. O

Constant and variable CFDs . Consider a CFD (X — A, t,) in the normal form. It is called a constant
CFD if its pattern tuple #,, consists of constants only; that is, #,[A] is a constant and for all attributes
B € X,t,[B]isaconstant. Itis called a variable CFD if t,,[ A] =*_7; that is, the righthand side (RHS)

—>
“« o »

of its pattern tuple is the unnamed variable “_
Example 2.7 The CFDs ¢ and ¢3 given in Figure 2.2 are variable CFDs. An example constant
CFD is ([CC, AC] — [city], 7,), where #,, = (44,131 || EDI). O

Constant CFDs help us detect inconsistencies between attributes of the same tuple, and variable
CFDs are used to catch conflicts between different tuples in the same relation.

Coping with null values. The attributes in a tuple may be null. To cope with null we adopt the
simple semantics of the SQL standard for null [SQL Standard, 2003]: #;[X] = ;[ X] evaluates to
true if either one of them contains null. In contrast, when matching a data tuple ¢ and a pattern tuple
tp, t[X] % t,[X]if 1[ X] contains null. That is, CFDs only apply to those tuples that precisely match
a pattern tuple. Note that null does not occur in pattern tuples.

2.1.2 CONDITIONAL INCLUSION DEPENDENCIES

Conditional functional dependencies are intrarelation constraints that allow us to catch errors in
a single relation. To detect inconsistencies between tuples across different relations, we need to
use interrelation dependencies. However, traditional interrelation dependencies, such as inclusion
dependencies (INDs), are not up to the job, as illustrated below.

Example 2.8  Consider the two schemas below, referred to as the source schema and the target
schema, respectively:

Source : order(asin, title, type, price)

Target : book(isbn, title, price, format)

CD(id, album, price, genre).
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asin title type price \ isbn title price format
t7: | a23 | Snow White | CD 7.99 t9: | b32 | Harry Potter | 17.99 | hard-cover
trg: | al2 | Harry Potter | book | 17.99 t10: | b65 | Snow White | 7.99 | soft-cover
(a) Example order data (b) Example book data
id album price | genre

f1y: | c12 J. Denver 7.94 | country
t12: | ¢58 | Snow White | 7.99 | a-book

(c) Example CD data

Figure 2.3: Example order, book, and CD relations.

The source database contains a single relation order, specifying items of various types such as books,
CDs, and DVDs ordered by customers. The target database has two relations, namely, book and CD,
specifying customer orders of books and CDs, respectively. An example source and target instance
D> is shown in Figure 2.3.

To detect errors across these databases, or to find schema mappings from the source schema
to the target schema, one might be tempted to use INDs such as:

ind; : order(title, price) C book(title, price),
indy : order(title, price) € CD(album, price).

These INDs, however, do not make sense: one cannot expect that a book item in the order table can
find a corresponding CD tuple such that their title and price attributes pairwise match; similarly for
CD items in the order table to find a match in the book table. O

There indeed exist inclusion dependencies from the source to the target, as well as on the
target instances, but these dependencies make sense only under certain conditions:

cind;: (order(title, price, type = book) C book(title, price)),
cindy: (order(title, price, type = CD) € CD(album, price)),
cinds: (CD(album, price, genre = a-book) C book(title, price, format = audio)).

Here, cind; states that for each order tuple 7, if its type is “book,” then there must exist a book tuple
¢’ such that 7 and " agree on their title and price attributes; similarly for cind,. Constraint cind3
asserts that for each CD tuple ¢, if its genre is “a-book” (audio book), then there must be a book
tuple ¢ such that the title and price of ¢’ are identical to the album and price of ¢, and moreover, the
format of t' must be “audio.” Like CFDs, these constraints are required to hold only on a subset of
tuples satisfying certain patterns. They are specified with constants (data values), and hence cannot

be expressed as standard INDs.
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@4 = (order(title, price; type) C book(title, price), T4)
@s = (order(title, price; type) € CD(album, price), Ts)
@e=(CD(album,price; genre) C book(title,price; format), Ts)

type type || genre || format
book CD || a-book || audio

Ty Ts Ts

Figure 2.4: Example CIND:s.

While the database D of Figure 2.3 satisfies cind; and cindy, it violates cindz. Indeed, tuple
t12 in the CD table has an “a-book” genre, but it cannot find a match in the book table with “audio”
format. Note that book tuple #1¢ is not a match for #12: while #12 and 19 agree on their album (title)
and price, the format of #1( is “soft-cover” rather than “audio.”

To capture such inclusion relationships, we extend INDs by incorporating patterns of seman-
tically related constants, along the same lines as CFDs. Consider two relation schemas, R; and R,
with attributes attr(R) and attr(Ry), respectively.

Definition 2.9 A conditional inclusion dependency (CIND) v defined on relation schemas R and
R is a pair (R{[X; X,] € Ro[Y; Y], Tp), where
1. (X, X ) and (Y, Y)) are lists of attributes of attr(R|) and attr(R2), respectively, such that X
and X, (resp. Y and Y),) are disjoint;
2. R{[X] C R,[Y]is a standard IND, referred to as the IND embedded in vr; and
3. T, is a tableau with attributes in X, and Y, referred to as the paztern tableau of r, such that for
each pattern tuple 7, € T), and each attribute B in X, (or Y,), t,[ B] is a constant in dom(B),
i.e., pattern tuples in CINDs consist of constant only.

If an attribute A occurs in both X, and Y),, we use t[Ax] and [Ay] to denote the occurrence of A
in X, and Y, respectively. We separate X, and Y), in a pattern tuple with ‘||’. O

Example2.10  Constraints cindy, cind; and cind3 can be expressed as CINDs ¢4, @5, and ¢ shown
in Figure 2.4, respectively, in which T4—Ts are their pattern tableaux. Observe that in s, X is
[album, price], Y is [title, price], X, is [genre], and Y, is [format]. The standard IND embedded in
Y6 is CD[album, price] C book(title, price]. a

Semantics. We next give the semantics of CINDs.

Definition 2.11 An instance (I, ;) of (Ri, R2) satisfies 2 CIND ¥ = (Ri[X; X,] C
Ro[Y; Y,], Tp), denoted by (I1, Ir) = ¥, if for each tuple t, in the pattern tableau T, and for

19
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each tuple t; in the relation Iy, if 11[X ] = t,[X ], then there must exist a tuple t> in I such that
11[X] = ©[Y] and moreover, £[Y,] = 1,[Y,]. O

That is, each pattern tuple ¢, in T}, is a constraint defined on the subset L) =1{nlt €
I, t1[X ] = tp[X 1} of I, such that: (a) the IND R{[X] € R>[Y] embedded in ¢ is defined on
I(1,1,),noton the entire I; (b) foreach#; € Ia1.1,), there exists a tuple #2 in I such that 1 [ X ] = £,[ Y]
as required by the standard IND, and moreover, £2[ Y, ] must be equal to the pattern#,[Y),]. Intuitively,
X identifies those R; tuples on which v is defined, and Y, enforces the corresponding R» tuples
to have a certain constant pattern.

Example 2.12  The database D, of Figure 2.3 satisfies CINDs ¢4 and ¢s. Note that while these
CINDs are satisfied, their embedded INDs do not necessarily hold. For example, while ¢4 is satisfied,
the IND ind; embedded in ¢4 is not. The pattern X, in ¢4 is used to identify the order tuples over
which ¢4 has to be enforced, i.e., those book tuples; similarly for ¢s.

On the other hand, ¢¢ is violated by D, as we have seen earlier. Indeed, for CD tuple #12,
there exists a pattern tuple 7, in T such that t12[genre] = 1,[genre] = “a-book” but there exists no
tuple ¢ in the book table such that ¢[format] = “audio,” ¢ [title] = 712 [title] = “Snow White”, and ¢ [price]
= t12[price] = 7.99. Here, the genre pattern is to identify those CD tuples on which ¢g is applicable,
while the format pattern is a constraint defined on the book tuples that match those CD tuples via
the IND embedded in ¢g. O

We say that an instance (1, I2) of (R1, Ry) satisfies a set ¥ of CINDs defined on R and R,
denoted by (I1, 1) E X,if (I1, ) = ¢ foreach Y € X.

When null is present in the instances, we define the semantics of CINDs in precisely the same
way as its CFD counterpart (see Section 2.1.1).

Special cases. We highlight two special cases of CINDs.

Inclusion dependencies. Traditional INDs are a special case of CINDs, in which X, and Y, are empty
lists, denoted by nil, and their pattern tableaux T), consist of a single unit tuple (), referred to as the
empty pattern.

Normal form. A CIND = (R1[X; X,] € R2[Y; Y1, T)p) is in normal form if T, consists of a single
pattern tuple 7, only. We write ¥ as (R1[X; X ] € Ro[Y; Y], 1)),

For instance, CINDs ¢4, @5, and @ are already in normal form.

Along the same lines as CFDs, a CIND v = (R[X; X ,] € R2[Y; Y], T}) can be expressed
as a set Xy = {(R1[X; X,] € Ra[Y; Y,], tp) | tp, € Ty} of CINDs in the normal form. One can
verify that Xy, is equivalent to {}, after the notion of equivalence is introduced for CINDs in the
next section.
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2.2 STATIC ANALYSES OF CONDITIONAL DEPENDENCIES

We have introduced conditional dependencies by extending traditional functional and inclusion
dependencies. Recall that classical dependency theory investigates several fundamental problems
associated with traditional dependencies: satisfiability, implication, finite axiomatizability, and prop-
agation via views (see, for example, [Abiteboul et al., 1995; Fagin and Vardi, 1984]). To improve data
quality using conditional dependencies, these fundamental questions also have to be settled. That
is, we need to revise the classical dependency theory for conditional dependencies. In this section
we provide an account of results on classical decision problems associated with CFDs and CINDs.
We show that these revised dependencies introduce new challenges. That is, the increased expressive
power of CFDs and CINDs comes at the price of a higher complexity for reasoning about these
dependencies.

We focus on finite database instances. In particular, by implication we mean finite implication,
although most of the results of this section for CFDs and CINDs taken alone remain intact for
unrestricted implication (formal discussions about finite and unrestricted implication can be found

in [Abiteboul et al., 1995; Fagin and Vardi, 1984]).

2.2.1 SATISFIABILITY

To detect errors and inconsistencies in real-life data with conditional dependencies, the first question
we have to answer concerns whether a given set of CFDs (resp. CINDs) has conflicts and inconsisten-
cies, i.e., whether the data quality rules are “dirty” themselves. If the dependencies are not satisfiable
(or in other words, inconsistent), then there is 70 need to validate them against the data at all. Fur-
thermore, the satisfiability analysis can help the users find out what goes wrong in their data quality
rules. Formally, this can be stated as the satisfiability problem tor CFDs (resp. CINDs).

* INPUT: A set ¥ of CFDs (resp. CINDs) defined on a relational schema R.
* QUESTION: Does there exist a nonempty database instance D of R such that D = X?

CFDs . Recall that for traditional dependencies, one can specify arbitrary FDs and INDs without
worrying about their satisfiability. That is, any set of FDs and INDs is satisfiable. Unfortunately, this
is no longer the case for CFDs.

Example 2.13  Consider a CFD ¢ = R([A] — [B], Tp), where its pattern tableau Ty consists of
two pattern tuples (_ || ») and (_ || ¢), with b # ¢.Then no nonempty instance I of R can possibly
satisfy ¢. Indeed, assume that there were such an instance /. Then for any tuple 7 in I, while the
first pattern tuple says that ¢[ B] must be b no matter what value 7[A] has, the second pattern tuple
requires ¢[B] to be c.

As another example, consider two CFDs Y1 = R'([A] — [B], T1) and ¥ = R'([B] —
[A], T»), where dom(A) is bool (the Boolean domain), the pattern tableau 77 has two pattern
tuples (true || by), (false || b2), T> contains (b || false) and (b, || true), and by and b, are distinct con-
stants. Then although each of 1/ and v, is satisfiable separately, there exists no nonempty instance
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I of schema R’ such that I = {1, ¥2}. Indeed, assume that such an I existed. Then for any tuple
in 7, no matter what value 7[A] has, ¥; and ¥, together force #[A] to take the other value from the
finite domain bool. O

It turns out that the satisfiability problem for CFDs is intractable, as opposed to its trivial
counterpart for traditional FDs.

Theorem 2.14  The satisfiability problem is NP-complete for CFDs. O

Crux. An NP algorithm can be developed to check whether a given set X of CFDs is satisfiable. The
algorithm is based on the following small property of the satisfiability problem for CFDs. For any
set X of CFDs defined on a schema R, there exists a nonempty instance / of R such that / = X
if and only if there exists an instance I, of R such that I, = ¥ and moreover, I, consists of a
single tuple. For the lower bound, one can verify that the problem is NP-hard by reduction from the
non-tautology problem, which is known to be NP-complete (cf. [Garey and Johnson, 1979]). O

Recall the notion of constant CFDs from Section 2.1.1. One might think that for constant
CFDs the satisfiability analysis would be simpler. Unfortunately, this is not the case. Indeed, the

intractability proof of Theorem 2.14 uses constant CFDs only. We refer the interested reader to
[Fan et al., 2008b] for detailed proofs.

Corollary 2.15  The satisfiability problem remains NP-complete for constant CFDs. O

Approximation. The intractability of the satisfiability problem for CFDs tells us that it is beyond
reach in practice to determine whether a set ¥ of CFDs is satisfiable, to validate a given set of
data quality rules. As an immediate consequence, one can readily verify that it is also intractable to
compute a maximum satisfiable subset ¥max of X. To see this, assume by contradiction that there
exist a polynomial time (PTIME) algorithm for computing £max. This implies a PTIME algorithm
for determining whether X is satisfiable. Indeed, one can first compute £ max and then simply check
whether Xmax = 2.

Not all is lost. There exists an efficient approximation algorithm that, given a set X of CFDs,
finds a satisfiable subset ¥, of ¥ such that |X,,| > (1 — €)|Xmax|. Here | S| denotes the cardinality
of a set S, and € is a constant in [0, 1). That is, while we cannot compute Xmax in PTIME, we can
efficiently compute %,, that cannot go too wrong. This allows us to identify valid data quality rules
from a given set of (possibly inconsistent) CFDs. We refer the interested reader to [Fan et al., 2008b]
for the details of the approximation algorithm.

Special cases. Better still, there are special cases of CFDs for which the satisfiability analysis is in
PTIME. Below we identify three such cases. We encourage the reader to consult [Fan et al., 2008b]
tor the proofs of the results presented below. In the sequel we consider CFDs in normal form, without
loss of generality.
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(1) CFEDs with no constants in their RHS. One can readily verify that a set £ of CFDs is not satisfiable
only if it contains a CFD with a constant RHS, i.e., a CFD of the form R(X — A, (¢, || a)) for some
constant a € dom(A). Indeed, let . be the set of all CFDs in X with a constant RHS. Then X is
satisfiable if and only if X.. is satisfiable. Clearly, if X is satisfiable then obviously so is 2. Conversely,
let I be an instance of R such that I |= X.. Select a single tuple t € I and define J = {t}. Clearly,
J = X..Let X, be the subset of CFDs in X of the form R(Y — B, (s, || _)). Thenforallg € %,,¢
is trivially satisfied by single-tuple instances, including J. Thatis, J = X.This tells us the following.

Proposition 2.16  For any set X of CFDs that contains no CFDs with a constant RHS, X is satisfiable.]]

(2) CFDs without finite domain attributes. Recall that the domains of attributes involved in de-
pendencies are typically not considered in classical dependency theory. In contrast, Example 2.13
demonstrates that for the satisfiability analysis of CFDs, one may have to consider whether or not
the attributes of those CFDs have a finite domain, such as bool. This is because CFDs are defined in
terms of constants drawn from certain domains, and may interact with domain constraints. More
specifically, given a set X of CFDs, let attr(X) denote the set of attributes in attr(R) that appear in the
CFDs in X. Clearly, |attr(X2)| < |attr(R)|. Then one can readily verify the following by developing
a PTIME decision algorithm.

Proposition2.17  For any set ¥ of CFDs defined on a schema R, the satisfiability of X can be determined
in O(|Z|?|attr(2)|) time if all the attributes in attr(X) have an infinite domain. O

In particular, if ¥ has no finite-domain attributes and, moreover, if it satisfies certain syntactic
restrictions, X is always satisfiable. More specifically, a CFD is said to be zozal if it is of the form
R(X — A, (1, || a)), where t,, consists of “_” only. It says that each tuple in a relation must take the
same value “a” in the A attribute. Then the absence of total CFDs and the absence of finite-domain
attributes simplify the satisfiability analysis.

Proposition 2.18  For any set ¥ of CFDs defined on a schema R, if no CFD in X is total and if all
attributes in attr(X) have an infinite domain, then T is satisfiable. O

(3) CFDs defined on a fixed schema. Denote by finattr(R) the set of attributes in attr(R) that have
a finite domain. Obviously [finattr(R)| < |attr(R)|. Assume, without loss of generality, that there
exists a unique finite domain, denoted by fdom. Then one can verify that for CFDs defined on a
fixed schema, their satisfiability analysis is in PTIME. In practice, the schema is often predefined and
fixed, but one often writes dependencies in stages: dependencies are added incrementally when new

requirements are discovered.



24 2. CONDITIONAL DEPENDENCIES

Proposition 2.19  For any set ¥ of CFDs defined on a fixed schema R, determining whether ¥ is
satisfiable is in O (| Z |2) time. O

Remarks. One might want to adopt a stronger notion of satisfiability, as suggested by the following
example. Consider a CFD Yo = R([A] — [B], T), where T consists of pattern tuples (a || b) and
(a || ¢), while b # c. If dom(A) contains constants distinct from a, then there obviously exists a
nonempty instance / of R that satisfies ¥9. However, the conflict between the pattern tuples in /o
becomes evident if / contains a tuple # with 7[A] = a.Indeed, the first pattern tuple forces #[ B] to be
b while the second pattern tuple requires [ B] to be ¢. In light of this one might want to ensure that
every CFD in X does not conflict with the rest of ¥ no matter what instances of R are considered.
This can be achieved by requiring for each CFD ¢ = R(X — A, (1, || a)) € X the existence of an
instance I, = X such that [, contains a tuple ¢ with t[X] < 7).

This stronger notion of satisfiability is actually equivalent to the notion of satisfiability given
earlier. Indeed, one can check the strong satisfiability of a set ¥ of CFDs as follows. For each ¢ € X,
define a set ¥ U {R([C] — [C], (_ | t,[C]) | C € X (¢4}, by including total CFDs. Here X ¢)
denotes the set of attributes in X (i.e., LHS(¢)) for which the pattern tuple of ¢ has a constant value.
It is easy to verify that X is strongly satisfiable if and only if all these sets are satisfiable. For example,
tor ¥ = {yo}, since © U {R([A] — [A], (_ || a))} is not satisfiable, it follows that X is not strongly
satisflable. Therefore, there is no need to consider the stronger notion of satisfiability for CFDs.

CINDs. In contrast to CFDs, the satisfiability analysis of CINDs is as trivial as their IND counterpart,
despite the increased expressive power of CINDs [Bravo et al., 2007].

Theorem 2.20  Any set of CINDs is satisfiable.

Crux. This can be verified by a constructive proof: given any set £ of CINDs defined on a relational
schema R, a nonempty instance D of R can be constructed such that D = X. Here D is defined in
terms of constants from “active domains,” which are finite sets of values taken from constants that
appear in ¥ or from the domains of attributes in R. O

CFDs and CINDs put together. To improve data consistency, it is often necessary to use both
CINDs and CFDs. We have seen that CINDs do not make the satisfiability analysis harder than its
traditional IND counterpart. However, the satisfiability problem becomes far more intriguing when
CINDs and CFDs are taken together. Indeed, it is undecidable to determine, given a set X consisting
of both CFDs and CINDs defined on a database schema R, whether there exists a nonempty instance
D of R such that D satisfies all the dependencies in X. It remains undecidable even in the absence
of finite-domain attributes (see [Bravo et al., 2007] for a proof). In contrast, FDs and INDs together
are trivially satisfied.

Theorem 2.21  The satisfiability problem is undecidable for CFDs and CINDs put together, in the
absence or in the presence of finite-domain attributes.
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Crux. The undecidability is verified by reduction from the implication problems for traditional
FDs and INDs taken together, which is known to be undecidable (cf. [Abiteboul et al., 1995]). The
reduction does not use any finite-domain attributes. O

2.2.2 IMPLICATION

Another fundamental issue associated with dependencies concerns the implication analysis. A set
% of dependencies defined on a database schema R implies another dependency ¢ defined on R,
denoted by X [= ¢, if for each instance D of R such that D = X, we also have that D = ¢. The
implication problem for CFDs (resp. CINDs) is stated as follows.

* INPUT: A X of CFDs (resp. CINDs) and a single CFD (resp. CIND) ¢ defined on a relational
schema R.

* QUESTION: Does T | ¢?

Effective implication analysis allows us to remove redundancies from a given set of data quality
rules (CFDs and CINDs), among other things. More specifically, we say that two sets £1 and %,
of dependencies are equivalent, denoted by X1 = X, if for each ¢ € X1, s = ¢1, and moreover,
for each ¢y € ¥, X1 = ¢2. One can remove redundancies from a set X of data quality rules by
finding a minimal cover X,,. of ¥, such that X, = X and moreover, there exists no ¢ € X,,. such
that X, \ {¢/} = . Since CFDs (CINDs) tend to be larger than their traditional counterparts due
to their pattern tableaux, the impact of redundancies is far more evident on the performance of
inconsistency detection and repairing processes than traditional dependencies, as will be seen in the
next chapter.

We next study the implication problem for CFDs, for CINDs, and for CFDs and CINDs put
together.

CFDs. Recall that for traditional FDs, the implication problem is in linear time [Abiteboul et al.,
1995; Fagin and Vardi, 1984]. We have seen that the satisfiability problem for CFDs is more in-
triguing than for FDs. When it comes to the implication analysis, CFDs also make our lives harder.
Nevertheless, in the absence of finite-domain attributes or when the schema is predefined and fixed,
the implication problem is in PTIME (see [Fan et al.,2008b] for detailed proofs). These are consistent
with the observations of Propositions 2.17 and 2.19 for the satisfiability analyses.

Theorem 2.22  The implication problem for CFDs is coNP-complete, but it is in:
+ O(|Z|%|attr(T)|) time if no attributes in attr(X) have a finite domain; and
+ O(|Z|?) time if schema R is fixed,

for deciding whether ¥ |= ¢ given ¥ and ¢ defined on a relation schema R.
Crux. (1) Consider a set ¥ of CFDs and another CFD ¢ defined on a relation schema R. The

implication problem is to determine whether ¥ |= ¢. It is equivalent to the complement of the
problem for deciding whether there exists a nonempty instance I of R such that / = ¥ and I = —¢.
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Thus, it suffices to show that the satisfiability problem for ¥ U {—¢} is NP-hard, again by reduction
from the non-tautology problem. The reduction uses constant CFDs only. In contrast to the proof
of Theorem 2.14, here we need to deal with —¢.

The satisfiability problem for X U {—¢} has the following small model property: there exists
a nonempty instance / of R such that I = X U {—¢} if and only if there exists an instance I, of
R consisting of two tuples such that I,, = X U {—¢}. From this an NP algorithm for deciding the
satisfiability of ¥ U {—¢} can be easily developed.

(2) For the two special cases, decision algorithms can be readily developed for the implication analysis,
with the desired complexity. a

CINDs. For INDs, the implication problem is: PSPACE-complete [Abiteboul et al., 1995;
Fagin and Vardi, 1984]. When it comes to CINDs, the problem remains PSPACE-complete for CINDs
without finite-domain attributes. Nevertheless, it becomes EXPTIME-complete in the presence of
finite-domain attributes [Bravo et al., 2007]. This tells us that the implication analysis of CFDs is
harder than its counterpart for INDs, as opposed to the satisfiability problem. Moreover, the presence
of finite-domain attributes also complicates the implication analysis of CINDs. This is consistent
with its counterpart for CFDs.

Theorem 2.23  The implication problem is:
* EXPTIME-complete for CINDs; and
* PSPACE-complete for CINDs in the absence of finite-domain attributes.

Crux. (1) One can verify that the problem is EXPTIME-hard by reduction from the two-player game
of corridor tiling problem, which is EXPTIME-complete [Chlebus, 1986]. An EXPTIME decision
algorithm can be developed for the implication analysis of CINDs.

(2) In the absence of finite-domain attributes, one can show that the implication problem for CINDs
is PSPACE-hard by reduction from the implication problem for traditional INDs, which is PSPACE-
complete (cf. [Abiteboul et al., 1995]). In this setting, the decision algorithm for the implication
analysis is down to PSPACE from EXPTIME. O

CFDs and CINDs put together. When CFDs and CINDs are taken together, the implication prob-
lem becomes undecidable. This is not surprising: the implication problem is already undecidable for
FDs and INDs put together [Abiteboul et al., 1995; Fagin and Vardi, 1984], and CFDs (resp. CINDs)
subsume FDs (resp. INDs). Furthermore, the problem remains undecidable even in the absence of
finite-domain attributes.

Corollary2.24  The implication problem is undecidable for CFDs and CINDs put together, in the absence
or in the presence of finite-domain attributes. O

Finite implication and unrestricted implication. We have so far studied finite implication, sim-

ply referred to as implication, when only finite instances of database schema are considered. One
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might also be interested in unrestricted implication, when infinite databases instances are also al-
lowed [Abiteboul et al., 1995; Fagin and Vardi, 1984]. More specifically, given a set ¥ of dependency
and a single dependency ¢ defined on a database schema R, we say that ¥ entails ¢ via unrestricted
implication, denoted by X [=ynr ¢, if for each instance D of R such that D = ¥ and D is either
finite or infinite, D |= @. The unrestricted implication problem is to decide, given ¥ and ¢, whether
X Funr ¢.

Along the same lines, one might also want to study the unrestricted satisfiability problem
for CFDs (resp. CINDs), to determine whether there exists a (possibly infinite) nonempty database
instance that satisfies a given set of CFDs (resp. CINDs). In contrast, the satisfiability problem (also
known as the finite satisfiability problem) we have seen earlier is to decide whether there exists a
nonempty finite database instance that satisfies a given set of CFDs (resp. CINDs).

For CFDs and CINDs taken alone, unrestricted implication (resp. unrestricted satisfiability)
and implication (resp. satisfiability) coincide.

Corollary 2.25

* For any set ¥ U {@} of CFDs (resp. CINDs), ¥ |= ¢ if and only if ¥ =unr ¢.

* For any set ¥ of CFDs (resp. CINDs) defined on a schema R, there exists a nonempty (possibly
infinite) instance D of R such that D \= X if and only if there exists a nonempty finite instance D'
of R such that D' = X.

Crux. For CFDs, this follows from the small model properties of their satisfiability and implication
problems. When it comes to CINDs, the satisfiability problem is trivial and also has the small model
property. To show that the implication and unrestricted implication coincide, observe first that
unrestricted implication entails finite implication. Conversely, there exists a finite set of inference
rules that is sound and complete for both implication and unrestricted implication (see Section 2.2.3).
As a result, if ¥ = ¢ then ¢ can be proven from X using the rules by the completeness of the
inference system for implication, and hence, ¥ =ynr ¢ by the soundness of the inference system for
unrestricted implication. |

When CFDs and CINDs are taken together, however, unrestricted implication and implication
are distinct. Indeed, it is known that the equivalence of unrestricted implication and implication for
a class of logical sentences implies the decidability of their decision problem [Dreben and Goldfarb,
1979]. More specifically, while unrestricted implication is r.e. (recursively enumerable), implication is
co-r.e. From this and Corollary 2.24 it follows that unrestricted implication and implication cannot
possibly coincide for CFDs and CINDs put together. Along the same lines, from Corollary 2.24 it
follows that unrestricted satisfiability and satisfiability are also not equivalent for CFDs and CINDs
taken together.
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2.2.3 FINITE AXIOMATIZABILITY
Another central issue in dependency theory has been the development of inference rules, for gener-

ating symbolic proofs of logical implication (see, e.g., [Abiteboul et al., 1995]). For example, Arm-
strong’s Axioms for FDs can be found in almost every database textbook:

Reflexivity: IfYC X,thenX — Y
Augmentation: If X — Y, then XZ — YZ
Transitivity: IfX >YandY — Z,then X — Z

where X, Y, and Z range over sets of attributes a relation schema. These inference rules are fun-
damental to the implication analysis of FDs. Similarly, inference rules have also been developed for
INDs.

For CFDs and CINDs, inference rules are also important, because they reveal insight into
implication analysis and help us understand how data quality rules interact with each other. In
light of this, we extend classical dependency theory by developing inference rules for conditional
dependencies, and establishing their finite axiomatizability.

Finite axiomatization. We start with a brief introduction to finite axiomatization. Consider a set J
of inference rules for a class C of dependencies. We consider, without loss of generality, rules p of
the form & A - -+ A& — ¢, where foreach i € [1, k], & is either a dependency in C or a condition,
and ¢ is a dependency in C, all specified with variables ranging over sets (or lists) of attributes from
aset U of attributes. We refer to & as an antecedent (or premise) of p, and ¢ as the consequence of p.

For a set X of dependencies in C and another dependency ¢ in C, we say that ¢ is provable
Jfrom ¥ using J, denoted by X 5 ¢, if there exists a sequence @1, . .., ¢, of dependencies in C such
that ¢ = ¢, and moreover, for each i € [1, n], either

¢ € X,or
* there existarule p = & A -+ A& — ¢ in J and a mapping u from variables in p to sets (or
lists) of attributes in U, such that (a) ¢; = 1(¢), and (b) for each j € [1, k], either u(&;) is

one of ¢ for 1 < < i, or u(&;) is a condition that is satisfied. Here, 1(§) is obtained from
& by substituting each variable x in & with u(x).

That is, either ¢; is given in X, or it is the consequence of a rule p in which all the antecedents have
been proved from X using J.
For logical implication of dependencies in C, the set J of rules is
* sound if ¥ 3 ¢ implies ¥ = ¢;
* complete if ¥ = ¢ implies ¥ F5 ¢.

A finite sound and complete set of inference rules for C is called a finite axiomatization of C.
If a finite axiomatization exists for C, C is said to be finitely axiomatizable.

The finite axiomatizability of conditional dependencies. For CFDs and CINDs taken separately,
they are finitely axiomatizable (see [Bravo et al., 2007; Fan et al., 2008b] for proofs). However, when
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CFD1: If A € X, then R(X — A, 1), where either 7,[Ax] = 1p[Ay] = “a” for some constant “a” in
dom(A), orboth tp[Ax] and tp[Ay] are “_".

CFD2:  If(1)R(X — A;, 1;)suchthat;[X] = 1;[X]foralli, j € [1,k1,(2) R([A1, ..., Al > B, 1p)and
moreover, (3) (11[Aq], ..., t[Ar]) < tplA1, ..., Ag], then R(X — B, t},), where t;,[X] = 1[X]
and 1),[B] = 1p[B].

CFD3: IfR([B,X]— A, tp), tp[B] =", and tp[A] is a constant, then R(X — A, t;,), where t;,[X U
{A}] =1p[X U {A}].

CFD4: If (1) T ty,. R(X, Bl — A, ;) fori € [1,k], (2) dom(B) = {by, ..., bigs b1y s b}, and
(%, B =by) is not consistent except for [ € [, k], and (3) for i, j € [1, k], #;[X] = ¢;[X], and
t[B] = bi, then T b5, R(IX, Bl > A, ), where 1,[B] =*_”and 1,[X] = 1,[X].

Figure 2.5: Inference rules J¢ for CFDs.

CFDs and CINDs are taken together, there exists no finite axiomatization. This is not surprising: tra-
ditional FDs and INDs put together are already not finitely axiomatizable (see, e.g., [Abiteboul et al.,
1995]).

Theorem 2.26  (a) There exists a finite sound and complete set of inference rules for CFDs. (b)
There exists a finite sound and complete set of inference rules for CINDs. (¢) CFDs and CINDs taken
together are not finitely axiomatizable. O

Aninference system for CFDs . As an example, we present a finite axiomatization for CFDs, denoted
by J¢ and shown in Figure 2.5. We refer the interested reader to [Bravo et al., 2007] for an inference
system for CINDs, which consists of eight inference rules.

The inference system Jc is analogous to Armstrong’s Axioms for FDs. Given a finite set
¥ U {¢} of CFDs, we use X 5, ¢ to denote that ¢ is provable from X using Jc. We consider CFDs
in normal form.

Example 2.27  Consider a set ¥ of CFDs defined on a relation schema R, consist-
ing of four CFDs: ¥y = ([A, B] = [C], (a, b || ©)), ¥2 = ([A, Bl = [C], (a, b2 || ©)), ¥3 =
(IC, D1 — [E], (_, _ |l L)) and ¥4 = ([B] = [BI, (b3 || b2)), where dom(B) = {b1, b2, b3}. Let
Q= ([A, D] — [E], (a,_ | _)), also defined on R. Then ¥ 5. ¢ can be proved as follows.

(1) (1A, Bl = [C], (a, by || ©)) Y1

(2) ([A, Bl = [C], (a, by || ©)) )

3) ([A, B] = [C], (a,_ ]l ¢) (1), (2) and CFD4; ((Z, B = b3) is not consistent)
4) (A1 = [Cl, (@ |l ¢) (3) and CFD3

(5) ([A, D] — [A], (a,_|l a)) CFD1

(6) ([A, D] — [D], (a,_ 1l ) CFD1

(7) (A, D] = [C], (a,_|l ©) (4), (5) and CFD2

®) (C, D] — [E], (L, _ 1)

V3
9) ([A, D] — [E], (a._1|_) (6), (7), (8) and CFD2

29
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We will elaborate shortly on the notion that (X, B = b3) is not consistent. O

We next illustrate the inference rules in J¢. While the rules CFD1 and CFD2 in J¢ are

extensions of Armstrong’s Axioms for FDs, CFD3 and CFD4 do not find a counterpart in Armstrong’s
Axioms.

(1) CFD1 and CFD2 extend Reflexivity and Transitivity of Armstrong’s Axioms, respectively. Rule
CFD1 is self explanatory (see lines 5 and 6 in Example 2.27).

In contrast, in order to cope with pattern tuples that are not found in FDs, CFD2 employs
an order relation <, defined as follows. For a pair 11, 12 of constants or “_”, we say that n; < ny if

either 1 = 12 = a where a is a constant, or 72 = “_”. The < relation naturally extends to pattern
tuples. For instance, (a, b) < (_, b).
Intuitively, the use of < in CFD2 assures that (f1[A1], ..., %[Ax]) is in the “scope” of

tplA1, ..., Al e, the pattern 1,[A1, ..., Ag] is applicable. In Example 2.27, CFD2 can be ap-
plied (line 9) because pattern tuple #1[C, D] = (c, _) (obtained from lines 6 and 7) and pattern tuple
»[C, D] = (_, _) on the LHS of ¥3 (line 8) satisfy #;[C, D] < »[C, D].

To see that CFD2 is sound, note that any tuple ¢ that matches a pattern tuple 7, also matches any
pattern tuple t; if, < t;,. More specifically, assume that conditions (1), (2), and (3) of the rule hold.
Let ¥ consistof ¢; = R(X — A, t;),¢ = R([A1, ..., Ayl = B, t,)and ¥ = R(X — B, t}),for
i €[1, k]. Assume that ¥ 5. 1 by CFD2. We need to show that for any instance / of R,if I = X,
then I |= ¥.Indeed, forany two tupless, t € I,if s[X] = 1[X] < t;,[X],then from condition (1) and
the assumption that t;)[X] = 11[X] it follows that s[ X ] = [ X] =< ;[ X ] and s[A;] = t[A;] < t;[A;]
for i € [1, k]. By condition (3), we have that s[Ay, ..., Ax]l =t[A1, ..., Al < tp[A1, ..., Akl
Thus, from condition (2) (i.e., I = ¢) it follows that s[B] = t[B] < t,[B] = t;,[B]. Hence I = .

(2) CFD3 tells us that for a CFD ¢ = R([B, X] — A, 1)), if t,[B] = “_” and 1,[A] is a constant

«_»

a”, then ¢ can be simplified by dropping the B attribute from the LHS of the embedded FD. To
see this, consider an instance / of R such that I = ¢, and any tuple  in I. Note that since #,[ B] =
“ it t[X] =< t,[X] then t[B, X] < t,[B, X] and t[A] has to be “a” regardless of what value ¢[ B]
has. Thus ¢ entails R(X — A,1,), and I = R(X — A, t)). This rule is illustrated by line 4 in
Example 2.27.

(3) CFD4 deals with attributes of finite domains, which are a non-issue for standard FDs since FDs
have no pattern tuples. It targets a set ¥ of CFDs. More specifically, to use this rule one needs to
determine, given ¥ defined on a relation schema R, an attribute B in attr(R) with a finite domain
and a constant b € dom(B), whether there exists an instance I of R such that I = X and moreover,
there is a tuple 7 in I such that t[B] = b. We say that (X, B = b) is consistent if and only if such
an instance / exists. That is, since the values of B have finitely many choices, we need to find out
tor which b € dom(B), ¥ and B = b make sense when put together. For instance, consider the set
Y = {2, Y3} given in Example 2.13, and the bool attribute A. Then neither (X, A = true) nor
(X, A = false) is consistent.
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CFD4 says that for an attribute B of a finite domain and for a given set X of
CFDs, if ¥ k3. R([X,B]— A,t;) when t;[B] ranges over all b e dom(B) such that

(X, B =b) is consistent, then #;[B] can be “upgraded” to “_”. That is, for any instance I, if
I =%, then I = R([X, B] = A,t,), where t,[B] = “_”. Indeed, suppose that [ =% but
I = R([X, Bl — A, 1p). Assume that 7,[A] =“_" (similarly for the case ¢,[A] = a € dom(A)).

Then there exist s, € I such that {s, t} = X, s[X, B] = t[X, B] < t,[X, B] but s[A] # t[A]. Let
b = s[B] (and hence b = t[B]). Then {s, t} = R([X, B] — A, t;), where ;[ B] = b. This contra-
dicts the assumption that ¥ 5. R([X, B] — A, ;) for t;[ B] ranging over all such b € dom(B)
that (X, B = b) is consistent. Thus I = R([X, B] — A, t,), where 1,[B] =“_"

One might wonder why J¢ has no rule analogous to the Augmentation rule in Armstrong’s
Axioms. This is because we assume that all our CFDs are in normal form and therefore, they only have
a single attribute in their RHS. As a result, there is no need for augmenting the RHS with attributes.
However, if one would lift this assumption then (four) additional rules need to be added to J¢ that
allow to transform any CFD into its normal form and back. These rules are straightforward and do
not provide any more insight into the intricacies involved in the implication problem for CFDs.

The proof of the completeness of J¢ is a nontrivial extension of its counterpart for Arm-
strong’s Axioms for FDs (see, for example, [Abiteboul et al., 1995] for that proof). We first provide
an algorithm that computes a so-called c/osure set of a given set X of CFDs, and establish a charac-
terization of ¥ |= ¢ in terms of this closure set. We then show that each step in the algorithm can
be performed by applications of the inference rules in J¢, establishing in this way the completeness
of J¢. We refer the interested reader to [Fan et al., 2008b] for details about the closure sets and the
characterization.

We compare the complexity bounds for static analyses of CFDs and CINDs with their tradi-
tional counterparts in Table 2.1, in which n denotes the size of input dependencies.

2.24 DEPENDENCY PROPAGATION

We next deal with dependency propagation (also known as view dependencies [Abiteboul et al.,
1995]), another important issue associated with dependencies.

Propagation analysis. Consider two classes of dependencies £ and L, referred to as source de-
pendencies and view dependencies, respectively. Consider a view o defined on relational sources R,
a (finite) set X € Ly of source dependencies defined on R, and a view dependency ¢ € £,. We
say that ¢ is propagated from X via o, denoted by ¥ |=, ¢. if for each instance D of R such that
D = %, the view o (D) is guaranteed to satisfy the view dependency ¢. The dependency propagation
problem is as follows.

* INPUT: Aviewo,aset ¥ C L of source dependencies defined on R, and a view dependency
(/S ﬁz.

* QUESTION: Does ¥ =, ¢?
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Table 2.1: Complexity and finite axiomatizability of conditional
dependencies
Depende C 2 b p 0 e AXioma )
D NP-complete coNP-complete Yes
D o(l) 0(n) Yes
D o) EXPTIME-complete Yes
D o(1) PSPACE-complete Yes
D undecidable undecidable No
D o(l) undecidable No
DSE €O c-do % D
D 0(n?) 0n?) Yes
D o(1) PSPACE-complete Yes
D D undecidable undecidable No

Observe that the implication problem is a special case of the dependency propagation problem,
when the source dependencies (L) and view dependencies (L) are expressed in the same language,
and when the view is defined in terms of an identity query, i.e., simply the relation atom R defined
on a relation schema R.

The need for dependency propagation analysis has long been recognized [Klug, 1980;
Klug and Price, 1982]. For conditional dependencies, the propagation analysis is particularly im-
portant for data exchange, integration and cleaning. Indeed, dependencies on data sources often
only hold conditionally on the view, as illustrated by the example below.

Example 2.28  Consider three data sources Ry, R, and R3, containing information about cus-
tomers in the UK, U.S. and the Netherlands, respectively. To simplify the presentation we assume
that these data sources have a uniform schema, fori € [1, 3]:

R;(AC, phn, name, street, city, zip).
A set X of FDs is defined on the sources, consisting of the following:
fdy : R{([zip] — [street]), fdz4i @ Ri([AC] — [city]).
Define a view oy that integrates data from the sources, in terms of a union Q1 U Q2 U Q3 of
conjunctive queries (UCQ), where Q1 is

SELECT AC, phn, name, street, city, zip, “44” as CC

FROM R; .
Define Q; and Q3 by substituting ‘01’ and “31” for “44”, Ry and R3 for Ry in Q1, respectively. The
target schema R has all the attributes in the sources and an additional country-code attribute CC
(44,01, 31 for the UK, U.S. and the Netherlands, respectively).
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Now one wants to know whether the source dependencies still hold on the target data (view).
The answer is negative: one can expect neither ¥ =4, fd3 nor g =4, fd3;. Indeed, fd3 does not
hold on, e.g., the data from the R; source since as remarked earlier, in the U.S,, zip does not uniquely
determine street. Moreover, although fd3; holds on each individual source R;, it may not hold on
the view because, for example, 20 is an area code in both the UK and Netherlands, for London and
Amsterdam, respectively.

In other words, the source FDs are 7ot always propagated to the view as FDs.

Not all is lost: the source FDs are indeed propagated to the view, but as CFDs. Indeed, o =4,
@7 and Xg =4, ¢g for CFDs ¢7 and ¢s:

@7 R([CC, zip] — [street], T7), @g : R([CC, AC] — [city], T3),
where T7 contains a pattern tuple (44, _ || _), i.e., in the UK, zip code uniquely determines street,
and Ty consists of pattern tuple (_, _ || _). In other words, fd3 holds conditionally on the view, and

fd3; holds on the view only after an extra attribute is added.
Furthermore, suppose that the following CFDs are defined on the sources:

cfdg : R ([AC] — [city], (20 || London)),
cfds : R3([AC] — [city], (20 || Amsterdam)),

then the following CFDs are propagated to the view:

@9 : R([CC, AC] — [city], (44,20 || London)),
@10 : R([CC, AC] — [city], (31,20 || Amsterdam)),

which carry patterns of semantically related constants. O

This example tells us that FDs are not closed under propagation: source FDs are propagated to
view CFDs rather than FDs. This suggests that we revisit the propagation analysis of FDs, by studying
propagation of FDs and CFDs to CFDs. Furthermore, even for FD propagation, some complexity
results have to be revised. Indeed, propagation from FDs to FDs has been studied long ago (e.g.,
[Klug, 1980; Klug and Price, 1982]). It is known that for views expressed in relational algebra, the
problem is undecidable [Klug, 1980]. It is also generally believed that for source FDs, view FDs,
and views defined as an SPCU query (also known as union of conjunctive queries), the propagation
problem is in PTIME (cf. [Abiteboul et al., 1995]). However, it has recently been shown that in
the presence of finite-domain attributes, the propagation problem already becomes coNP-complete
for source FDs, view FDs, and views defined as an SC query (with selection and Cartesian product
operators) [Fan et al., 2008c]; in other words, the PTIME result cited above for FD propagation only
holds in the absence of finite-domain attributes.

Propagating FDs and CFDs to FDs and CFDs . We next investigate the dependency propagation
problem in the following settings: (a) when the class £ of source dependencies consists of FDs, and
the class £, of view dependencies consists of CFDs; (b) when £ and £, are both CFDs; and (c)
when £ and £, are both FDs.
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Table 2.2: Complexity of CFD propagation.

C lexity bound:
z View language ompexity bounds

‘ Infinite domain only ~ General setting

Propagation from FDs to CFDs

PTIME PTIME
PTIME

coNP-complete

PTIME PTIME

PTIME coNP-complete

PTIME coNP-complete
undecidable undecidable

PTIME coNP-complete

PTIME coNP-complete
PTIME coNP-complete
PTIME coNP-complete
PTIME coNP-complete
undecidable undecidable

We study the problem for views expressed in various fragments of FO queries, also referred to
as relational algebra (RA), defined in terms of the selection (S), projection (P), Cartesian product
(C), union (V), set difference (\), and renaming (p) operators. We use SPC and SPCU to denote CQ_
and UCQ, respectively. We also study fragments of SPC, denoted by listing the operators supported:
S, P, C, SP, SC, and PC (the renaming operator is included in all these subclasses by default without
listing it explicitly). For instance, SC denotes the class of queries defined in terms of S, C, and p
operators. In particular, query Q; given in Example 2.28 can be expressed as a C query: {(CC: 44)}
X Rj.

The result below, taken from [Fan et al., 2008c], shows that the presence of finite-domain
attributes also complicates the propagation analysis.

Theorem 2.29  The dependency propagation problem is:

* in PTIME for SPCU views, source CFDs and view CFDs, in the absence of finite-domain
attributes;

* in PTIME in the general setting, for source FDs, view CFDs, and for PC and SP views;

* coNP-complete in the general setting, for

— source FDs, view FDs, and SC views;

— source CFDs, view CFDs, and views defined with any of a single S, C, or P operator.
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Table 2.3: Complexity of FD propagation.

Propagation from FDs to FDs

Complexity bounds

View language . . .
suag Infinite domain only General setting

PTIME [Abiteboul et al., 1995; Klug and Price, 1982] PTIME
PTIME [Abiteboul et al., 1995; Klug and Price, 1982] | coNP-complete
PTIME [Abiteboul et al., 1995; Klug and Price, 1982] PTIME
PTIME [Abiteboul et al., 1995; Klug and Price, 1982] | coNP-complete
undecidable [Klug, 1980] undecidable

Here in the general setting attributes may have a finite domain or an infinite domain.

Crux. (1) For SPCU views, source CFDs and view CFDs without finite-domain attributes, there exists
a PTIME algorithm for testing propagation by extending the chase technique (see [Abiteboul et al.,
1995] for chase, and [Klug and Price, 1982] for extensions of chase).

(2) For PC and SP views in the general setting, one can develop PTIME algorithms for determining
propagation from FDs to CFDs, by extending chase to CFDs.

(3) In the general setting, for source FDs, view FDs and SC views, the lower bound is verified by
reduction from the 3SAT problem to the complement of the propagation problem, where 3SAT
is known to be NP-complete (cf. [Garey and Johnson, 1979]). The upper bound is shown by
developing an NP algorithm that, given source FDs X, a view FD ¢ and an SC view o, decides
whether ¥ &, ¥. Thus the propagation problem is in coNP. The algorithm extends the chase
technique to deal with variables with finite domain attributes, such that all those variables are
instantiated with constants from their corresponding finite domains. There are exponential number
of such instantiations that need to be checked.

For source CFDs, view CFDs, and views defined with any of S, C or P operator, one can show that
the problem is coNP-hard by reduction from the implication problem for CFDs. By Theorem 2.22,in
the presence of finite-domain attributes, CFD implication is already coNP-complete, and moreover,
the implication problem is a special case of the dependency propagation problem. The problem is
shown to be in coNP by providing a coNP decision algorithm, again based on extensions of chase
techniques. O

To give a complete account of complexity results, we summarize in Table 2.2 complexity
bounds on propagation from FDs to CFDs, and from CFDs to CFDs. Moreover, we present the com-
plexity bounds on propagation from FDs to FDs in Table 2.3, including results from [Abiteboul et al.,
1995; Klug, 1980; Klug and Price, 1982].
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BIBLIOGRAPHIC NOTES

Conditional functional dependencies were proposed by Bohannon et al. [2007], where the in-
tractability of the satisfiability and implication problems for CFDs was shown. In addition, a sound
and complete inference system for CFDs was provided there, which was later simplified to the sys-
tem Jc by Fan et al. [2008b]. Furthermore, tractable cases and an approximation algorithm for the
satisflability analysis were given by Fan et al. [2008b].

Conditional inclusion dependencies were proposed by Bravo et al. [2007], in which the com-
plexity of the satisfiability and implication problems for CINDs were established, and a sound and
complete inference system for CINDs was provided. The undecidability of these decisions problems
for CFDs and CINDs put together was also proved there. A restricted form of CINDs was stud-
ied earlier in the context of schema matching [Bohannon et al., 2006], which employs contextual
toreign keys, an extension of foreign keys with simple conditions, to derive schema mapping from
the outcome of schema matching. The formalization of CINDs and their static analysis were not
considered there.

Most dependencies studied for relational databases can be expressed as FO sentences of the
following form (cf. [Abiteboul et al., 1995]), simply referred to as dependencies:

V-x17-"$-xm (¢(xla"-7xm)_) Elyl»’)’n w(Z1?7Zk))a

where () {y1, ..., Yo} = {21, ..., 2k} \ {x1, ..., xm}; (b) ¢ is a conjunction of (at least one) relation
atoms of the form R(wyq, ..., w;), where w; is a variable for each i € [1,1], and ¢ uses all of the
variables in {x1, ..., x»}; (c) ¥ is a conjunction of either relation atoms or equality atoms w = w’,
where w, w’ are variables, and ¥ uses all of the variables in {z, ..., zx}; and (d) no equality atoms
in ¥ use existentially quantified variables.

Dependencies are often classified as follows.

* Full dependencies: universally quantified dependencies.

* Tuple generating dependencies (TGDs): dependencies whose right-hand side (RHS) is a relation
atom. A TGD says that if a certain pattern of entries appears then another pattern must appear.
IND:s are a special case of TGDs.

* Equality generating dependencies (EGDs): full dependencies in which the RHS is an equality
atom. An EGD says that if a certain pattern of entries appears then a certain equality must
hold. The best known EGDs are FDs.

These dependencies are defined in terms of relation atoms, variables, and equality, in the
absence of constants. To capture errors in real-life data one might want to revise these full-fledged
constraint languages by incorporating data-value patterns. However, this may not be very practical:
the implication problem is already EXPTIME-complete for full dependencies, and is undecidable for
TGDs (cf. [Fagin and Vardi, 1984]). To balance the tradeoff between expressive power and complexity,
it is often more realistic to consider revisions of fragments of these constraint languages for data

quality tools.
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A variety of extensions of classical dependencies have been proposed, mostly for spec-
ifying constraint databases [Baudinet et al., 1999; De Bra and Paredaens, 1983; Maher, 1997,
Maher and Srivastava, 1996]. Constraints of De Bra and Paredaens [1983], also called conditional
functional dependencies, are of the form (X — Y) — (Z — W), where X — Y and Z — W are
standard FDs. Constrained dependencies of Maher [1997] extend these by allowing & — (Z — W),
where & is an arbitrary constraint that is not necessarily an FD. These dependencies cannot ex-
press CFDs since Z — W does not allow constants. More expressive are constraint-generating
dependencies (CGDs) proposed by Baudinet et al. [1999] and constrained tuple-generating de-
pendencies (CTGDs) by Maher and Srivastava [1996], both subsuming CFDs. A CGD is of the
form V)?(Rl(f) Ao ARp(X) NE(X) — “g"()E)), where R;’s are relation atoms, and &, &’ are arbi-
trary constraints that may carry constants. A CTGD is of the form Vx (R 1E)A AR (X)ANE —
IY(RI (X, ¥) A+ ARY(X, J) NE(X, y))), subsuming both CINDs and TGDs. The increased ex-
pressive power of CGDs and CTGDs comes at the price of higher complexity for reasoning about
these dependencies. No previous work has studied these extensions for data cleaning.

Extensions of CFDs were studied by Bravo et al. [2008] and Chen et al. [2009a,b], to increase
the expressiveness of CFDs without incurring extra cost in their static analyses.

* Extended CFDs (eCFDs) [Bravo et al., 2008]. An eCFD allows disjunction and negation in the
pattern tuples of CFDs. For example, the eCFD R([city] — [AC], (NYC || {212, 718, 646}))
states that for tuples 7 such that #[city] = NYC, their area codes must come from the sez
{212,718, 646}. As another example, R([city] — [AC], ({NYC, LI} || L) says that all cities in
New York State, except NYC and Long Island, have a unique area code.

* CFDs with embedded cardinality constraints and synonym rules (CFD ©) [Chen et al., 2009a].
An example CFD ¢ is R([country, zip] — [street], (UK, _ || _), ¢), where ¢ is an integer. It
states that for all tuples # such that ¢[country, zip] =< (UK, _), all tuples that are synonymous
to ¢ in country and zip can only have at most ¢ distinct street values.

* Conditional dependencies with built-in predicates [Chen et al., 2009b]. Both CFDs and
CINDs are extended by allowing pattern tuples to contain #, <, <, > and >. For exam-
ple, R([book] — [price], (_ ||> 0)) says that every book should have a price greater than zero.
A similar extension in which pattern tuples can specify ranges in some numeric domain was

considered by Golab et al. [2008].

For all these extensions, it has been shown that despite their increased expressive power, their
satisfiability and implication analyses have the same complexity as their standard CFD and CIND
counterparts, respectively [Bravo et al., 2008; Chen et al., 2009a,b].

Since the introduction of conditional dependencies, several other dependency formalisms have
been considered in the context of data quality. Examples are sequential dependencies [Golab et al.,
2009], metric dependencies [Koudas et al.,2009], matching dependencies [Fan et al., 2011a], differ-
ential dependencies [Song and Chen, 2011] and currency dependencies [Fan et al., 2012b], among

others. We will study matching dependencies and currency dependencies in more detail in Chapters 4
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and 6, respectively. We refer the reader to [Fan and Geerts, 2011] for a survey on more variations of
standard FDs.

The story of constraint formalisms studied for data quality would not be complete without
mentioning edits [Boskovitz et al., 2003; Fellegi and Holt, 1976]. Edits have been extensively used
for decades by census bureaus around the world. They were introduced by Fellegi and Holt [1976]
in an attempt to provide a formal foundation for checking the validity of questionnaires and for
repairing the data thereof. Simply stated, edits are of the form e = Sy x - - - x Sg, where S; C D; for
a finite domain D, for each i € [1, k]. A record ¢ corresponds to an element in Dy X - - - X Dy, and
is regarded clean relative to the edit e if ¢ e. Edits can be viewed as a special case of eCFDs. Indeed,
an edit e can be expressed as an eCFD of the form ([Al, o A1l = TARDL (St o, Sk |l S_k))
Alogical framework for edits was proposed by Boskovitz et al. [2003]. The focus of that line of work
is the localization of errors and the imputation of data, by treating input records individually and
separately, without checking inconsistencies between different records.

Besides CFDs and CINDs, non-traditional dependencies studied for data cleaning include
denial constraints, which are universally quantified FO sentences of the form

VXL L VES(RIGD) A A Re(B) AE(RLL - X)),

where R; is a relation atom for i € [1, k] and £ is a conjunction of built-in predicates such as =, #,
<, <, > and >. Note that FDs are a special case of denial constraints. While some denial constraints
in the literature allow constants, numerical values, and aggregate functions, the implication and
consistency problems and finite axiomatizability for these constraints are yet to be settled [Bertossi,
2011; Bertossi et al., 2008]. Denial constraints have been primarily used in consistent query answer-
ing (see [Bertossi, 2011] for a survey). As will be seen in Chapter 6, currency constraints are an
extension of denial constraints by supporting temporal (currency) orders.

The results on dependency propagation presented here are taken from [Abiteboul et al., 1995;
Klug, 1980; Klug and Price, 1982] for FDs and from [Fan et al., 2008c] for CFDs and FDs. In
addition, Fan et al. [2008¢] developed algorithms for finding so-called propagation covers, i.c., a
minimal set of CFDs that is equivalent to the set of all CFDs that are propagated to SPC views. Earlier
work on propagation covers considered FDs and projection views, in the absence of finite-domain
attributes [Gottlob, 1987]. Another line of research studies the closure problem of dependencies
under views. It is to decide whether the set of views o (D) for which D = X can be characterized
by a set I' of dependencies in the same dependency language [Fagin, 1982; Ginsburg and Zaiddan,
1982; Hull, 1984]. It is shown by Ginsburg and Zaiddan [1982] that FDs are not closed in this sense.
This is also exemplified in this chapter: FDs on the source are often propagated as CFDs on the view,
rather than as FDs.
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CHAPTER 3

Cleaning Data with Conditional
Dependencies

We have seen that conditional dependencies can be used as data quality rules to tell us whether
our data are dirty or clean. To make practical use of conditional dependencies in a data quality
management system, however, several questions have to be answered. The first question concerns
how we can get high-quality conditional dependencies. We have so far assumed that conditional
dependencies are already provided, either extracted from business rules or designed by domain
experts. In practice, however, business rules are often inadequate, and it may be unrealistic to rely on
human experts to design dependencies. Hence, it is necessary to automatically discover conditional
dependencies from sample data. The second question asks how we can validate a set of conditional
dependencies, either manually designed or automatically discovered. We have seen that we can
identify a maximum consistent subset of rules from a given set of CFDs, by using an approximation
algorithm (Section 2.2.1), and by recruiting the users to inspect the selected rules if necessary. After
the rules are in place, the next question concerns how to efficiently detect errors in our data, i.e.,
violations of the dependencies, using the rules. Finally, after the errors are identified, how can we
automatically correct the errors, again by using the data quality rules?

This chapter answers these questions. We first present algorithms for discovering CFDs
(Section 3.1). We then introduce SQL-based error detection methods that are efficient on large
data and a large number of dependencies (Section 3.2). Finally, we provide a general algorithm for
repairing data based on CFDs and CINDs (Section 3.3).

3.1 DISCOVERING CONDITIONAL DEPENDENCIES

We present two methods to automatically discover or learn conditional functional dependencies
from sample data. The first method, CFDMiner, efficiently discovers constant CFDs, capitalizing
on a strong connection between constant CFDs and so-called free and closed itemsets. The second
method, CTANE, discovers general (both constant and variable) CFDs, by extending the well-known
FD-discovery method TANE [Huhtala et al., 1999].

3.1.1 THE CFD DISCOVERY PROBLEM

Before presenting these methods, we formally state the CFD discovery problem.
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FN LN CC AC phn street city zip salary  status

t1: | Mike | Clark | 44 | 131 | 1234567 | Mayfield | EDI | EH4 8LE 60k single
tp: | Rick | Stark | 44 | 131 | 3456789 | Crichton | EDI | EH4 8LE 96k married
t3: | Joe Brady | 01 | 908 | 4567890 | MainRd | EDI | NJ 07974 90k married
t4: | Mary | Smith | 01 | 908 | 7966899 | Mtn Ave | MH | NJ 07974 50k single
ts: | Mary | Luth | 01 | 131 | 7966899 | Mtn Ave | MH | NJ 07974 50k married
t: | Mary | Luth | 44 | 131 | 3456789 | Mayfield | NYC | EH4 1DT 80k | married

Figure 3.1: An employee instance.

Given an instance I of a relation schema R, one might want to simply find all CFDs ¢ defined
over R such that I |= ¢. This may not be such a good idea, however. Indeed:

* trivial and redundant CFDs will be returned, and as a result, the set of discovered CFDs will be
too large and contain many uninteresting CFDs; and

* the set returned may contain erroneous CFDs, which are generated from errors and noise in
the possibly dirty instance I.

To avoid these, we will consider non-trivial, non-redundant, and k-frequent CFDs only. We
next formally define these notions. As usual, we consider CFDs in normal form.

(1) We say thata CFD ¢ = (X — A, tp) is trivial if A € X. Such CFDs are obviously uninteresting.
Indeed, depending on how 7,[Ax] and ,[Ay] relate, ¢ may be satisfied by all instances, or it is not
satisfiable at all, or it requires that all tuples in an instance must have the same A-attribute value.
Thus, we exclude trivial CFDs by requiring that A & X.

(2) ACFD ¢ = (X — A, 1)) is said to be non-redundant on an instance I if whenever I = ¢,
then I = (Y — A, (1,[Y] || t,[A])) for any proper subset ¥ C X. When ¢ is a variable CFD (i.e.,
1,[A] =*_7), we additionally require thatif I = ¢, then I = (X — A, (t;,[X] | _)) for any tl/,[X]

obtained from 7,[X] by replacing a constant with the unnamed variable “_”. In other words, in a

non-redundant CFD, none of its attributes can be removed, and none of the constants in its LHS

« »

pattern can be “upgraded” to “_

Example3.1 Consider the instance Do shown in Figure 3.1 and a variable CFD ¢4 = ([FN, LN] —
[status], (_, Luth || _)). Clearly, ¢4 is non-trivial. However, ¢4 is redundant on Dy. Indeed, its left-
hand side can be reduced since Dy = ([LN] — [status], (Luth || _)). In addition, the constant in
the pattern tuple of ¢4, “Luth” can be upgraded to “_", since Do = ([LN] — [status], (_ || _)). Here
the CFD ([LN] — [status], (_ || _)) is non-redundant. O

(3) To formalize the notion of k-frequent CFDs, observe that although dirty data may abundantly
occur in an instance, it is unlikely that the same dirty data items appear frequently. To reduce the
impact of dirty data on the discovered CFDs, we consider frequent CFDs. Let ¢ = (X — A, 1,) be
a CFD and let k > 1 be a natural number. We define the supporz of ¢ in I, denoted by supp(g, 1), to
be the set consisting of tuples ¢ in I such that 1[X] < ¢,[X] and t[A] < t,[A]. We say that a CFD
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@ is k-frequent if |supp(@, I)| > k. That is, the number of tuples that match the pattern tuple of ¢
is required to exceed k.

Example 3.2 The variable CFDs ¢; and ¢3 shown in Figure 2.2 are 3-frequent and 6-
frequent, respectively, on the instance Dy. As another example, the constant CFD ([CC, AC, phn] —
[city], (44, 131, _ || EDI)), derived from ¢, of Figure 2.2, is 2-frequent. O

Putting these together, we define a canonical cover of CFDs on instance I w.r.2 k to be a set X
of non-trivial, non-redundant, and k-frequent CFDs that hold on 7, such that X is equivalent to the
set of all non-trivial k-frequent CFDs that hold on /. In terms of canonical covers, the CFD discovery
problem can be stated as follows.

* INPUT: A possibly dirty instance I of R and a support threshold k € N.
* PROBLEM: It is to find a canonical cover of CFDs on instance I w.rz k.

We give methods to discover constant CFDs (Section 3.1.2) and general CFDs (Section 3.1.3).

3.1.2 DISCOVERING CONSTANT CFDs

We are to find a canonical cover of k-frequent constant CFDs on an instance / of R. To this end we
first characterize non-redundant k-frequent constant CFDs in terms of free and closed itemsets. We
then leverage efficient data mining techniques to discover such itemsets.

Free and closed itemsets. An izemset is a pair (X, t), where X C attr(R) is a set of attributes and
t, is a constant pattern over X. That is, 7, is a pattern tuple without “_". Given an instance / of R,
we abuse the notation of supports, and denote by supp(X, t,,, I) the support of (X, 7,) in I, i.e., the
set of tuples in / that match 7, on the X-attributes.

Given (X, t,) and (Y, 5),),wesay that (Y, s,) is more general than (X, t,,),denoted by (X, #,) <
(Y, 5p),itY € Xands, = t,[Y]. Furthermore, we say that (Y, s),) is s¢rictly more general than (X, 1),
denoted by (X, #,) < (¥, sp),if Y C X ands, = 1,[Y]. Itis readily verified that if (X, z,) < (¥, s))
then supp(X, t,, 1) € supp(Y, sp, I).

An itemset (X, t,) is called c/osed in I if there exists no itemset (Y, s,) such that (Y, s),) <
(X, 1) and supp(X, tp, I) = supp(Y, sp, I). Intuitively, a closed itemset (X, 7,,) cannot be special-
ized without decreasing its support. For (X, ¢,) we denote by clo(X, #,) the unique closed itemset
that extends (X, 7,,) and has the same support as (X, 7,).

Similarly, an itemset (X, f,) is called free in I if there exists no itemset (Y, s,) such that
(X, 1) =< (Y,sp) and supp(X, tp, I) = supp(Y, s, I). Intuitively, a free itemset (X, ¢,) cannot be
generalized without increasing its support.

For a natural number k > 1, an itemset (X, 1)) is called k-frequent if |supp(X, t, I)| = k. We
refer to [Pasquier et al., 1999] for more details about closed and free itemsets.
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Constant CFD discovery algorithm. The following proposition relates k-frequent non-redundant
constant CFDs to k-frequent free and closed itemsets. As will be seen shortly, this is the basis of our
algorithm for discovering constant CFDs.

Proposition 3.3 For any instance I of R and any non-trivial, non-redundant, and k—frequent constant
CFD ¢ = (X — A, (tp | @), | = ¢ if and only if

o the itemset (X, t)) is free, k—frequent and A & X;
* clo(X,tp) < (A, a); and
e there exists no (Y, sp) < (X, tp) withclo(Y,sp) <X (A, a). O

Crux. Suppose that I = ¢, where ¢ = (X — A, (t, || @)) is a non-trivial, non-redundant,
and k-frequent constant CFD. We know from the semantics of CFDs that supp(X,t,,1) =
supp({X, A}, (tp,a), I). Hence, clo(X,t,) < (A, a). Furthermore, since ¢ 1is k-frequent,
Isupp({X, A}, (tp, a), I)| = k and (X, 1,,) is k-frequent. Moreover, since ¢ is non-redundant, there
exists no (strict) subset ¥ of X such that supp(Y, 1,[Y], I) = supp({Y, A}, (t,[Y], a), I). Hence,
(X, tp) is a k-frequent itemset that is free, and is minimal among all free itemsets (Y, #,[Y]) that sat-
isfy supp(Y, 1,[Y1], I) = supp({Y, A}, (t,[Y1], @), I).In other words, (X, t,,) is a minimal k-frequent
free itemset among all itemsets (Y, s,) with clo(Y,s,) < (A, a). Conversely, a similar argument
verifies that given the conditions on (X, 7,,) and (A, a) stated in Proposition 3.3, the corresponding
CFD is non-trivial, non-redundant, and k-frequent. g

Based on this proposition, we present algorithm CFDMiner as Algorithm 1, which finds a
canonical cover of k-frequent constant CFDs. In a nutshell, it first finds all k-frequent free and
closed itemsets in the instance /. This can be done by invoking one of many available frequent
itemset mining algorithms that discover k-frequent itemsets, from which closed and free itemsets
can be derived (see [Bayardo et al., 2004] for an overview of such algorithms); or by combining
algorithms that mine closed [Pasquier et al., 1999; Wang et al., 2003; Zaki and Hsiao, 2005] or free
frequent itemsets [Calders and Goethals, 2007; Li et al., 2006]. Notably, the GCGrowth algorithm is
particularly well suited for our purpose since it simultaneously discovers free and closed itemsets (see
[Li et al., 2007] for details about GCGrowth). It suffices to observe that the output of GCGrowth is a
mapping C2F that associates with each k-frequent closed itemset its set of k-frequent free itemsets
(line 1). Proposition 3.3 assures that we can focus on the discovery of constant CFDs of the form
(X — A, (tp || @), where (X, t,[X]) is a k-frequent free itemset for which clo(X,7,) < (A, a).
Algorithm CFDMiner starts from the k-frequent closed itemsets in I, which identify the possible
RHS attributes in the CFD; and for each closed itemset (Y, 5,), it then considers the corresponding
k-frequent free itemsets (X, #,) (for which clo(X, t,) = (¥, 5),)) as candidate LHS attributes of the
CFD. The initial candidate RHS attributes for (X, #,) are taken from (Y, 5,) (lines 4-6). In order to
satisfy the minimality condition stated in Proposition 3.3, the algorithm then reduces the candidate
RHS attributes for each k-frequent itemset (lines 7-10) such that: (a) if no candidate attributes
are left, then the corresponding CFD is redundant; and (b) if candidate attributes are present, then
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Algorithm 1 CFDMiner.

Input: An instance I of R and a natural number k > 1.
Output: A canonical cover of k-frequent constant CFDs.

1: compute a mapping C2F that associates with each k-frequent closed itemset in I its set of
k-frequent free itemsets;

2: for all k-frequent closed itemset (Y, 5,) in I do

3:  let L be the list of all free itemsets in C2F(Y, 5,);

4 forall (X,7,) € L do

5 initialize RHS(X, 1,) := (¥ \ X, s,[¥ \ X]);

6: end for

7. forall (X,1,) € L do

8 forall (X', 7,[X']) € L such that X" C X do

9 RHS(X, t,) := RHS(X, 1,) N RHS(X', 1,[X']);

10: end for

11: if RHS(X, t,) # ¢ then

12: return (X — A, (1, || a)) for all (A, a) € RHS(X, t),);
13: end if

14:  end for

15: end for

the corresponding non-redundant CFD is returned as output (line 11-13). The correctness of the
algorithm is a direct consequence of Proposition 3.3.

Example 3.4  Consider the instance Dy of Figure 3.1. Let k = 2. An example 2-frequent itemset
in Dy that contains CC, AC, and city is ((CC, AC, city), (44, 131, EDI)). Then the corresponding
2-frequent closed itemset is ((CC, AC, city, zip), (44, 131, EDI, EH4 8LE)), which has a unique 2-
frequent free set (zip, EH4 8LE). Hence ([zip] — A, (EH4 8LE || a)) is a 2-frequent CFD with (A, a)
as an attribute-constant pair taken from { (CC, 44), (AC, 131), (city, EDI)}, L.e., the single itemsets
present in the closed itemset that are different from (zip, EH4 8LE). This CFD is non-redundant:
there is no smaller 2-frequent free set in Do whose closed itemset contains any element of the single
itemsets {(CC, 44), (AC, 131), (city, EDD)}. O

Various optimizations can be employed when implementing CFDMiner. For example, hash
tables can substantially speedup checking for subsets of particular free itemsets (see line 8 in Al-
gorithm 1). In addition, pruning strategies can be used to avoid the generation of unnecessary free
and closed itemsets [Li et al., 2012a]. We refer to [Fan et al., 2011b] for more details regarding the
implementation of CFDMiner and its related experimental study.
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3.1.3 DISCOVERING GENERAL CFDs

We next present CTANE, a method to compute a canonical cover of k-frequent general (variable and
constant) CFDs from a given instance /. This method is a generalization of a well-known algorithm,
TANE, for discovering FDs [Huhtala et al., 1999]. Algorithm TANE discovers FDs by traversing a
lattice of attribute sets in a bottom-up level-wise way. Along the same lines, CTANE traverses an
extended lattice consisting of pairs of attribute sets and patterns, to cope with pattern tuples. Similar
to TANE, CTANE scales well with the size of I but is sensitive to the arity (the number of attributes)
of I (i.e., its schema).

More specifically, CTANE considers the lattice (£, E), where £ consists of all pairs (X, 7))
such that X C attr(R) and ¢, is a pattern tuple over X, possibly with “_”. Moreover, we say that
(X,1,) E(Y,sp)if X C Y andt, <s5,[X]. Heret, < 5,[X] denotes that for every attribute X; €
X, either 15[ X;] = 5[ X;] or s,[X;] =_". Given (X, t,), we denote by (X¢, t;) the restriction of
(X, tp) to the attributes for which 7, is a constant. Given a natural number k > 1, we define (£, ©)
to be the sub-lattice of (£, ) in which Ly consists of pairs (X, t,,) such that the itemset (X¢, tl‘;) 1s
k-frequent. We denote by Li the set of elements (X, #,) in Ly such that |X| = £. We assume that
Lﬁ is ordered such that (X, #,) comes before (X, s,) in the order whenever s, < t,. Elements in
Li are considered in this order to ensure that the most general patterns are considered first.

Algorithm CTANE is shown as Algorithm 2. The algorithm treats each (X, 1)) € Li as a
possible LHS of a CFD and associates with each (X,¢,) € Li a set of candidate RHS, denoted
by CandRHS(X, ;). This set consists of elements (A, c4), where A € attr(R) and c4 is either a
constant or “_". The set is used to determine whether ¢ = ([X \ {A}] — A, (,[X \ {A}]llca)) is
a non-redundant k-frequent CFD that holds on /. We refer to [Fan et al., 2011b] for more details
about CandRHS(X, #,). To understand the general idea underlying CTANE, it suffices to consider
the following two properties of CandRHS(X, 7,,):

(P1) if I = ¢ then ¢ is non-redundant and k-frequent if and only if for all attributes B € X,
(A, cp) € CandRHS(X \ {B},1,[X \ {B}]). In other words, CandRHS(X, 7,) can be com-
puted during the bottom-up level-wise traversal of the lattice since it can be expressed in
terms of CandRHS(Y, s,,) with |Y| < |X]; and

(P2) if CandRHS(X, 1,) = ¥ then (X, 1,,) does not lead to a non-redundant k-frequent CFD that
holds on 7, and hence, (X, #,) can be disregarded.

Given this, CTANE works as follows (see Algorithm 2). We start by initializing the first level
of the lattice L,lc (line 1). These elements are all considered as candidate RHS for CFDs in which the
LHS is the bottom element ¥ in the lattice (line 2). Then, for £ > 1, as long as there are elements in
Li, and thus there exist possible LHS of CFDs, CTANE computes corresponding candidate RHS (lines
4-6) as suggested by property (P1). The validity of the CFD ¢ = ([X \ {A}] — A, (t,[X \ {A}]llca))
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Algorithm 2 CTANE.

Input: An instance I of R, and a natural number k > 1.
Output: A canonical cover of k-frequent CFDs.

1 Ll ={(A, ) | A €attr(R)} U{(A, a) | supp((A, a), I) >k, A € attr(R)};
2: CandRHS(¥) := L}; € := 1;

3: while Li # (¢ do

4 forall (X,1,) € L! do

5 CandRHS(X, 1,) := gy CandRHS(X \ {B}, 1,[X \ {B}]);

6: end for

7. forall (X,1,) € L{, A € X, (A, ca) € CandRHS(X, 1,) do

8 @ = (X \{A}] = A, (tp[X \ {A}]llca));

9

if I = ¢ then
10: output ¢;
11: update CandRHS(X, u,) for all u,, such that
up[A] =cp and up[X \ {A}] < tp[X \ {A}];
12: end if

13:  end for

14:  remove all (X, ¢,) from Li with CandRHS(X, 1,) =
15:  generate LiH from Li andset £ ;== £+ 1;

16: end while

(line 8), obtained from the current element in the lattice (X, ,) and candidate RHS (A, c4) in
CandRHS(X, 1)), is subsequently verified. If I |= ¢ then property (P1) tells us that ¢ is non-
redundant and k-frequent.

Observe, however, that if I |=¢ then I = ([X \ {A}] = A, (up[X \ {A}]llca)) for any
up[ X\ {A}] < 1,[X \ {A}]. To avoid the generation of such CFDs when considering (X, u,)
at a later stage, recall that elements in Lﬁ are ordered such that (X, u,) comes after (X,1,).
Hence we remove (A, c4) from CandRHS(X, u ). Similarly, we remove all B € attr(R) \ X from
CandRHS(X, up).Indeed, if I = (X — B, (up[X]llcp)), where cp is either a constant or “_”, then
we also have that I |= ([X \ {A}] — B, (u,[X \ {A}]llcp)), and this yields redundant CFDs. These
two optimization strategies are performed at line 11 in the algorithm.

When all candidate RHS attributes are in place for elements in L{, CTANE then proceeds by
pruning irrelevant elements (line 14) from L{ based on property (P2). Finally, the next level L
is generated in a standard way by joining compatible elements from L¢; and the elements in Li“
are subsequently considered (line 15). As remarked earlier, this process proceeds until no further

elements in Ly need to be considered. The correctness of the algorithm follows from property (P1)
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and the fact that CTANE correctly maintains CandRHS (see [Fan et al., 2011b] for a detailed proof
of the correctness).

Example 3.5 We show how algorithm CTANE works as follows. Consider the employee instance
Dy given in Figure 3.1. We describe a partial run of CTANE involving only attributes CC, AC, and
city. Assume that k = 3. In the initialization phase, Lé is computed, which consists of the following
elements (represented as tabular):

CcC AC city

1 _ — - _
L3 = { 44 17| 131 |’ | EDI }
01

The elements in Lé constitute CandRHS(%). However, since the instance does not satisfy any CFD
with empty LHS, we have that CandRHS(A, cx) = L% for all (A,cp) € Lé. The algorithm thus
immediately proceeds with the generation of L3. It is readily verified that

CC AC CC city AC city
o4 - a4 131 _
37 o _ [’|o1 _ |”| _ EDI|[

_ 131 _ EDI

44 131

Again, since no elements are removed from the candidate sets, CandRHS initially consists of L% for
each elementin L%. By considering all possible CFDs obtained from L1, one identifies two valid CFDs:
¢1 = ([CC] — [AC], (44 || L)) and ¢ = ([CC] — [AC], (44 || 131)). As a consequence, (AC, _)
and (AC, 131) are removed from CandRHS((CC, AC), (44, _)) and CandRHS((CC, AC), (44, 131)).
Furthermore, CTANE removes (city, _) and (city, EDI) from these candidate sets, as optimizations
described earlier (recall how CTANE updates candidate sets). After this, Lg is computed. This set
consists of the following elements:

CC AC ity
, 4
L3 = { 01 _ _ }
_ 131 _
_ _ EDI
44 131

We now initialize the candidate sets of elements in L% by taking the big intersection of candidate sets
of elements at level L3. Here, most candidate sets are still equal to L1, except those affected by the
updates to the candidate sets in the previous step. For example, CandRHS((CC, AC, city), (44, _, 1))
only contains elements involving CC; similarly for CandRHS((CC, AC, city), (44, 131, _)). After
considering all possible CFDs obtained from Lg, we now identify a valid CFD ¢3 = ([AC, city] —
[CCI, (L, _ || L)). As before, this implies that (CC, _) is removed as a candidate from all other pattern
tuples in L2, to prevent the generation of redundant CFDs such as ([AC, city] — [CC], (44, 131 ||
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_)). Since we are only considering three attributes, no further levels in the lattice are considered in
this example. We may thus conclude that there are only three non-trivial, non-redundant, 3-frequent
CFDs in the canonical cover for Do when considering attributes AC, CC and city only. O

To efficiently implement CTANE, care must be taken in the following issues:

* the maintenance of the sets CandRHS;

* the validation of candidate non-redundant k-frequent CFDs;

* the generation of Li“; and

* the checking of the support of itemsets to determine whether they are k-frequent.

Fan et al. [2011b] adopted a partition-based approach for all four aspects, by revising a similar
technique used in TANE [Huhtala et al., 1999]. In a nutshell, given an element (X, #,,), the instance
1 is partitioned such that any two tuples that agree on their X -attributes and match #,, are in the same
partition. Such partitions can be efficiently computed during the bottom-up traversal of the lattice.
We refer the interested reader to [Fan et al., 2011b] and [Huhtala et al., 1999] for more details.

3.2 ERRORDETECTION

We next develop techniques to detect violations of CFDs. That is, given an instance I of a relation
schema R and a set X of CFDs defined on R, we find all the violating tuples in 1, i.e., the tuples that
(perhaps together with other tuples in I) violate some CFD in X.

We first present an SQL technique to find violations of a single CFD, and then generalize it to
validate multiple CFDs. These methods on/y use SQL queries. Hence, error detection can be readily
supported by DBMS without requiring any additional functionality.

3.2.1 CHECKING A SINGLE CFD WITH SQL

To simplify the discussion, in this section we assume that the right-hand side of a CFD consists
of a single attribute only. However, we do allow the pattern tableau T), to contain multiple pattern
tuples. The detection methods presented here can be trivially extended to multiple RHS attributes,
as will be illustrated by examples later. Given such a CFD ¢ = (X — A, T)), the following two
SQL queries suffice to find the tuples violating ¢:

QS SELECT * FROM R ¢, Tj 1,
WHERE #[X] < 1,[X] AND #[A] # t,[A]

QY  SELECT DISTINCT X FROM Rt, T, 1,
WHERE #[X] < 1,[X] AND 1,[A] =“_"
GROUP BY X HAVING COUNT(DISTINCT A)> 1,

where for an attribute B € (X U {A}), f[B] < ,[B] is a short-hand for the SQL expression ([ B] =
t,[B] OR 1,[B] = “_”), while [B] # t,[B] is for ([ B] # t,[B] AND 1,[B] # “ ).
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QF,  SELECT * FROM employee t, T 1,
WHERE #[CC] = 1,[CC] AND ¢[AC] < 1,[AC] AND ¢[phn] < 1,[phn] AND
(t[street] % 1, [street] OR t[city] 7 t,[city] OR t[zip] % 1,[zip])

QY SELECT DISTINCT CC,AC, phn FROM employeet, T 1,
WHERE [CC] = 1,[CC] AND t[AC] = £,[AC] AND t[phn] = t,[phn] AND
(tp[street] =“_" OR 1p[city] =" OR 1,[zip] =“_")
GROUP BY CC, AC, phn HAVING COUNT(DISTINCT street, city, zip)> 1

Figure 3.2: SQL queries for checking CFD ¢ of Figure 2.2.

More specifically, the detection is conducted by a two-step process, in which each step of the
process is carried out by a query, illustrated as follows.

(1) Query Qg detects single-tuple violations, i.e., those tuples ¢ in / that match some pattern tuple
tp, € T, on the X attributes, but # does not match ¢, in A since the constant value t,[A] is different
from t[A]. That s, Qg finds violating tuples based on differences between the constants in the tuples
and patterns in 7).

(2) On the other hand, query Q (‘p/ finds multi-tuple violations, i.e., tuples  in I for which there exists
a tuple t" in I such that 7[X] = ¢/[X] and moreover, both 7 and ¢ match a pattern 7, on the X
attributes, and 7,[A] is a variable, but 1[A] # t'[A]. Query Qg‘; uses the GROUP BY clause to group
tuples with the same value on X, and it counts the number of their distinct A attribute values. If there
exist more than one value, then there exists a violation. Note that Q (‘; returns only the X attributes
of violating tuples, to make the output more concise, but the complete tuples can be easily obtained
using a join.

Example3.6  We illustrate how the SQL technique can be easily extended to handle CFDs with an
RHS consisting of multiple attributes. Recall the CFD ¢ given in Figure 2.2, where RHS(¢>) has
three attributes. The SQL queries QSZ and Q(‘;z shown in Figure 3.2 check violations of ¢5. Consider
an employee instance Dj that consists of the first three tuples 1, f2, and #3 given in Figure 3.1.
Executing these queries on Dy, it identifies and returns violating tuples 73 (due to ng), and #; and
1> (due to Q(‘;z). O

A salient feature of the SQL translation is that the pattern tableau 7), is treated as an ordinary
data table. Therefore, each query is bounded by the size of the embedded FD X — A in the CFD,
and is independent of the (possibly large) tableau T),.

3.2.2 VALIDATING MULTIPLE CFDS

We next generalize the detection method for a single CFD to deal with multiple CFDs. Clearly, a
naive way to validate a set X of CFDs is to use one query pair for each CFD ¢ in X. This approach,

however, requires 2 x | X| passes of the database instance at hand.



3.2. ERRORDETECTION 49

@4 = ([CC, AC, phn | — [street, city, zip |, T4), where Ty is
CC | AC | phn | street | city | zip

44 1131 _ | _ | EDI
01 |90s| _ | _ |mu| _
@ | e @

Figure 3.3: Merging CFDs ¢, and ¢3.

We present an alternative approach that only requires two passes. The key idea is to generate
a single query pair to check all the constrains in ¥ at once. The proposed solution works in two
phases. In its first phase, a linear scan of all the pattern tableaux of the CFDs in X is performed, and
all those tableaux are merged into a single tableau, denoted by Tx. Intuitively, tableau Tx, captures
the constraints expressed by all the tableaux of the CFDs in X. Then in its second phase, a query
pair is generated to find all those tuples that violate some CFDs in X, hereby generalizing the single
CFD validation method.

Merging multiple CFDs. Consider a set £ of CFDs which we assume, without loss of generality,
contains just two CFDs ¢ and ¢’ on R,where ¢ = (X — A, T)and ¢’ = (X’ — A’, T’). For now,
assume that neither A nor A" is in X U X', an assumption that will be removed later. There are two
main challenges to the generation of the merged tableau T’s;. The first challenge is that tableaux 7' and
T’ may not be union-compatible,i.e., X # X" or A # A’.We thus need to extend tableau T (resp. T”)
with all the attributes in (X" U {A’}) \ (X U {A}) (resp. (X U{A}) \ (X" U{A'}) for T’). This can
be done as follows: for each attribute B in (X" U {A’}) \ (X U {A}) and each tuple ¢, in the original
tableau T, we set the value of #,[B] to be a special symbol denoted by “@”. Intuitively, the symbol
“@”; denotes a don't care value. After this extension, the resulted tableaux are union-compatible. The
final tableau T, is defined to be the union of these tableaux. For example, Figure 3.3 shows how the
CFDs ¢ and @3 of Figure 2.2 can be made union-compatible.

To cope with “@”, we need to revise the notion of CFD satisfaction. Let Z = X U X’ and
W = {A, A’}. Consider a tuple ,[Z, W] in the tableau Ts;, that includes “@”. We use Zj,iee and ij&,
to denote the “@”-free subset of Z and W attributes of ,,, respectively, i.e., it has no “@” symbol. A
relation I of R satisfies the CFD @x, whose tableau is T, denoted by I = ¢y, if for each pair of tuples
t1,tr € I, and for each tuple ¢, in the pattern tableau Ty of ¢y, if #1 [Zj;;eg] = tz[ZjZee] = tp[Zj,C;ee]
then 1 [W "] = W/ “] = 1,[W/"1.

The second challenge is introduced by the need for different treatments of left-hand side and
right-hand side attributes of CFDs. To illustrate this, recall the detection of violations of a single
CFD ¢ using SQL. When writing the detection SQL queries, we assume implicit knowledge about
whether an attribute is part of LHS(¢) or RHS(¢). After the merging of pattern tableaux, however, an

attribute that appears in the left-hand side of one component CFD might appear in the right-hand
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id | CcC | AC | phn | city id | street | city | zip | AC

1] _ _ _ @ 1 _ _ _ | @

2| 44 | 131 | _ @ 2 _ EDI @

3101|908 | _ @ 3 _ MH | _ | @

4| @ @ @ _ 4 @ @ @ | _
(a) Tableau TEZ (b) Tableau T)gv

Figure 3.4: Tx for CFDs ¢3 and gs.

side of another component CFD. We thus need to distinguish the two sets of tuples and treat each
set separately.

This can be done as follows: we split the tableau 7' of each CFD ¢ = (X — A, T) into two
parts, namely, TX and T4, one tableau for X and one for A. Then the tableau TZZ (and similarly Tgv )
is generated by making all the TX tableaux in union-compatible (similarly for the T4 tableaux).
Note that an attribute can appear in both TEZ and Tgv . This removes the assumption that RHS
attributes A and A’ do not appear in X U X’ given earlier. To be able to restore pattern tuples from
TZZ and TEW , we create a distinct zuple id t,[id] for each pattern tuple #,, and associate it with the
corresponding tuples in 7 and Ty’ . The original pattern tuples can then be obtained by a join on
the id attribute.

For example, consider the CFD ¢, shown in Figure 2.2 and ¢5 = ([city] — [AC], T5), where
T consists of a single tuple (_ || _). Figure 3.4 shows their merged TEZ and TEW tableaux. Note that
attributes city and AC appear in both tableaux.

Query generation. Consider the merged tableaux 7§ and Ty! from a set X of CFDs over a relation
schema R. Then on any instance I of R, the following two SQL queries can be used to detect tuples
in [ that violate ¢:

Qf SELECT * FROM Rt, T i, TY 1))
WHERE ¢/[id] = #)/[id] AND ¢[Z] < t7[Z] AND t[W] % 1,/ [W]

QY SELECT DISTINCT Z FROM Macro t¥
GROUP BY Z HAVING COUNT(DISTINCT W)> I,

where Macro is:

SELECT (CASE Z[B;] WHEN “@” THEN “@” ELSE ¢[B;] END) AS B, - - -
(CASE 7)) [C;] WHEN “@” THEN “@” ELSE [C;] END) AS C; - - -
FROM R 1,T¢ 17, Ty 1))
WHERE Z[id] = #)/[id] AND ¢[Z] < tZ[Z] AND (¢)'[C] =“_"OR --- OR#)/[C,] =“_").
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CC AC phn city street city zip AC

@ @ @ EDI @ @ @ | 131
@ @ @ | NYC @ @ @ | 908
@ @ @ MH @ @ @ | 908
@ @ @ | NYC @ @ @ | 131

Figure 3.5: Macro relation instance.

Here for each attribute B; € Z, t[B;] < t,[ B;] has to take “@” into account; it is now a short-hand
for (t[B;] = tp[B;i] OR 1,[B;] = “_” OR 1,[B;] = “@”). Similarly, for each C; € W, t[C;] % t,[C|]
stands for (t[C;] # t,[C ;] AND t,[C;] # “_" AND t,[C;] # “@”). Note that query Q% is similar in
spirit to the query QS that checks inconsistencies between the constants in the instance and the
constants in the pattern tableau, for a single CFD. The only difference is that now the query deals
with the presence of the “@” symbol in the tableau.

Query Q; is more intricate than the query Q g for a single CFD. Indeed, the attributes used
in GROUP BY have to be adjusted for each pattern tuple. In other words, for each pattern tuple we
have to ensure that the right set of attributes is used to detect multi-tuple violations. This is achieved
by leveraging the relation Macro. Intuitively, Macro inspects each tuple in the tableau, and uses it as a
mask over the tuples of the instance. If the pattern tuple indicates a don’ care value @ for an attribute,
then all the (possibly different) attribute values in the relation tuples are masked and replaced by an
“@” in Macro. Note that this relation has the same sort as TZZ and T)gv (we rename attributes that
appear in both tableaux so as not to appear twice), and it is essentially the join on the Z attributes of
relation I with T’, where T" is the result of the join on tuple id #,[id] of ¢ and Ty . The value of
each attribute, for each tuple t* in Macro, is determined by the CASE clause, which is supported by
popular DBMS like DB2, Oracle, and MySQL. Indeed, for each attribute B € Z, tM[B] s set to be
‘@ if t 1{ [B]is “@”, and it is t[ B] otherwise; similarly for each C € W and tM[C]. Note that relation
I is not joined on the W attributes with the tableaux. Thus, tM[C] is set to be t[C] if for some tuple
t with t[Z] < tg[Z], there is an attribute C with tl‘;V[C] being a constant and ¢[C] # tl‘,}V[C] (ie.,t
violates the merged tableau). This creates no problems since this violating tuple is already detected

by Q%.

Example 3.7  Figure 3.5 shows the result of joining the fourth tuple of tableaux 7¢ and Ty’
in Figure 3.4 with the employee relation of Figure 3.1. Note that the query masks the attributes
values of CC, AC and phn. This masking allows the subsequent GROUP BY over X to essentially
consider, for each tuple, only those Z attributes that have no don’ care values. Note that although
Z = {CC, AC, phn, city}, the GROUP BY by query Qg is actually performed over attribute city only.
The query returns the NYC tuples, which violate ¢s. Also observe that AC is renamed to distinguish
its occurrences in the RHS and LHS of CFDs. O
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In this way we automatically generate a single pair of SQL queries to validate a sez ¥ of multiple
CFDs. The queries are guaranteed to be bounded by the size of the embedded FDs in X, independent
of both the size of the tableaux in X and the number of CFDs in Z. Furthermore, to validate a set
¥ of CFDs, only two passes of the database are required.

Along the same lines, one can validate a set I" of CINDs by automatically generating a pair of
SQL queries, independent of the size and cardinality of I' (see [Chen et al., 2009b]).

Incremental detection methods have also been developed [Fan et al., 2008b], to efficiently
identify changes to violating tuples in response to changes to the data.

3.3 DATA REPAIRING

After we find violating tuples in a dirty instance D by using a set X of conditional dependencies,
we want to fix the errors and make D consistent. That is, we want to minimally edit the data in
D such that it satisfies the dependencies in X. In other words, we want to find a repair of D, i.e.,
an instance Repair(D) that satisfies ¥ and is as close to the original D as possible. This is the
data cleaning approach that U.S. national statistical agencies, among others, have been practicing
for decades [Fellegi and Holt, 1976; Winkler, 2004]. Nevertheless, manually editing the data is a
daunting task, unrealistic when D is large. This highlights the need for automated methods to repair
D. Automated repairing alone, however, may only suggest candidate repairs. We often need the
users or better still, domain experts, to inspect the candidate repairs and provide feedback, which is
incorporated into the repairing process. This is particularly important when repairing critical data.

Putting these together, a data repairing framework is depicted in Figure 3.6, which integrates
automated repairing and user interaction. It consists of three modules. (1) The repairing module
takes as input a dirty instance D and a set X of dependencies. It automatically finds a candidate repair
Repair(D). (2) The incremental repairing module takes updates AD to D as additional input, and
finds changes ARepair to Repair(D) in response to A D, such that Repair(D @ AD) = Repair(D) &
ARepair, where D @ AD denotes the instance obtained from updating D with A Dj similarly for
Repair(D) @ ARepair. (3) The repairs generated by these modules are sent to the sampling module,
which generates a sample of the repairs and lets the user inspect it. The user may opt to suggest
changes to the dependencies and to the sample repairs. The repairing or incremental repairing
module is invoked again based on the user feedback, to improve the quality of repairs. The process
may continue until the user is satisfied with the sample repair generated by the system.

In this section we focus on automated repairing methods underlying the framework, based on
CFDs and CINDs. Cong et al. [2007] discuss incremental repairing methods and sampling strategies.
In Chapter 7 we will revise the framework to find “certain fixes” to critical data and to provide
guarantees on the quality of repairs.
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| Repairing

Incremental repairing
Repair(D & AD)

:‘ Sampling }t: User

Figure 3.6: An interactive framework for data repairing.

Repair(D)

3.3.1 THE DATA REPAIRING PROBLEM

We begin with a formal statement for the data repairing problem, first formulated by Arenas et al.
[1999]. Consider a relational schema R, a database instance D of R and a set X of CFDs and CINDs
defined on R. To keep track of tuples during a repairing process, we assume a temporary unique
tuple id for each tuple ¢. For a repair D" of D, we use tP and t2 to denote the tuple 7 in D and D/,
respectively, carrying the same id. In other words, 1 "isan updated version of t?, where 1 "and 1P
may differ in some attribute values.

We want to repair D by means of a small number of edits. To measure the difference between
D and its repair D', it is a common practice to use a cost function, denoted by cost(). In general, a
cost function returns a value cost(D, D’) in some ordered domain (DD, <). Intuitively, cost(D, D’) <
cost(D, D") implies that D" is closer to D than D”.

Definition 3.8 A repair of D relative to ¥ and cost() is an instance D’ of R such that D’ |= ¥ and
cost(D, D') is minimum among all instance D” of R such that D" = X. O

The data repairing problem can now be stated as follows.

* INPUT: An instance D of R, a set £ of CFDs and CINDs on R, and a function cost().
* PROBLEM: Compute a repair of D relative to X and cost().

Observe the following. (1) The conditional dependencies and cost function do not necessarily
determine a unique repair. Indeed, in most cases multiple repairs may exist, as will be seen in an
example shortly. (2) The semantics of repairs depends on the choice of the cost function and repairing
models. A variety of cost functions have been studied for consistent query answering for different
repairing models defined in terms of tuple deletions, or tuple deletions and insertions, or value
modifications (see [Bertossi, 2011] for a survey).

Example 3.9  Consider the employee instance Do shown in Figure 3.1, and the CFDs ¢, ¢ and
@3 given in Figure 2.2. The following tuples violate some of these CFDs: for ¢1, tuples #; and t3;
for ¢, tuples 2, t3 and t6; and for @3, tuples 11, 12, 13, 14 and . Suppose that we consider repairs
obtained by a minimal number of tuple deletions. A natural choice of cost function in this context is
given by costger (I, I') = |1\ I'|. For costge (), the ordered domain (D, <) is simply (N, <).Then a
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repair Repair(Dg) of Dy relative to {¢1, 2, ¢3} and costge; () can be obtained by deleting 1, 13, and
t¢ form Dy. This repair is not unique. Indeed, another repair can be obtained by deleting #3, 5, and
1> instead of #1. O

It is readily verified that for CFDs and CINDs a repair can always be obtained by deleting
tuples. However, the deletion of tuples may cause unnecessary loss of information.

Example 3.10 Consider Dy and ¢1, ¢2, and ¢3 as described in Example 3.9. Suppose that cost()
now measures the number of changes to attribute values in the tuples of Dg. Then here a repair
of Dy can be obtained by the following value modifications: change #2[street] from Crichton to
Mayftield, #3[city] from EDI to MH, fg[city] from NYC to EDI, and finally, change #s[zip] from EH4
1DT to EH4 8LE. One can verify that these modifications eliminate all the violations of the given
CFDs. Intuitively, this repair is preferable to the repair given in the previous example as it retains
more information of the original instance D. O

We use a cost function based on attribute value modifications, as suggested by Example 3.10.
We consider a slightly more general setting in which each tuple ¢ in an instance carries a weight
w(z, A) for each attribute A. This weight may reflect the confidence of the accuracy placed by the user
in the attribute 7[ A]. Furthermore, we assume the presence of a function dis(v, v”) that measures the
distance between two values v and v’ taken from the same domain. Intuitively, the smaller dis(v, v")
is, the greater the similarity is between v and v’. To make this more concrete, we consider the
Damerau-Levenshtein (DL) metric, but any other distance function can be used instead. The DL-
metric is defined as the minimum number of single-character insertions, deletions and substitutions
required to transform v to v/, and has been shown useful in data cleaning [Galhardas et al., 2001].
The weights on attributes and the DL-metric are then combined as follows:

cost, (v, V') = w(t, A) - dis(v, v')/ max(|v], [v]).

Obviously, the more accurate the original 7[A] value v is and the more distant the new value v’
is from v, the higher the cost of this change is. We use dis(v, v")/ max(|v|, [v'|) to measure the
similarity of v and v’ and to ensure that longer strings with 1-character difference are closer than
shorter strings with 1-character difference. We extend cost, () to tuples as

Py="3" cost(tP[A] P [AD),

Aeattr(r)

cost; (tD Jt

where D and D’ are instances of R. Finally, we define the cost of repairing D with D’ as:

cost(D, D) = Z cost, (12, 1.
teD
WEe use this cost function in the remainder of this section.
Unfortunately, it is NP-complete to find a repair with this cost function, even when only
a fixed set of FDs or a fixed set of INDs is considered, and when the schema is predefined and
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fixed [Bohannon et al., 2005]. Consequently, any efficient automated method for data repairing is
necessarily heuristic.

Theorem 3.11  Given an instance D of R, a set X of CFDs and CINDs, the cost function cost()
given above, and a natural number k > 0, it is NP-complete to decide whether there exists an instance
D’ such that D' |= ¥ and cost(D, D’) < k. This problem is already NP-hard when X is a fixed set
of FDs or a fixed set of INDs over a fixed schema k..

Crux. An NP algorithm can be developed to check whether there exists an instance D’ such that
D' = ¥ and cost(D, D’) < k. Indeed, given D one can simply guess an instance D’ and verify, in
PTIME, whether it satisfies the desired conditions.

One can verify that the problem is NP-hard by reduction from the vertex cover problem, for
FDs, and from the 3-dimensional matching problem, for INDs. The vertex cover problem and the
3-dimensional matching problem are known to be NP-complete (cf. [Garey and Johnson, 1979]).
The reductions use a fixed schema and a fixed set of FDs or INDs. Hence, the data complexity of the
data cleaning problem with value modification is NP-complete (see [Abiteboul et al., 1995; Vardi,
1982] or Chapter 6 for data complexity). O

3.3.2 REPAIRING VIOLATIONS OF CFDs AND CINDS

We next present a heuristic repairing algorithm for CFD and CINDs, denoted by GenRepair
and outlined as Algorithm 3. It is a combination of the repairing algorithm for FDs and INDs
[Bohannon et al., 2005] and the algorithm for CFDs [Cong et al., 2007]. In a nutshell, GenRepair
takes as input a dirty instance D and a set £ of CFDs and CINDs. It returns an instance D’ such
that D’ = X. Due to the heuristic nature of GenRepair, D" may not have the minimum cost, but the
algorithm makes effort to avoid excessive modifications to D.

The algorithm works as follows. Initially, D’ is set to be the dirty input instance D (line 1), and
a set of unresolved tuples, denoted by Unresolved, is identified (line 2). More specifically, Unresolved
collects all tuples in the current instance that need to be modified in order to satisfy X. These
unresolved tuples are found by using SQL queries similar to those for detecting errors described in
Section 3.2. Note that as long as Unresolved is nonempty, modifications to the instances will have
to be made (the while loop lines 3-10). What tuples to modify and how to modify the tuples are
decided by a procedure called PickNext (line 4). The procedure takes as input the current instance
D', Unresolved and ¥, and it returns a set A of modifications to resolve some of the violations of &
in one step.

As we will see shortly, modifications come in two forms: (a) value modifications (into a
constant or null); and (b) identification of tuple-attribute pairs that should be equalized by grouping
them together. After the modifications are made (line 5), D’ is a normal database instance but
carries some additional information about which tuple-attributes pairs should be equalized. Then,
Unresolved is updated (line 6) by incrementally detecting unresolved tuples [Fan et al., 2008b]. This
process continues until no further tuples need to be resolved.
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Algorithm 3 GenRepair.

Input: An instance D of R, and a set ¥ of CFDs and CINDs.
Output: An instance D’ of R such that D" = X.

D' := D;
. initialize Unresolved sets from D’ for the CFDs and CINDs in X;
: while Unresolved # ¢ do
A := PickNext(D’, Unresolved, X, cost);
update D’ with A;
update Unresolved;
if Unresolved = {J then
(D', Unresolved) := Impute(D’, A);
end if

. end while

R A A S G -

=
=]

. return D’.

—_
=

At this point, a procedure Impute(D’, A) is called (lines 7-9) to enforce the identification of
those tuple-attributes pairs as specified by A. In a nutshell, this procedure picks a value for each
such group of pairs that need to be equalized, guided by the cost() function; it assigns the value
to the group 7/ no new unresolved tuples are introduced by the modification. If all identifications
are enforced, Impute(D’, A) returns an instance D’ such that D’ |= X, and sets Unresolved to the
empty set. The clean instance D’ is then returned (line 11). If, however, some identification creates
new unresolved tuples, then the procedure returns an updated instance D’ (not necessarily satisfying
¥) and updates Unresolved accordingly. The process, starting from line 4, is then repeated on the
updated D’.

Care is taken to minimize cost(D, D) by procedures PickNext and Impute. Procedure
PickNext greedily selects the “best” modifications A to the current instance D', i.e., modifications
that resolve some violations of X while incurring the smallest changes based on the metric cost().
To do this, it performs a 1-step lookahead to guide the repairing process through the search space of
all possible instances that can be generated from D. Similarly, procedure Impute greedily selects the
“best” value for each group of attribute values that need to be equalized, i.e., a value that introduces
the least number of new unresolved tuples and at the same time, incurs the least cost based on the
metric cost().

In the rest of the section, we describe how modifications A can be generated to eliminate
unresolved (violating) tuples of ¥ and in addition, how to guarantee that the repairing algorithm

terminates. We will also give an example of how Impute selects values. We refer the reader to
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[Bohannon et al., 2005] and [Cong et al., 2007] for more details about procedures Picknext and
Impute and about other implementation issues of GenRepair.

Equivalence classes. Consider an instance I of a relation schema R. We classify tuple attributes in /
into a set £ of equivalence classes. Each equivalence class consists of pairs of the form (¢!, A), where
tlisa tuple in 7 and A is an attribute in t!. An equivalence class, denoted by eq (!, A), is associated
with each tuple-attribute pair (t', A), for each tuple t! in I and each attribute A in /. As will be
seen shortly, when we eliminate unresolved tuples, we merge two equivalence classes eq (tll , A1) and
eq (t21, A») into one class if t{[Al] and IZI[AZ] have to be equalized in order to satisfy X. In other
words, an equivalence class collects those tuple-attribute pairs that should be identified, and later
on, all the pairs in the class will be assigned a unigue value, denoted by targ(E). Modifications A to I
are defined on £ by grouping tuples into classes and by assigning targ(E), rather than on individual
t1[A].

The motivation behind the use of £ is to separate the decision of which attribute values need to
be equivalent from the decision of exactly what value should be assigned to the eventually-produced
equivalent class. Delaying value assignment allows poor local decisions to be improved. For example,
consider a name that is sometimes spelled correctly and sometimes incorrectly. If the correct spelling
is more frequent and/or has higher weight, then the accumulation of versions of the name in an
equivalence class over time will allow the correct spelling to be chosen as the value of the class.
Further, the equivalence class abstraction allows the users to check or modify a repair. The classes
help expose the structure of data relationships, and if the users want to override a value chosen by
the repairing algorithm, it can be accomplished on the whole equivalence class in one step.

For each equivalence class E, the value targ(E) can be one of “_”, a constant ¢, and null.
Here, “_” indicates that targ(E) is yet to be decided by assigning a value, null means that targ(E)
is fixed but uncertain due to conflicts, and ¢ means that targ(E) is fixed to be constant ¢. When
€ is in place, modifications are now implicitly defined by I and £ together. Indeed, an instance
I' = Upd(I, £) can be obtained from I by replacing each t/ € I by a tuple t/" € I' such that for
all attributes A € attr(R), tI'TA] = t1[A] iftarg(E4) = _,and tI'[A] = targ(E 4) otherwise. Here,
E 4 denotes the equivalence class eq(7, A). In other words, I” and I agree on all tuple-attribute pairs
for which the target value is not yet fixed, and I’ takes the target values for those pairs whose target

value is already determined.

Unresolved tuples. To see how unresolved tuples are eliminated, we now revise the notion of D" = ¢
(Chapter 2) by incorporating equivalence classes, when ¢ is a CFD or a CIND.

CFDs. Let I be an instance of schema R, let £ be the current set of equivalence classes, and let
¢ = R(X — A,1,)beaCFD.Let I’ = Upd(/, £), obtained by applying the modifications specified
by € to I. Given I and & we revise the semantics of CFDs as follows.

» When g is a constant CFD. We say that a tuple ¢! is resolved relative to ¢ and € if t' "Egin
I’. That is, the standard notion of satisfaction applies to the updated ¢!
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+ When g is a variable CFD. We say that tuples s’ and t/ are resolved relative to ¢ and € in I if
whenever s/ [X] = tI'[X] =< tp[X] then also eq(sll, A) = eq(t’l, A).That s, although sI'TA]
and t!'[A] may still have distinct values in I, their eventual equality is already determined by
& and thus they will eventually satisfy ¢.

CINDs. Let D = (I, I») be an instance of schemas (R;, R»), £P be the current set of equivalence
classes, and let ¢ = (R{[X; X,] C Ra2[Y;Y,],1,) be a CIND. Let D" = (I{, I;) = Upd(D, gDy,
obtained by applying modifications specified by £P to D.

Given D and P, we say that a tuple t/! is resolved relative to ¢ and EP in 1] if whenever
1 [Xp] = 1,[X,], then there exists some tuple s such that s [Y,] = t,[Y,] and furthermore, for
each pair of corresponding attributes X; € X and ¥; € Y, eq (tll/, X;) = eq(slé, Y;). That is, while
¢! and 52 may disagree on some of the corresponding attributes in X and Y, the equivalence classes
eq (tll/ , X;) and eq (s’é, Y;) are merged into one in &P and hence, th (X) and sh (Y) will eventually
be equalized and will satisfy ¢.

Let ¥ be a set of CFDs and CINDs, and £ be the current set of equivalence classes. An
instance D’ of (Ry, Ry) is resolved relative to . and EP if all (pairs of) tuples in D’ are resolved for
all dependencies in ¥. When EP is clear from the context we say that D’ is resolved for X. We use
unres(I, EL, @) to denote the set of all tuples in [ that are unresolved for @, i.e., all those tuples that
violate ¢, for each ¢ € X.

Termination. The definition of resolved instances indicates how equivalence classes should be mod-
ified in order to eliminate unresolved tuples. Care has to be taken here, however, when resolving
conflicts by modifications. Indeed, allowing arbitrary changes to £ may lead to cyclic modifications
and non-termination of the repairing process.

Example3.12  Consider the employee instance Do shown in Figure 3.1 and CFDs ¢ = ([AC] —
[city], (131 || EDI)) and ¢» = ([zip] — [city], (NJ 07974 | MH)) on Dy. Initially, £ contains
equivalence classes {(z, A)}, one for each tuple € Dy and attribute A in the employee schema.
No modifications have been made and thus targ(E) = _for all E € £P0,

Consider tuple 5 € Dy. This tuple is unresolved for ¢; but can be resolved by changing
ts[city] from MH to EDL That is, we update £20 by changing targ(E) from _ to the constant EDI,
where E = eq(fs, city). Let D{j be the resulting instance and £ Do be the updated set of equivalence

classes. Denote by E20 the class in £P0 corresponding to E. This change, however, introduces a new

/

violation. Indeed, t5D % is now unresolved for ¢,. To resolve this conflict, one might change targ(E D 6)
from EDI back to MH. However, this brings us back to the original £ Do and we are back from where
we started. )

Observe that there is a modification around this, e.g., changing t5D °[zip] to some zip code
distinct from NJ 07974 will yield a resolved tuple. O
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We avoid cyclic modifications as follows. Consider two instances, D and D', where D’ is
obtained from D by modifications specified by equivalence classes. We use £ D and EP’ to denote
sets of equivalence classes in D and D', respectively. Note that by leveraging the tuple identifiers in
the instances, we can easily relate equivalence classes in £ to classes in E2. We use EP" € £P" to
denote the equivalence class corresponding to EP € EP. We say that EP is more general than EP ,
denoted by EP < £P',if the following conditions hold:

1. forall EP € £P there exists a class EP" € P’ such that EP C ED,;
2. if target(EP) is a constant, then either target(ED/) = target(EP) or target(ED/) is null; and
3. if target(EP) is null then target(ED,) = null.

It is readily verified that < defines a partial order on sets of equivalence classes. We say that £ D ig
strictly more general than ED' denoted by EP < ED I ED < EP but EP # EP'. In this case, we
also say that £ D' s strictly more specific than € D

To guarantee non-cyclic modifications and thus a terminating repairing process, we require
that whenever £ is changed to £, it is necessary that E2 < £P’. That is, each modification will
move to a strictly more specific set of equivalence classes: by merging two classes with target values
“_7, instantiating the target value “_” of a class with a constant, or by resolving conflicts with null.
Note that if target(EP) is a constant, target(EP” /) may not be a distinct constant. One can show
that there is an upper bound on possible sets of equivalence classes. We can thus conclude that any
sequence of modifications will terminate.

Given &£ we next describe how &’ is derived, for resolving CFDs and CINDs.

Eliminating unresolved tuples for CFDs. Consider an instance Io of a relation schema R and a CFD
¢ = R(X — A,1,).Suppose that £ !'is the current set of equivalence classes that we have got so far,
and I = Upd(ly, 1), i.e., I is obtained from I by applying modifications specified in &l Assume
that unres(I, £, ¢) is non-empty, i.e., there are tuples in I that need to be resolved. Consider a set
ST C unres(1, &1, ¢). We eliminate unresolved tuples in S 1 by changing £ F'to &1 /, and thus obtain
I’ = Upd(1, ") such that §*" € unres(I’, £, ¢).

To do this, we distinguish two cases of ¢: when ¢ is a constant CFD and when ¢ is a variable
CFD. Assume first that ¢ is a constant CFD. Let Eli =eq(t!, X;)for X; € X andlet Efx =eq(t!, A).
Consider the following cases for S = {t"} C unres(I, ET, ¢).

(1) Iftarg(Ef\) = _,we set targ(Efx/) := t,[A] to satisfy the constant pattern of ¢.

(2) If targ(Ef‘) is a constant, then we cannot enforce 7,[A] as in case (1). Indeed, this would
violate condition 2 for extending equivalence classes given above. Instead, we modify ¢/ such
that the LHS of ¢ is not satisfied and thus ¢ vacuously holds, as follows.

e If for all X; € X, targ(E)I(i) is already determined, then we change targ(Egi) = null,
where X; is such that w(z/, X;) has the smallest weight. By the semantics of CFDs in the
presence of null values given in Section 2.1.1, 1! is resolved.

* Otherwise, we change targ(E )I(/i) to a constant that is distinct from 7,[X;] and such that

the change incurs a minimal increase in the cost based on cost().
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(3) If targ(EI{‘) is null, we resolve tuple t! by letting targ(E)I(/i) := null for some attribute X; in
the LHS of ¢, in the same way as in case (2) above.

When ¢ is a variable CFD, let S be the set of all tuples in unres(/, £ I ) that all agree on
their X-attributes. Let s’ and ¢/ be tuples in S, which violate ¢. Let E)I(i =eq(t!, X;) for X; € X,
and Ei =eq(t!, A). Similarly, let F){,i =eq(s!, X;) for X; € X, and F,g = eq(s’, A). We resolve
the inconsistencies between s’ and ¢/ as follows.

“« o»

(1) If neither targ(EI{‘) nor targ(Fi) is null, and at least one of them is “_”, then we can merge E,{t

. . . ’ . ’
and F /{ into a single equivalence class E 2 in &' Moreover,

* if both targ(Ei) and targ(Ff{) are “_”, we will set the target value of Ei/ to a constant ¢
later on, where c is selected such that it incurs a minimal cost; and
* ifone of the target values of targ(E /1‘) and targ(F /() is already determined to be a constant

/
¢, we let the target value of E/} take the same constant c.

(2) Iftarg(E g) and targ(F j) are distinct constants ¢ and ¢’, respectively, then the violation cannot
be resolved by changing the values of the RHS attributes. In this case, we modify some LHS
attribute of t/, along the same lines as case (2) for constant CFDs.

(3) If targ(Efll) = null or targ(FfI‘) is null, then by the semantics of CFDs in the presence of null
(Section 2.1.1), s” and ¢! are not in unres(Z, £!, ¢), and nothing needs to be done.

Clearly, these steps reduce the number of tuples that are part of unresolved pairs in S. We process
all pairs in § as described above and update S accordingly, until no further unresolved tuples remain
in S. The set £ is obtained from &’ in this way.

The following proposition can be readily verified (see [Cong et al., 2007] for a proof).

Proposition 3.13  Consider an instance Iy of R and a CFD @. Let E' be the current set of equivalence
classes, and 1 = Upd(ly, ET). Let S C unres(I, EL, @) and let E be the extension OfEI by resolving
tuples in S as described above, and I' = Upd(l, EVY. Then (1) E1 < ET and (2) all tuples in S are
eliminated from unres(I’, e ). O

Thatis, in the instance I’ = Upd(Z, £'), the tuples in § are no longer unresolved for the CFD
¢ and furthermore, £’ is strictly more specific than £7. In light of this, repair processes composed
of sequences of repair operations as above will terminate.

Example 3.14 We now revisit Example 3.10. In Figure 3.7, we show the instance Dy together
with a set of equivalence classes, each represented by a colored rectangle. Here, a yellow rectangle
indicates that the target value is yet to be determined, whereas the green ones have a fixed target
value. We reorder the tuples in the figure for ease of exposition. Let £ be the initial set of equivalence
classes when no modifications are made, i.e., all target values are “_”. Consider the variable CFD

@1 = ([CC, zip] — [street], (44, _ || _)), and tuples #1 and , in Dy that are unresolved relative to ¢1.
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FN ‘ LN ‘ AC phn ‘ street city zip saIary‘ status
t1: |[Mike]| [Clark 1234567] |[ Mayfield| |[EDI]|[EH4 S8LE] |[ 60k ] |[ single |
to: Star 131] |[3456789] || Crichton| || EDIL|{[ EH4 8LE]|[ 96k ||[married
te: 3456789 || Mayfield | [[EDI|||EH4 1DT||[ 80k | |[married

Q| [
o |
Q| [

ts:
t42 Smith]
ts: Luth

4567890] |[Main Rd] |FMH|[NJ 07974] |[ 90k || [married]
[7966899] |[Mtn Ave] || MH]|[NJ 07974]|[ 50k ]|[ single ]
131] |[7966899] |[Mtn Avel] [ MH]|[NJ 07974]|[ 50k ] | [married]

©
(e
0

(=l J = BNENEINE O
=R R O

Figure 3.7: A resolved employee instance.

Since eq(t, street) = {(11, street)} and eq(#2, street) = {(2, street)}, both with _ as the target value,
we can simply merge these two classes into a single one, {(t1, street), (2, street)}. Let £ be the set
of equivalence classes obtained from £ after the merge. Figure 3.7 reflects this change by the yellow
rectangle covering the equivalence classes eq(t, street) and eq(#2, street). Let D(l) = Upd(Dyg, &1).

1
Consider next the constant CFD ([CC, AC, phn] — [city], (44, 131, _ || EDI)), and tuple t6D0

1
that is unresolved for this CFD. Then the target value of eq (t6D %, city) is updated from _ to EDI, to
satisfy the CFD. Let & be obtained from £} by incorporating the change. In Figure 3.7 this is shown
by the green rectangle with target value EDI. Let D(z) = Upd(D/}, &).

Now consider the variable CFD ([CC, AC, phn] — [street], (44, 131, _ || _)) and unre-
2

solved tuples t2D 6 and 1, %, To resolve these, we can merge equivalence classes eq(fz, street) =
{(#1, street), (#2, street)} and eq(ts, street) = {(f, street)}. Since the target values of these classes
are undetermined (i.e., _), there is no conflict here. Let £3 be obtained from & after the merge.
Figure 3.7 shows a yellow rectangle that covers the values of attribute street in 1, t2, and f, still
with an undetermined target value. Let D3 = Upd(D2, &).

Con51der the constant CFD ([CC, AC phn] — [street], (01, 908, _ || MH)) and an unresolved

tuple 5 DG for this CFD. Tuple t3 is resolved by updating the target value of eq (tg , city) from _ to
MH. Let & be obtained from &3 by incorporating the change. In Figure 3.7 this is shown by the
green rectangle with target value MH. Let D4 = Upd(Dy, &).

Next cons1der the varlable CFD ([CC, AC phn] — [zip], (44, 131, 0. We now have un-

0

resolved tuples 7, © and 7, or this s before, we merge eq(z, °, zip) and eq(z. ', zip) into a
Ived tuples , d6°f his CFD. As bef. ge eq(ty )d(6 )

single equivalence class with a yet to be determined target value (i.e., _). Let &5 be obtained from
&4 by incorporating the change and let Dg = Upd(DZ, &s).

Finally, consider the variable CFD ([CC AC] — [city], (_, _ || _)). We have unresolved tuples
S D3 D3
tlD °,1, % and t6 O for this CFD, as well as t3 % and t4D As before, we merge their equivalence classes
D3 D3
and as a result, obtain two classes {(t1 , City), (l‘2 , City), (t6 C|ty)} and {(t3 , City), (t4 , city)}.

In contrast to the previous cases, while the target values of eq(tl , city) and eq(t2 , City) are
D3

undetermined, the target value of eq(t6 ,city) is EDI. As a consequence, the target value of
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FN LN ‘ type ‘ number
s1: [_Joe ]| [Brady]|[Master Card]|[111111111]
st [[Mary || [Smiths] | Visa  ]|[222222222]

Figure 3.8: A creditcard instance Co.

D] D] D} D] D]
{(t,°, city), (1, °, city), (t, °, city)} is set to EDL Similarly for {(z;°, city), (z, °, city)} that inherits

the target value MH from eq (t3D 0 , city). Let & be obtained from &5 by incorporating the change and
let Dg = Upd(D3, &). It is readily verified that Dg is resolved relative to {¢1, @2, @3} and &. Fig-
ure 3.7 shows Dg together with &. Note that many equivalence classes still have an undetermined
target value at this stage. We will describe in Example 3.17 how target values are selected for the
remaining classes.

Along the same lines, one can resolve the violating tuples described in Example 3.12, and find
that no cyclic modifications will be encountered. O

Eliminating unresolved tuples for CINDs. We now consider how to eliminate tuples that are
unresolved for CINDs. Let Dy = (1 P , Ig) be an instance of schemas (R1, R2), £P be the current
set of equivalence classes, and ¢ = (R1[X; X,] € Ry[Y; Y], 1,) be a CIND. Let D = (I1, I») =
Upd(Dy, EP),and S = {tP} C unres(D, EP, ¥). We resolve tP by extending £P to ED' and thus
get D' = Upd(D, ED"), as follows.
* Suppose that there exists a tuple s© € I such that for each pair of corresponding attributes
X; € XandY; € Y, we can merge E)?i with EI[,’), and in addition, we set targ(Eg/) tobet,[Y;]
for all ¥; € Y, such that (a) no conflicts are introduced by the merge (as described in case (2)
for constant CFDs above), and (b) the cost of the merge is below a predefined threshold.
Then EP’ is obtained from EP by performing these modifications. Here, E }?i =eq(tP, X;)
for X; € X U Xp,and EQ, =eq(sP,Y)forY; € Y U Y. The cost of the merging is measured
by cost(D, D’).

« If no such tuple s exists, or it is too costly to make these modifications, we add a new
tuple s to I such that (a) for each pair of corresponding attributes X; € X and ¥; € Y,
sP1Y;] := tP[X;] and (s, Y;) is added to eq(t?, X;); (b) sD,[Yp] :=t,[Y,], and for each
Y; € Y,, we create the equivalence class (P, ¥;)} with targ(Eg/) = 1,[Y;]; and moreover, (c)
for any other attribute B ost/, sD/[B] := null and we create an equivalence class {(SD/, B)}
with targ(EBD/) = null.

The set £ is obtained from £ in this way.

Example 3.15  Consider the creditcard instance Cp shown in Figure 3.8 and CIND ¢ =
((employee(FN, LN; CC) C creditcard(FN, LN; nil)), #,) with ¢, = (01 ||). This CIND requires each
U.S. employee to have a credit card. Consider the employee instance Dy given in Figure 3.1. Then
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there are three unresolved tuples for the CIND ¢: tuples 3, 14, and t5 in Dy. Let &, denote the set of
equivalence classes for Dy computed in Example 3.14. Let & be the set of initial equivalence classes

“« o »

for Cp in which no target values are set yet (i.e.,
Figure 3.8.
To resolve 13, one can pick s1 from Cp, merge the equivalence classes eq(t3, FN) and eq(s1, FN)

). These are indicated by yellow rectangles in

into one, and also merge eq(f3, LN) and eq(sq, LN). Both resulting classes have an undetermined
target value. This is illustrated in Figure 3.9 by the yellow rectangles across the two instances. The
reason that s; is selected is because if we were to assign the target values, Joe and Brady, for these
classes, respectively, the changes would incur a small cost by the metric cost(). The target values will
be set at a later stage, however.

To resolve 14, one could pick s7 as the corresponding tuple in Co. That is, eq(t4, FN) and
eq(s2, FN) are merged and the target value is yet to be determined. Similarly, eq(#s, LN) and
eq(s2, LN) are merged as shown in Figure 3.9. The selection of s is based on the following: there are
target values, Mary and Smith, respectively, that would incur a cost of changes below a predefined
threshold. Indeed, Smith and Smiths only differ in one character and hence, the cost incurred would
not increase substantially based on cost().

In contrast, to match 75 with any of tuples s1 and s2 in Co would incur a large cost above the
threshold. In this case, it is better to insert a new tuple s3 = (Mary, Luth, null, null) to Cy, and merge
eq(ts, FN) and eq(s3, FN) into a single equivalence class, which takes “_” as its target value; similarly
for the LN attribute. Here, eq(s3, type) = {(s3, type)} and eq(s3, number) = {(s3, number)}, both
with the target value set to null.

These changes to & ensure that the instances obtained are resolved for the CIND ¢. O

Similar to the CFD case, an unresolved tuple for a CIND can be eliminated and a more specific
set of equivalence classes is computed, as stated below.

Proposition 3.16  Consider an instance Do = (11, I2) of schemas R = (R, R2) and a CIND ¢ de-
fined on 'R. Let EP be a set of equivalence classes for Do, and D = Upd(Dy, EPY. Let S = (1P} C
unres(D, EP, ¢), ED' pe the extension ong by resolfuingtD as described above, and D' = Upd(D, SD/).
Then (1) EL < EP" and (2) 1P & unres(D’, EP', ¢). O

Turning a resolved instance into a repair. Given an instance Do of schema R and a set ¥ of
CFDs and CINDs defined on R, we know how to obtain a set of equivalence classes EP such
that D = Upd(Dy, EP) is resolved relative to ¥ and £P. As shown in Examples 3.14 and 3.15,
equivalence classes in £ b may have undetermined target values at this stage. As remarked earlier,
algorithm GenRepair invokes a procedure Impute to select target values as soon as a resolved instance
is obtained. This is illustrated by the following example.

Example3.17  Consider the resolved instances shown in Figures 3.7 and 3.9. Only four equivalence

classes (shown in green) have a fixed target value so far. At this point, procedure Impute inspects each
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t1: || Mike ||| Clark
to: || Rick ||| Stark

te: || Mar FN ‘ LN ‘ type number

ts: || Joe s1: || Joe ‘Brady Master Card ||| 111111111

s9: || Mary ‘Smiths Visa 222222222

s3: || Mary ‘Luth null null

Figure 3.9: A resolved (employee, creditcard) instance.

=
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ty: || Mary ‘ Smith

ts: || Mary

equivalence class with undetermined target value, and selects the “best” target value as explained
earlier. For each equivalence class, the target value is taken from the class itself to preserve the
information of the original data, unless it is necessary to use null. As an example, consider three
equivalence classes: E1 = {(t1, street), (f2, street), (fs, street)}, E2 = {(2, zip), (6, zip)} and E3 =
{(t4, LN), (s2, LN)}. For Ej, the best target value is Mayfield since (i) it introduces no new unresolved
tuples and (ii) it only requires #»[street] to be changed and hence incurs a small cost. For E; one can
pick either EH4 1DT or EH4 8LE. Finally, for E3 both Smith and Smiths are possible target values.
Assuming that w(t4, LN) has a higher confidence than w(sz, LN), then Smith will be selected as it
incurs the least increase in the cost. In either case, a database is obtained that satisfies the dependencies
@1, 92, 3 and ¢. O

Properties of algorithm GenRepair. Observe the following.

(1) From Propositions 3.13 and 3.16 it follows that GenRepair terminates and returns a clean instance
that satisfies the given set ¥ of CFDs and CINDs. Indeed, in each step of the algorithm at least one
unresolved tuple is eliminated and a strictly more specific set of equivalence classes is generated,
which specifies the required modifications. Furthermore, in case new unresolved tuples are created
during this process by Impute, GenRepair returns a new resolved instance, taking the values given
by Impute into account. For CINDs, in particular, each newly created tuple is constructed using
constants from the original database. Hence, there is a bound on the number of possible distinct
instances generated by GenRepair. Taken together, these show that GenRepair always terminates.
Further, since the algorithm keeps eliminating unresolved tuples until no more such tuples are left,
and since undetermined target values are eventually set, it necessarily returns a clean instance.

(2) From the operations for resolving CFD and CIND violations given above, we can see that each
step of algorithm GenRepair makes a change that incurs a minimum cost, by a one-step lookahead.
In other words, each change is “locally optimal” based on the metric cost().
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BIBLIOGRAPHIC NOTES

Discovery. The discovery problem for FDs has been studied extensively for database design, data
archiving, OLAP, and data mining [Calders et al., 2003; Flach and Savnik, 1999; Huhtala et al.,
1999; Ilyas et al., 2004; King and Legendre, 2003; Lopes et al., 2000; Mannila and Riihi, 1987,
1992; Novelli and Cicchetti, 2001; Wyss et al., 2001]. It was first investigated by Mannila and Riihi
[1987], who showed that the problem is inherently exponential in the size of the schema. One
of the best-known methods for FD discovery is TANE [Huhtala et al., 1999], on which CTANE
is built. The algorithms of Lopes et al. [2000], Novelli and Cicchetti [2001], Calders et al. [2003]
and King and Legendre [2003] follow a similar level-wise approach. As remarked earlier, TANE
and CTANE are rather sensitive to the schema size.

An alternative FD discovery method, referred to as FastFD, explores the connection between
FD discovery and the problem of finding minimal covers of hypergraphs, and employs a depth-
first strategy to search minimal covers [Wyss et al., 2001]. This algorithm scales better than TANE
when the schema is large, but is more sensitive to the size of sample data. Fan et al. [2011b] pro-
posed an algorithm that extends FastFD to discover CFDs. An alternative bottom-up approach
based on techniques for learning general logical descriptions in a hypotheses space was proposed
by Flach and Savnik [1999]. As shown by Huhtala et al. [1999], TANE outperforms the algorithm
of Flach and Savnik [1999]. An overview of various FD discovery methods can be found in [Liu et al,,
2012].

Algorithm CFDMiner for constant CFDs and algorithm CTANE for general CFDs are taken
from [Fan et al., 2011b]. Constant CFD discovery is closely related to (non-redundant) association
rule mining [Agrawal and Srikant, 1994; Zaki, 2004]. More precisely, constant CFDs coincide with
association rules that have 100% confidence and have a single attribute in their consequent. Non-
redundant association rules, however, do not precisely correspond to non-redundant constant CFDs.
Indeed, non-redundancy is only defined for association rules with the same support. In contrast,
testing for non-redundant CFDs requires the comparison of constant CFDs with possibly different
supports. The connection between constant CFDs and closed and free itemsets has been further
explored by Medina and Nourine [2009]. In addition, Li et al. [2012a] provided additional pruning
methods for CFDMiner.

Variations of the general CFD discovery methods have been proposed with measures dif-
ferent from support and confidence [Chiang and Miller, 2008; Yeh and Puri, Paper 8, 2010, 2010;
Yeh et al,, 2011]. An algorithm for discovering CFDs was developed by Chiang and Miller [2008],
which aims to find both traditional FDs and CFDs, the same as what CTANE does. Several qual-
ity measures for discovered CFDs were also proposed there, including support (see Section 3.1),
conviction and x2-test. The minimality of discovered CFDs, however, was not fully addressed
by Chiang and Miller [2008]. Aqel et al. [2012] modified CTANE such that the number of dis-
covered CFDs is reduced. In that work, the inference rules Jc, presented in Chapter 2, are used to
avoid the discovery of implied CFDs. It should be mentioned that the notion of frequent CFDs used
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here is quite different from the notion of approximate FDs [Huhtala et al., 1999]. An approximate
FD ¢ on a relation [ is an FD that “almost” holds on I, i.e., there exists a subset I’ C I such that
I' E ¢ and the error |1 \ I'|/|I] is less than a predefined bound. It is thus not necessary that I |= ¢,
in contrast to frequent FDs. A CFD discovery method on XML data was presented by Vo et al.
[2011].

Although the discovery of INDs has received considerable attention, to our knowledge, no
efficient method for discovering CINDs has been devised. We refer to [Liu et al., 2012] for a survey
of existing IND discovering algorithms. A more general approach, encompassing the discovery of both
CFDs and CINDs, was proposed by Goethals et al. [2008,2010]. In that work, association rules of the
form Q| = Q> are generated, where Q1, Q2 are simple conjunctive queries and Q3 is contained in
Q1. Since CFDs and CINDs can be viewed as such association rules, the algorithm of Goethals et al.
[2008, 2010] may be used to mine general CFDs and CINDs. However, this approach does not take
into account non-redundancy.

A related, but different, discovery problem was considered by Cormode et al. [2009] and
by Golab et al. [2008, 2011]. They proposed algorithms to compute a close-to-optimal tableau for a
CFD when the embedded FD is given. The closeness of the discovered tableau to the optimal tableau
is controlled by two parameters, namely, the support and the confidence. In view of the intractability
of this problem [Golab et al., 2008], they provided a greedy approximation algorithm and an efficient
heuristic method to discover optimal tableaux.

Detection. The SQL-based detection method for CFD violations presented in this chapter is taken
from [Fan et al., 2008b]. That paper also developed SQL-based incremental methods for checking
CFDs in response to changes to the database. In the incremental setting, given a set A of insertions
and deletions to the instance /, the detection methods attempt to solely access those tuples in [
that are “affected” by updates A1, i.e., the tuples that either become violations of the CFDs, or were
violations in / but are no longer violations after updates A/ are inflicted to /. When adopting
the traditional complexity measure in terms of the input size (the size of entire I and the size of
CFDs), these methods have the same worst-case performance as the batch detection methods that
identify violations in the updated database starting from scratch (see Section 3.2). Nevertheless,
their expected performance is likely to be smaller since the operations are confined to the “affected
area’, i.e., those tuples affected by AI, which tend to be small when the updates Al are small, as
commonly found in practice. This has been experimentally verified by Fan et al. [2008b].

The detection methods of Ian et al. [2008b] have been extended in two directions: Bravo et al.
[2008] and Chen et al. [2009b] generalized these methods to accommodate extended CFDs, namely,
eCFDs and CFDs with built-in predicates, respectively. Fan et al. [2010a, 2012d] studied batch and
incremental detection methods for CFDs when an instance [ is distributed, i.e., when [ is partitioned
either horizontally or vertically, and is distributed to different sites. The challenge in the distributed
setting is to minimize the amount of tuples that need to be communicated between the different
sites in order to detect violations of the CFDs. It has been shown that it is NP-complete to decide

whether all violations of a set of CFDs in a distributed database can be detected when the amount of
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data shipped between different sites is bounded by a given constant [Fan et al., 2010a]. Similarly, the
incremental error detection problem with minimum data shipment is also NP-complete [Fan et al.,
2012d]. In another direction, error detection methods for CINDs, even in the presence of built-in

predicates, have been reported by Chen et al. [2009b].

Repairing. Three approaches have been put forward for handling inconsistent data: data repairing,
consistent query answering, and finding condensed representations of all repairs. The first two meth-
ods were formally introduced by Arenas et al. [1999], and the third one was studied by Arenas et al.
[2003a], Greco et al. [2003a], and Wijsen [2005]. Most work on these topics has focused on tradi-
tional FDs, INDs, full dependencies, and denial constraints. The prior work typically did not consider
dependencies with pattern tuples, and adopted tuple deletions and/or insertions for repairing rather
than value modifications. We refer the reader to [Bertossi, 2011] for a survey on different repair
models and dependencies studied in that context. We remark that consistent query answering is
quite different from data repairing. Indeed, the former is to find an answer to a query in every
possible repair, while the latter asks for a single “best” repair that is independent of any queries users
may ask.

The repairing method (GenRepair) presented in Section 3.3 is a combination of the repair-
ing algorithm for FDs and INDs [Bohannon et al., 2005] and the algorithm for CFDs [Cong et al.,
2007]. Bohannon et al. [2005] introduced the notion of equivalence classes to avoid cyclic modifica-
tions, established the intractability of the repairing problem for FDs and INDs (Theorem 3.11), and
developed a variety of greedy methods for procedure PickNext. Cong et al. [2007] extended these
methods to handle CFDs. In addition, they also considered the incremental data repairing problem, to
efficiently find changes to generated repairs in response to database updates defined as a sequence
of tuple deletions and insertions. It was shown there that the incremental repairing problem is also
intractable. A statistical sampling method to improve the accuracy of the generated repairs was also
given by Cong et al. [2007]. It proposed to interact with the users by providing a sample of the
generated repair for the users to inspect and edit. When sufficient corrections to the sample repair
are given by the user, the accuracy rate of the repairs are guaranteed to be above a predefined bound
with a high confidence. This is achieved by a stratified sampling method and by leveraging Chernoff
bounds (see e.g., [Alon and Spencer, 1992] for details about probabilistic methods). As remarked
earlier, all algorithms developed in this line of work are heuristic.

Approximation algorithms for data repairing have been studied for FDs and CFDs
by Kolahi and Lakshmanan [2010,2009], using a cost function simpler than cost() given in this chap-
ter. A Minimum Description Length (MDL) approach was proposed by Chiang and Miller [2011],
to repair bozh data and constraints (FDs). Conditions on FDs were imposed by Ginsburg and Spanier
[1985] to ensure that a partially clean instance can be completed, i.e., extended to be a “full” clean
instance. No algorithms for completing instances were provided, however. An FD repairing method
was presented by Greco and Molinaro [2008], which resolves FD violations using a method similar to
GenRepair. It returns a repair as a v-table, i.e., an instance that contains labeled variables (see Chap-

ter 6 for v-tables). A valuation of these variables generates a normal instance that satisfies the FDs. In
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contrast to GenRepair, no algorithm was provided there for finding good valuations. Argumentation-
based CFD repairing methods were studied by Santos et al. [2010] and Galhardas et al. [2011].

We have seen that repairs are not necessarily unique. To cope with this, Beskales et al. [2010]
studied a sample of possible repairs for FDs. In Chapter 7 we will present an alternative method
that finds a unique repair and certain fixes whenever possible [Fan et al., 2012¢]. In that chapter,
we will also introduce methods to improve the accuracy and confidence of the generated repairs by
integrating data repairing and record matching.

The repairing framework shown in Figure 3.6 leverages user feedback, similar to the work of
Chen et al. [2010], Raman and Hellerstein [2001], Yakout et al. [2010b, 2011], and Galhardas et al.
[2000]. AJAX [Galhardas et al., 2000] is based on a declarative language for writing data cleaning
programs, in SQL enriched with a set of specific primitives. It allows the users to interact with a
running data cleaning program to handle exceptions and to inspect intermediate results. Potter’s
Wheel [Raman and Hellerstein, 2001] supports interactive data transformations, based on iterative
user feedback on example data. USHER [Chen et al,, 2010] repairs data by asking users online
about erroneous values, identified by a probabilistic method. In the Guided Data Repair (GDR)
framework [Yakout et al., 2010a,b, 2011], a CFD-based repairing facility is offered to solicit user
feedback on updates for improving consistency. Semandaq [Fan et al., 2008a] is a system based on
the algorithms given in this chapter. CerFix [Fan et al., 2011d] is a prototype system for finding
unique repairs, based on the methods to be presented in Chapter 7.

Automated repairing methods have been extensively studied for census data [Herzog et al.,
2009; Winkler, 2004]. Algorithms for categorical data have been proposed by Fellegi and Holt
[1976], Garfinkel et al. [1986] and Winkler [1997]. As remarked earlier, edits are used to specify
the consistency of data and to localize errors (see Bibliographic Notes in Chapter 2 for the defi-
nition of edits). Once errors are localized, a data imputation process repairs those errors. We refer
to [Herzog et al., 2009] for an overview of different imputation methods. Logical approaches to
census data repairing were proposed by Bruni and Sassano [2001] and Boskovitz et al. [2003], and
disjunctive logic programming methods were used to clean census data by Franconi et al. [2001].
These methods, however, repair a single record at a time and assume no interaction between the
records. Furthermore, the size of census data is typically smaller than the size of data residing in
many real-life databases.

Algorithm GenRepair repairs database instances, i.e., collections of tuples. An alternative
method is to fix individual tuples at the point of entry, known as data monitoring, to correct tuples
before they are used [Sauter et al., 2007]. This will be studied in Chapter 7.

Finally, a related question concerns repair checking, which is to decide whether a given
instance is a repair of an input instance. Complexity results for this problem were established
by Afrati and Kolaitis [2009] for various notions of repairs and integrity constraints. Their deci-
sion algorithms, however, do not necessarily lead to repairing algorithms.




CHAPTER 4

Data Deduplication

Data deduplication is the problem of identifying tuples from one or more relations that refer to the
same real-world entity. It is also known as record matching, record linkage, entity resolution, instance
identification, duplicate detection, duplicate identification, merge-purge, database hardening, name
matching, coreference resolution, identity uncertainty, and object identification. It is a longstanding
issue that has been studied for decades, and is perhaps the most extensively studied data quality
problem. The need for investigating data deduplication cannot be overstated: it is important in data
quality management, data integration, fraud detection, Web search quality, MDM, CRM and ERP,
among other things.

In this chapter, we first give an overview of data deduplication techniques (Section 4.1). We
then focus on a dependency-based approach, which, as will be seen in Chapter 7, allows us to capture
the interaction between data deduplication and other aspects of data quality in a uniform logical
tramework. We introduce a new form of dependency, referred to as matching dependencies, for data
deduplication (Section 4.2). In contrast to (conditional) dependencies we have seen earlier, matching
dependencies are dynamic constraints: they tell us what data have to be updated as a consequence
of record matching. We also study how to reason about matching dependencies (Section 4.3). To
capitalize on matching dependencies in data deduplication, we present a form of matching keys,
and outline an algorithm for deducing matching keys from matching dependencies (Section 4.4).
In addition, we present an alternative way to enforce matching dependencies for data repairing, by
giving an operational semantics of matching dependencies (Section 4.5).

4.1 DATA DEDUPLICATION: AN OVERVIEW

The data deduplication problem can be stated as follows. Consider an instance (I1, I) of a pair
(R1, Ry) of relation schemas, and lists Yg, and Yg, of attributes in Ry and Ry, respectively. Given
data sources Iy and I, data deduplication is to identify all tuples 1 € I1 and to € I» such that #1[Yg, ]
and 1,[Yg,] refer to the same real-world entity.

Challenges. One might think that data deduplication would be straightforward: one could first
compute the projections I1[Yg,] and I>[Yg,] of I} and I> on Yg, and Yg,, respectively, and then
join I1[Yg, ] and I5[Yg,] on their key attributes. However, matching records in real life is far more
intriguing. (1) The same object may be represented differently in different data sources. Indeed,
11[Yg,1and I>[Yg,] may have different schemas that do not share a uniform key. (2) Even when#,[Yg, ]
and 12[Yg, ] have the same type and refer to the same entity, one may still find that #1[Yg, ] # t2[Y, ]
due to errors in the data. For instance, a person’s name may be represented as “Mark Clifford” or
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cH# FN LN addr tel email gender  type
t1: | 111 | Mark | Maier | 10 Oak St,, MH, NJ 07974 | 908-2345768 | mc@gm.com M master
tr: | 222 | Dave | Smith | 620 Elm St., MH, NJ 07976 | 908-8955664 | ds@hm.com M visa

(a) Example credit relation /.

c# FN |\ post phn email item | price
t3: | 111 | Marx | Maier | 10 Oak St., MH, NJ 07974 908 mc iPad 169
t4: | 111 | Marx | Maier NJ 908-2345768 mc book 19
ts: | 111 M. Maire | 10 Oak St., MH, NJ 07974 2345768 mc@gm.com | PSP | 269
t: | 111 M. Maire NJ 908-2345768 | mc@gm.com | CD 14

(b) Example billing relation I,

Figure 4.1: Example credit and billing relations.

“Clifford, Mark” in various data sources, and it may even appear as “Marx Clifford” (with an error).
Comparing erroneous attributes may lead to false matches or miss true matches.

Example4.1  Consider two data sources specified by the following relation schemas:
credit(c#, FN, LN, addr, tel, email, gender, type),
billing(c#, FN, LN, post, phn, email, item, price).

Here a credit tuple specifies a credit card (with number c# and type) issued to a card holder who is
identified by FN (first name), LN (last name), addr (address), tel (phone), email, and gender. A billing
tuple indicates that the price of a purchased item is paid by a credit card of number c#, used by
a person specified with name (FN, LN), postal address (post), phone (phn), and email. An example
instance (1., Ip) of (credit, billing) is shown in Figure 4.1.

For credit card fraud detection, one needs to check whether for all tuples ¢ € I, and ¢’ € I,

if t[c#] = t'[c#] then t[Y,] and #'[Y}] refer to the same person, where Y, and Y}, are:

Y. = [FN, LN, addr, tel], Y, = [FN, LN, post, phn].
That is, we have to determine whether the card holder (identified by 7[ Y, ]) and the card user (¢'[Y}])
are the same person. If 7[c#] = t'[c#] but 1[Y,] and #'[Y},] do not match, then the chances are that
a payment card fraud has been committed.

However, due to errors in the data sources it is not easy to decide whether ¢[Y,] and 7'[Y}]
match. In the instance of Figure 4.1, for example, the billing tuples 13— and the credit tuple #;
actually refer to the same card holder. However, 70 match can be found if we simply check whether
the attributes of 3[Y]-6[Y}] and #1[Y,] are pairwise identical. O

Another challenge arises from the cost of the data deduplication process. Suppose that billing
relation [, consists of n tuples, and that credit relation I, has m tuples. Then matching their records
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Algorithm 4 An algorithm for data deduplication.

Input: Data sources I1 and I.
Output: Classes M and U for matches and non-matches, respectively.

1: Data preparation: transform data from various sources into a uniform format
by resolving structural heterogeneity;

2: Search space reduction: find a new search space D C I1 x I to conduct data
deduplication;

3: Comparison function selection: decide functions and rules for computing
the distance between tuples in D;

4: Match decision: classify pairs of D into one of the two sets M and U

5. Verification: check the effectiveness of the method, and go back to step 2
if necessary.

by comparing each pair ¢ € I. and ¢’ € I, leads to a time complexity of O (mn), which is often
prohibitively expensive when m and n are large.

Data deduplication techniques. A variety of approaches have been proposed for data
deduplication: probabilistic (e.g., [Fellegi and Sunter, 1969; Jaro, 1989; Winkler, 2002;
Yancey, 2007]), learning-based [Cohen and Richman, 2002; Sarawagi and Bhamidipaty, 2002;
Verykios et al., 2002], distance-based [Guha et al., 2004], and rule-based [Ananthakrishna et al.,
2002; Herndndez and Stolfo, 1995; Lim etal.,, 1996]. We refer to [Elmagarmid et al.,, 2007;
Herzog et al., 2009; Naumann and Herschel, 2010] for recent surveys.

Given data sources I and I and lists Yg, and Yg, of attributes in I and I, respectively,
these techniques for data deduplication classify each pair #; € I1 and 1, € I of tuples into one of
the two classes M and U defined as follows:

* (11, 1) € M if the pair is a match, i.e., t1[Y1] and 12[Y2] represent the same entity, and
* (11, 1) € U if the pair is a non-match, i.e., t1[Y1] and 12[Y>] refer to different entities.

These approaches typically take the steps shown in Algorithm 4 (see [Herzog et al., 2009] for
details). These steps are illustrated as follows.

Data preparation may consist of the following steps: (a) schema matching, to associate
elements or attributes from different schemas that are semantically related (see, for example,
[Rahm and Bernstein, 2001] for a survey); (b) data transformation, to convert data, one field at
a time, so that the data fields conform to their corresponding types and satisfy their domain con-
straints; and (c) data standardization, to convert the information represented in certain fields to
a specific content format; for instance, one can standardize the representation of customer names
to resolve the difference between “Mark Clifford” and “Clifford, Mark”, by adopting a uniform

convention.
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Search space reduction is often conducted by using blocking or windowing strategies. We
defer its discussion to Section 4.4.

Comparison functions are typically defined in terms of similarity predicates to handle ty-
pographical errors in data fields. A number of similarity metrics have been proposed, such as edit
distance, n-grams, bi-grams, g-grams, Jaro distance, Hamming distance, Smith-Waterman distance,
and soundex code. We refer the interested reader to [Elmagarmid et al., 2007; Herzog et al., 2009]
for comprehensive surveys on similarity metrics.

To decide whether a pair of tuples in D should be assigned to the class M or U, one can utilize
the deduplication approaches mentioned above. In the rest of the chapter we will present one of the
techniques, namely, a dependency-based strategy.

After the deduplication process, one often wants to check whether the process accurately
identifies matches and non-matches, possibly by involving domain experts to inspect sample matches.
If not, the process may reiterate with adjusted thresholds and parameters.

The output of a data deduplication process may be a single file, in which tuples that refer to
the same entity are merged into a unique record. This requires data fusion, to resolve conflicts, and
combine and fuse duplicate representations of the same entity into a single representation (see, for
example, [Bleiholder and Naumann, 2008] for a survey).

Criteria. To evaluate the effectiveness of a deduplication method, one needs to consider the efficiency
and accuracy of the method. The efficiency is often assessed by the scalability of the method with,
for example, the size of the data sets. The accuracy of the method refers to the quality of matches
identified, assessed by the degree of false assignments of pairs to M and U, referred to as false
matches (false positives) and false non-matches (false negatives), respectively. It can be measured by
the following: (1) precision, the ratio of frue matches (true positives) correctly found by the method to
all the duplicates found, and (2) recall, the ratio of true matches correctly found to all the duplicates in
the data sets. One could also use F'-measure, defined by F-measure = 2 - (precision - recall) /(precision +
recall).

4.2 MATCHING DEPENDENCIES

We next present a dependency-based approach to detecting duplicates. It aims to improve the
accuracy and efficiency of data deduplication in a uniform framework, by matching records and
reducing search space based on the semantics of the data.

Matching rules: An overview. From Example 4.1 and Algorithm 4, we can see that to match
tuples from unreliable sources, we cannot simply check whether the attribute values of a pair of
tuples are pairwise identical. Instead, we have to decide whaz attributes to compare and how to compare
these attributes. To this end it is often necessary to hinge on the semantics of the data. Indeed,
domain knowledge about the data may tell us what attributes to compare. Moreover, by analyzing

the semantics of the data we can deduce alternative attributes to inspect such that when matching
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cannot be done by comparing attributes that contain errors, we may still find matches by using other
more reliable attributes.

Example4.2 Consider again the credit and billing relations given in Example 4.1. Domain knowl-
edge about the data suggests that we only need to compare LN, FN and address (addr, post) when
matching #[Y,] and ¢'[Y}] (see, for example, [Herndndez and Stolfo, 1995]): if a credit tuple ¢ and
a billing tuple ¢" have the same address and the same last name, and moreover, if their first names
are similar (although they may not be identical), then the two tuples refer to the same person. That
is, LN, FN and address, together with two equality operators and a similarity predicate ~4, make a
“key” for matching ¢[Y,] and t'[¥}]:

@1: Ift[LN, addr] = #'[LN, post] and if {[FN] and ¢'[FN] are similar w.r.t. =4, then t[Y.] and t'[Y}]

are a match. We also refer to ¢ as matching key rck;.

Such a matching key tells us what attributes to compare and how to compare them in order to match
t[Y.] and ¢'[Y}]. By comparing only the attributes in rck; we can now match 71 and #3, although
their FN, tel, and email attributes are not pairwise identical.
A closer examination of the semantics of the data further suggests the following: for any credit
tuple ¢ and billing tuple 7/,
@2: if [tel] = ¢'[phn], then we can identify 7[addr] and #'[post], i.e., these attributes should be
updated by taking the same value in any uniform representation of the address.
@3: if t[email] = #'[email], then we can identify 7[LN, FN] and #'[LN, FN], i.e., they should be
equalized via updates.

None of these makes a key for matching 7[Y.] and t'[¥}],1.e., we cannot match entire [ ¥, ] and
t'[Y}] by just comparing their email or phone attributes. Nevertheless, from these and the matching
key rck; given above, we can deduce the following new matching keys:

rcka: LN, FN and phone, to be compared with =, &4, = operators, respectively;
rcks: address and email, both to be compared via equality =; and
rckq:  phone and email, to be compared via =.

These deduced keys have added value: while we cannot match 71 and 14—t by using the initial matching
key rcky, we can match these tuples based on the deduced keys. Indeed, using key rcks, we can now
match 71 and #6 in Figure 4.1: they have the same phone and the same email, and can thus be
identified, although their name and address attributes are radically different. That is, although there
are errors in their name and address attributes, we are still able to match the records by inspecting
their email and phone attributes. Similarly we can match #; and #4 using rcky, and match #; and #5
using rck3. O

This example highlights the need for a new form of dependency to specify the semantics of data
in unreliable relations, and for effective techniques to deduce matching keys for data deduplication.

One can draw an analogy of this to our familiar notion of functional dependencies (FDs). Indeed,
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to identify a tuple in a relation we use candidate keys. To find the keys we first specify a set of FDs,
and then infer keys by the implication analysis of the FDs [Abiteboul et al., 1995]. For all the reasons
that we need FDs and their reasoning techniques for identifying tuples in a clean relation, it is also
important to develop (a) dependencies to specify the semantics of data in relations that may contain
errors, and (b) effective techniques to derive matching keys from these dependencies.

Matching dependencies. We have seen that we need dependencies to specify how to match records
based on the semantics of data. But what dependencies should we use? One might be tempted to use
FDs in record matching. Unfortunately, FDs are developed for designing schema of clean data. In
contrast, for record matching we have to accommodate errors in the data and different representations
in different data sources. In this context we need a form of dependency quite different from its
traditional counterparts, and a reasoning mechanism more infriguing than the standard notion of
implication analysis.

To this end we introduce a class of dependencies, referred to as matching dependencies (MDs),
for record matching. Consider two relation schemas Ry and Ry, with attributes, attr(R;) and attr(R3),
respectively. We say that attributes A € attr(R1) and B € attr(Ry) are compatible if they have the
same domain, i.e., dom(A) and dom(B) are identical. For lists X; and X, of attributes, we say that
X1 and X are pairwise compatible if X1 = [Aq, ..., Axl, X2 = [Bi, ..., Bi] for some k > 1, and
A; and B; are compatible for all i € [1, k].

To cope with errors in data sources, we define MDs in terms of similarity predicates, a departure
from our familiar FDs. For each domain dom(A), we assume a binary similarity relation A4 C
dom(A) x dom(A). Note that if attributes A and B are compatible, then ~4 and ~p are identical.
When it is clear from the context, we simply write &4 as ~. We write x & y if (x, y) is in &, and
refer to ~ as a similarity predicate. The predicate can be defined in terms of any similarity metric used
in record matching, e.g., ¢g-grams, Jaro distance or edit distance [Elmagarmid et al., 2007], with an
accuracy parameter set by domain experts.

We assume that each ~ is symmetric, i.e., if x & y then y ~ x, and that it subsumes equality,
ie,if x = y thenx ~ y.

Forlists X1 = [Ay, ..., Ax]and X, = [By, ..., By] of pairwise compatible attributes, we use
X1 ~ X, to denote A; ~1 By A --- A Ag & By, where ~; is the similarity predicate defined on
dom(A;) = dom(B;).

Using similarity predicates, we define matching dependencies as follows.

Definition 4.3 A matching dependency (MD) ¢ for (R, R») is syntactically defined as:
Ri[X1] = R2[X2] — Ri[Y1] = Rao[Y2],

where X1 and X» are pairwise compatible lists of attributes in Ry and R», respectively; similarly for
Y1 and Y2; and = is called the matching operator.
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We refer to Ri[X 1] ~ Ry[X3] and R [Y1] = Rz[Y>] as the LHS and the RHS of ¢, denoted
by LHS(¢) and RHS(g), respectively. O

Intuitively, the MD ¢ states that for each R; tuple #; and each R tuple #, if the attribute
values in #1[X ] are pairwise similar to the attribute values in #2[X>], then 71[Y1] and #[Y2] refer to
the same real-world entity and hence, their attribute values should be made pairwise identical. This
is indicated by the matching operator =: #1[Y1] = 2[Y2] means that #;[Y;] and 72[Y2] have to be
identified via updates, i.e., we update #[Y1] and #2[Y>] such that they take identical values.

Example 4.4 The matching rules given in Example 4.2 can be expressed as MDs, as follows:

@1: credit[LN] = billing[LN] A credit[addr] = billing[post] A credit[FN] /4 billing[FN]
—  credit[Y,.] = billing[Y3],

@o: credit[tel] = billing[phn] — credit[addr] = billing[post],
@3: credit[email] = billing[email] — credit[FN, LN] = billing[FN, LN].

Here, ¢ states that for any credit tuple 7 and billing tuple ¢/, if 7 and ¢ have the same last name and
the same address, and if their first names are similar w.z# =4 (but may not necessarily be identical),
then 7[Y.] and '[Y}] should be identified. Similarly, if  and 7" have the same phone number then we
should identify their addresses (¢2), and if 7 and ¢’ have the same email then their names should be
identified (¢3). Note that while name, address, and phone are part of ¥}, and Y, email is noz. More
specifically, the LHS attributes of an MD is neither necessarily contained in nor disjoint from the
attributes Y}, and Y. O

A denotational semantics. The matching operator = indicates that MDs have a dynamic semantics.
Below we first present a denotational semantics for MDs, following the work of Fan et al. [2011a],
for deriving matching keys. Following Bertossi et al. [2011], we will give a different operational
semantics in Section 4.5, for repairing data based on MDs.

Recall that an FD R(X — Y) simply assures that for all tuples 71 and 1, in a single instance /
of schema R, if ][ X] = [ X] then #;[Y] = £,[Y]. In contrast, to characterize the dynamic semantics
of an MD ¢ = R|[X ] ~ Ry[X3] — Ri[Y1] = R;[Y>], we need two instances D = (I1, I») and
D" = (I{, I) of schema (Ry, R), denoting the data before and after the matching operation is
conducted, respectively. To keep track of tuples during a matching process, we assume a temporary
unique tuple id for each tuple 7. We write D E D’ if for each tuple ¢ in D there exists a tuple in
D’ such that they have the same tuple id. We use t? and #?" to denote the tuple ¢ in D and D,
respectively, as in Section 3.3.1.

We next give the denotational semantics of MDs.

Definition 4.5 Consider a pair (D, D) of instances of (Ry, R2), where D E D’. We say that
(D, D') satisfies the MD ¢ = Ri[X1] ~ R2[X2] — Ri[Y1] = Rz[Y2], denoted by (D, D') = ¢, if
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tel addr
10 Oak tel addr
ty: 908-2345768 | Street, MH, ty: 908-2345768 NJ 07974

NJ 07974 MD ¢- identifies

‘ Equal > Equal Equal
e t1[addr] & t4[post]

ty: 908-2345768 NJ ty: 908-2345768 NJ 07974
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Figure 4.2: Enforcing MDs.

for every R; tuple #; and every Ry tuple #2 in D that match the LHS of ¢, i.e., tlD[Xl] R tzD[Xz],
the following two conditions hold in the instance D":

. tlD/[Yl] = IZD/[Yz], i.e., the values of the RHS attributes of ¢ in 7] and #; have been identified
in D’; and
. tlD/[Xl] ~ lzD/[Xg], ie., t; and 1, in D’ also match the LHS of ¢. U

Intuitively, ¢ is enforced as a matching rule: whenever t; and #, in an instance D match the
LHS of ¢, #1[Y1] and £2[Y2] ought to be made equal. The outcome of the enforcernent is reflected in
the other instance D’. That is, some values ¥ are to be found such that tl V1] = t '[Y2] = vin D',
although we do not explicitly specify what the values v are.

Example 4.6  Consider the MD ¢ of Example 4.4 and the instance D. = (I, Ij) of Figure 4.1,
in which tlD ¢ and tf ¢ match the LHS of ¢;. As depicted in Figure 4.2, the enforcement of ¢, yields
another instance D], = (I/, I}) in which llD" [addr] = I4D”[post], while tlD" [addr] and t4D"[post] are
different in De.

Note that the operator = only requires that tlD “[addr] and tf “[post] are identified, but it does
not specify how these values are updated. That is, in any D). such that D. E D,, ¢ is considered
enforced on D, i.e., (D¢, D)) |: @2, as long as (a) 1, De [addr] =1, De [post] and ¢, De [tel] =1, De [phn],
and (b) similarly, 7, De [addr] = 1, De [post] and tl [teI] =1, De [phn].

It should be clarified that we use updates just to give the semantics of MDs. In the matching
process D may not be updated, i.e., there is 7o destructive impact on D. O

For a set £ of MDs defined on a relational schema R, and instances D and D’ of R, we say
that (D, D’) satisfies ¥, denoted by (D, D’) = X,if (D, D) = ¢ forallp € X.

Matching dependencies versus functional dependencies. MDs are quite different from traditional
dependencies such as FDs.
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Figure 4.3: The dynamic semantics of MDs.

* MDs adopt a “dynamic” semantics to accommodate errors and different representations of the
data: if tlD[Xl] R t2D [X>] in the instance D, then tlD/[Yl] and tzD/[Yz] are updated and made
equal in another instance D'. Here, D' results from the updates to D, while tlD [Y7] and t2D [Y3]
may be radically different in the original instance D.

In contrast, FDs have a “static” semantics: if certain attributes are equal in D, then some other
attributes must be equal in zAe same instance D.

* MDs are defined in terms of similarity predicates and the matching operator =, whereas FDs

are defined with equality only.

* MDs are defined across two relations with possibly different schemas, while FDs are defined on
a single relation.

Example 4.7 Consider two FDs defined on schema R(A, B, C):

fd; : [A] — [B], fd, : [B] — [C].
Consider the instances Iy and I; of R shown in Figure 4.3, in which by # by and ¢1 # c2. Observe
that tuples s and s7 in I violate the FD fdj, since sll0 [A] = sZIO[A] but sllo[B] + szlo[B]; similarly,
slll and s211 in I violate fd,.

In contrast, consider two MDs defined on (R, R):

Y1 : R[A] = R[A] — R[B] = R[B], Y» 1 R[B] = R[B] — R[C]= R[C],
where v/ states that for any instance D = (I, I’) of (R, R) and any pair of tuples (s1, s2) in (1, I'),
if sP[A] = sP[A], then 51[B] and s»[ B] should be identified; similarly for .

Let Dy = (Iy, Ip) and Dy = (I3, I). Then (Do, D1) = 1. While s{°[A] = s2°[A] and
leO[B] # s2D°[B] in Iy, s1 and sy are not treated as a violation of 1. Instead, some value b is
found such that leO [B] and s2D [B] are changed to b in Dj. This yields instance Dj, in which
SID "[B] = S2D '[B]. This is how MDs accommodate errors in unreliable data sources.

Also note that (Dg, D1) = ¥ since leO[B] £ szDO[B] in Ip; in other words, leO and szDO do
not match the LHS of v/, in Dy, and hence, the RHS of v, is not enforced. On the other hand, ¥
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should be enforced on Dj since lel [B] = sle [B] but lel [C] # sle [C]. Enforcing ¥, on D yields
another instance D>, in which le 2[C] = s2D 2[Cl. O

4.3 REASONING ABOUT MATCHING DEPENDENCIES

As shown in Example 4.2, for data deduplication we want to deduce matching keys from matching
rules (i.e., MDs). In this section we study how to deduce MDs from a set of given MDs, by presenting
a generic mechanism to reason about MDs. In the next section we will show that matching keys are
a special case of MDs, and hence can be deduced from MDs.

The deduction mechanism for MDs is, however, a departure from our familiar terrain of the
implication analysis of traditional dependencies such as FDs. Indeed, in contrast to FDs, MDs have
a dynamic semantics and moreover, are defined in terms of domain-specific similarity predicates.
These introduce new challenges to the analysis of MDs.

The limitations of implication analysis. Recall the notion of implication for traditional dependen-
cies: given a set I' of dependencies and another dependency ¢, I' implies ¢ if for any database D
that satisfies I", D also satisfies ¢. For an example of our familiar FDs, if I" consists of X — Y and
Y — Z, then it implies X — Z (the transitivity). However, this notion of implication is no longer
applicable to MDs on unreliable data, as illustrated below.

Example 4.8  Let X be the set {11, Y2} of MDs, and I'g be the set {fdy, fd} of FDs, both given
in Example 4.7. Consider the following additional MD and FD:

MD 3 : R[A] = R[A] — R[C] = R[C],
FD fd3: [A] — [C].

Then I'g implies fd3. However, X does not imply 3, although intuitively, 13 is indeed a logical
consequence of Xg. To see this, consider Do and D that are defined in terms of Iy and I; given in

Figure 4.3. Observe the following.

(1) (Do, D1) = o but (Do, D1) ¥~ 3. Indeed, (D, D1) = Y1 and (Do, D1) k= ¥2. However,
(Do, D) f= ¥3: while s °[A] = 53°[Al], 7' [C] # 55 [C]. This tells us that £ does no# imply 13
if the traditional notion of implication is adopted for MDs.

(2) In contrast, neither Ip nor /; contradicts the implication of FD fd3 from I'g. Indeed, Iy = fd3:
s]I oAl = séO[A] but SIIO[C ] # séO[C ]. That s, sll0 and séo violate fd3. However, Iy & I either, since
Iy W& fd;: SIIO[A] = s2[° [A] but SIIO[B] + SZIO[B].ThUS, the conventional implication of FDs remains
valid on Ip. Similarly, 11 satisfies neither fd in I'g nor fds. O
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Deduction. This example suggests that we develop a new deduction mechanism for MDs. To capture
the dynamic semantics of MDs in the deduction analysis, we need the following.

Definition 4.9  For a set ¥ of MDs defined on a relational schema R, an instance D of R is called
stable if (D, D) = X. O

Intuitively, a stable instance D is an ultimate outcome of enforcing X: each and every rule in
¥ is enforced until no more updates have to be conducted.

Example 4.10  As illustrated in Figure 4.3, D5 is a stable instance for the set Xy of MDs given in
Example 4.8. It is an outcome of enforcing MDs in X as matching rules: when v is enforced on
Dy, it yields another instance (e.g., D1) in which lel [B] = SZD '[B]. When v, is further enforced
on Dy, it leads to an instance D5 in which le2 [C]= szDz[C]. Now (D3, D) = X, i.e., no further
changes are necessary for enforcing the MDs in Xg. O

We are now ready to formalize the notion of deductions.

Definition 4.11  For a set X of MDs and another MD ¢ defined on a relational schema R, ¢ is said
to be deduced from %, denoted by X =4 ¢, if for any instance D of R, and for each stable instance
D’ of R for ,if (D, D') = X then (D, D) = ¢. O

Intuitively, a stable instance D’ is a “fixpoint” reached by enforcing the rules of ¥ on D. There
are possibly many such stable instances, depending on how D is updated, such as what values are
changed and in which order the update operations are conducted. The deduction analysis inspects
all such stable instances for X.

The notion of deductions is generic: no matter how MDs are interpreted, if ¥ is enforced,
then so must be ¢. That is, ¢ is a logical consequence of the given MDs in X.

Example 4.12  For X and ¥3 given in Example 4.8, one can verify that g =4 3. In particular,
for the instance Dy and the stable instance Dy of Example 4.10, one can see that (Do, D2) = %o

and (Do, D2) = 3. O

Inference system. The deduction problem for MDs is to decide, given a set X of MDs and another
MD ¢ defined on a relational schema R, whether T =4 ¢.

Along the same lines as Armstrong’s Axioms for the implication analysis of FDs, one may want
to develop an inference system for the deduction analysis of MDs. A new challenge encountered here
involves similarity predicates in MDs, which are often domain-specific. To this end, we assume only
generic axioms for each similarity predicate ~: it is symmetric and it subsumes equality. Nevertheless,
except equality =, & is nof assumed transitive, i.e., from x & y and y & z it does nof necessarily

follow that x & z. As usual, the equality relation = is reflexive (i.e., x = x), symmetric, and transitive
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(e, ifx = yand y = z then x = 7). In addition, we adopt the following axiom:if x &~ y and y = z,
then x ~ z.

We also consider dense predicate ~: for any number k and value v, there exist values v, . . ., vk
such thatv ~ v; fori € [1, k],andv; % v; foralli, j € [1, k]andi # j.Thatis, there are unbound-
edly many distinct values that are within a certain distance of v w.7 =, but these values are not
similar to each other.

With these assumptions, MDs are finitely axiomatizable and, moreover, their deduction anal-
ysis can be conducted in PTIME [Fan et al., 2011a].

Theorem 4.13 (1) There exists a finite set of inference rules that is sound and complete for the
deduction analysis of MDs. (2) There exists an algorithm that, given as input a set X of MDs and
another MD ¢ defined on a relational schema R, determines whether or not & =4 ¢ in O (n? + h?)
time, where n is the size of the input ¥ and ¢, and & is the total number of distinct attributes
appearing in X or ¢.

Crux. An inference system consisting of nine rules is provided by Fan et al. [2011a], and is shown
sound and complete for the deduction analysis of MDs. An algorithm for deciding MD deduction is
also given there, with the complexity bound claimed above. O

4.4 RELATIVE KEYS FOR RECORD MATCHING

Recall that our ultimate goal is to settle the data deduplication problem:

o INPUT: An instance (I1, I) of (R, R>), and lists Y1 and Y of attributes in Ry and R»,
respectively.

* QUESTION: For each pair of tuples #; € I} and 1, € I, does 11[Yg,] = 12[Yg,]?

To decide whether 71[Yg, ] and 12[Yg, ] are a match, i.e., they refer to the same entity, we want
to find a minimal number of attributes to compare. To do this, we identify a special case of MDs as
matching keys, such that #1[Yg, ] and #2[Yg, | are a match as long as the values of their attributes in a
matching key are pairwise similar. We show that such keys can effectively improve both the accuracy
and efficiency of data deduplication. Moreover, they can be automatically deduced from available
matching dependencies.

Relative candidate keys. We first define a notion of relative keys, along the same lines as superkeys
for relations (see, e.g., [Abiteboul et al., 1995] for superkeys).
Definition 4.14 A /ey k relative fo attributes (Yg,, Yr,) of (R1, R2) is an MD in which the RHS
is fixed to be (Yg,, Y&,), i.., an MD of the form

Ri[X1]1 = Ra2[X2] — RilYR,] = Ra[YR,].

We simply write k as a set of triples:
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((A1, B, =), ..., (Ak, Bt, =),

when X1 = [A1, ..., Axl and Xo = [By, ..., Bil,and when Ry, Ry and (Yg,, Y,) are clear from
the context. O

Intuitively, k assures that for any tuples (¢1, #2) of (R1, R2), to identify #{[Yg,] and £2[Yg,]
one only needs to check whether for all j € [1, k], #1[A ] and #,[ B] satisfy the similarity predicate
~ ;. This is analogous to a superkey: to identify two tuples in a relation it suffices to inspect only
their attributes in the key. Observe that there are possibly multiple superkeys for a relation; similarly
for relative keys.

Along the same lines as candidate keys studied for schema design, we next define a notion of
relative candidate keys as “minimal” relative keys.

Definition 4.15 A relative candidate key (RCK) for (Yg,, Yr,) is a key « relative to (Yg,, Yr,) such
that no proper subset of « is a key relative to (Yg,, Yr,). O

Intuitively, to identify #1[Yg,] and #[Y,], an RCK specifies a minimal set of attributes to
inspect, and tells us Aow to compare these attributes via similarity predicates.

Example 4.16 Candidate keys relative to the lists (Y., ¥};) given in Example 4.1 include:

rcki:  ((LN, LN, =), (addr, post, =), (FN, FN, ~,)),
rcko:  ((LN, LN, =), (tel, phn, =), (FN, FN, ~)),
rcks: ((email, email, =), (addr, post, =)),

rcky: ((email, email, =), (tel, phn, =))

Here, rcky states that for any credit tuple 7 and billing tuple ¢/, if 7[email, tel] = ¢/[email, phn], then
t[Y.] and t'[Y}] are a match; similarly for rcky, rcko and rcks. Note that email is not part of ¥}, or Y,
i.e., RCKs may contain attributes that are outside of those to be identified. O

One can draw an analogy of RCKs to our familiar notion of candidate keys for relations: both
notions attempt to provide an invariant connection between tuples and the real-world entities they
represent. However, there are sharp differences between the two notions. First, RCKs bring domain-
specific similarity predicates into play. Second, RCKs are defined across possibly different relations; in
contrast, keys are defined on a single relation. Third, RCKs have a dynamic semantics and aim to
identify tuples in unreliable data, a departure from the classical dependency theory.

Naturally, RCKs provide matching keys: they tell us what attributes to compare and how
to compare them. As observed by Jaro [1989], to match tuples of arity n, there are 2" possible
comparison configurations. Thus it is unrealistic to enumerate all matching keys exhaustively and
then manually select “the best keys” among possibly exponentially many candidates. In contrast, as

will be seen shortly, RCKs can be automatically deduced from MDs at the schema level and at compile
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time.In addition, RCKs reduce the cost of inspecting a single pair of tuples by minimizing the number
of attributes to compare.

Better still, RCKs improve match quality. Indeed, deduced RCKs add value: as we have seen
in Example 4.2, while tuples f4—t¢ and #; cannot be matched by the given key, they are identified
by the deduced RCKs. The added value of deduced rules has long been recognized in census data
cleaning: deriving implicit rules from explicit ones is a routine practice of the U.S. Census Bu-
reau [Fellegi and Holt, 1976; Winkler, 2004]. To improve the match quality, one can use multiple
RCKs such that if an error in a tuple occurs in an attribute of one RCK, the tuple may still find its
match using other RCKs with more reliable attribute values.

Reducing search space. When conducting data deduplication on (I, I5), we want to reduce the
search space to D C I x I, and better still, reduce the quadratic-time complexity. This is often
carried out by using blocking or windowing.

Blocking . Blocking is an extension of hash join, which partitions large relations into “buckets” such
that any pair of records that share the same join attribute values will be assigned to the same bucket.
As a result, we only need to compute joins locally on those records within each bucket. Along the
same lines, blocking is to partition tuples of /; and I> into mutually disjoint blocks, such that no
matches exist across different blocks. In other words, we only need to compare those tuples that are
within the same block.

Blocking is typically implemented by choosing a blocking key, e.g., a set of highly discrimi-
nating attributes, such that tuples sharing the same blocking key are grouped into the same block.
Let m = |I] and n = |I3|. Then based on blocking the complexity of deduplication may reduce
from O (mn) to O (m + n + mn/b), where b is the number of blocks.

Obviously, the match quality is highly dependent on the choice of blocking keys. Indeed, while
blocking improves the efficiency of data deduplication, it comes at a price of an increased number
of false non-matches when #; and #, are a match but they do not agree on the blocking key, if
the blocking key is not properly chosen. To this end, one can find high-quality blocking keys by
selecting and combining attributes from RCKs. The accuracy can be further improved by repeating
the deduplication process multiple times, each time using a different blocking key derived from RCKs.

Windowing. An alternative way to cope with large relations is by first sorting tuples using a key, and
then comparing the tuples using sliding windows [Hernandez and Stolfo, 1995]. More specifically,
one can first pick a sorting key and sort tuples in /1 and I5 based on the same key in the same order.
Two windows of a fixed size w are then moved down the lists, one tuple at a time. Each new tuple
that enters a window is compared with the w tuples in the other window to find a match, and the
tuple on the top of the window slides out of it. This reduces the number of comparisons from O (mn)
to O((m + n)w), where w is a constant. Taking the sorting cost into account, the time complexity
of deduplication based on windowing is down to O (m logm + nlogn + (m + n)w).

Like blocking, the match quality of data deduplication via sliding windows depends on the

choice of sorting keys. Here we can again create sorting keys by selecting and combining attributes
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from various RCKs, and conduct multiple independent runs of the deduplication process to improve
the accuracy, each run based on a different sorting key.

Deducing relative candidate keys. We have seen that RCKs are useful in improving the accuracy
and efficiency of data deduplication. But how can we find high-quality RCKs? We next show that
RCKs can be automatically deduced from available MDs. In addition, algorithms are already in place
for automatically discovering MDs from data (e.g., [Song and Chen, 2011, 2009]), along the same
lines as CFD discovery (Section 3.1).

We study the problem for computing RCKs : given a set ¥ of MDs, a pair of lists (Yg,, Yg,) of
pairwise compatible attributes, and a natural number m, it is to compute a set I" of m high-quality
RCKs relative to (Yg,, Yr,), deduced from X.

This problem is nontrivial. One question concerns what metrics we should use to select RCKs.
Another question is how to find m high-quality RCKs based the metric. One might be tempted
to first compute all RCKs from X, sort these keys based on the metric, and then select the top m
keys. This is, however, beyond reach in practice: it is known that for a single relation, there are
possibly exponentially many traditional candidate keys [Lucchesi and Osborn, 1978]. For RCKs,
unfortunately, the exponential-time complexity remains intact.

Below we first present a model to assess the quality of RCKs. Based on the model, we then
outline an efficient algorithm to deduce m RCKs from X. As verified by the experimental study
of Fan et al. [2011a], even when ¥ does not contain many MDs, the algorithm is still able to find
a reasonable number of RCKs. In addition, in practice it is rare to find exponentially many RCKs;
indeed, the algorithm often finds the set of a// quality RCKs when m is not very large.

Quality model. To find the set I', we select RCKs based on the following criteria.

* The diversity of RCKs in I'. We do not want RCKs containing attributes (Ri[A], R2[B]) that
appear frequently in RCKs that are already in I". In other words, we want I" to include diverse
attributes so that if errors appear in some attributes, matches can still be found by comparing
other attributes in the RCKs of I'. To do this we maintain a counter ct(R;[A], R2[B]) for each
pair, and increase it by 1 whenever an RCK with the pair is added to I".

* Statistics. We consider the accuracy of each attribute pair acc(R1[A], R2[B]), i.e., the con-
fidence placed by the user in the attributes, and the average lengths [t(R1[A], R2[B]) of the
values of each attribute pair. Intuitively, the longer It(R;[A], R2[B]) is, the more likely errors
occur in the attributes; and the greater acc(R1[A], Rz[B]) is, the more reliable (R1[A], R2[B])
are.

Putting these together, we define the cosz of including (R{[A], R2[B]) in an RCK as:
cost(R1[A], R2[B]) = wy-ct(R1[A], Ro[BD)+ wa-lt(R1[A], R2[B])+ w3 /acc(Ri[A], R2[B]),

where w1, wy, w3 are weights associated with these factors. The cost of an RCK (or MD) is defined
to be the sum of the costs of all of its attribute pairs. Our algorithm selects RCKs with attributes of
low cost or, equivalently, high quality.
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Algorithm. We next outline an algorithm for deducing RCKs, referred to as findRCKs (see [Fan et al.,
2011a] for details). Given X, (Yg,, Yr,) and m as input, the algorithm returns a set I' of at most
m RCKs relative to (Yg,, Yg,) that are deduced from X. The algorithm selects RCKs defined with
low-cost attribute pairs. The set I' contains m RCKs if there exist at least m RCKs, and otherwise it
consists of all RCKs deduced from ¥. The algorithm is in O (m (I + n)?) time, where [ is the length
|YR, | (IYR,|) of Y, (Yr,), and n is the size of . In practice, m is often a predefined constant, and
the algorithm is in cubic-time.

Assume that Yg, = [A], ..., AIYR 1 and Yg, = [By, ..., B|/YR |].Then a default relative key

1 |
iskg = ((A/ ,Bl,=), ..., (AiYR1 B BIIYRI E =)).To simplify the discussion, we include kg in T" initially,
and deduce such RCKs ((A1, Bi, ~1), ..., (Ax, B, ~)) that for each i € [1, k], Ri[A;] ~; R2[B;]
appears in either ko or in an MDs of X. Such attributes are identified as sensible to compare by
domain experts or by learning from sample data.

To determine whether I" includes all RCKs that can be deduced from X, algorithm findRCKs
leverages a notion of completeness, first studied by Lucchesi and Osborn [1978] for traditional can-
didate keys. To present this notion we need the following.

Consider an RCK « and an MD ¢. We define apply(k, ¢) to be the relative key «” obtained by
(1) removing all (E, F, =) from « if (E, F, =) appears in RHS(¢), and (2) adding all (A, B, ~) in
LHS(¢) to k.

Example 4.17  Recall the RCK rckj from Example 4.16 and the MD ¢; from Example 4.4:

rcki: ((LN, LN, =), (addr, post, =), (FN, FN, ~)),
@o: credit[tel] = billing[phn] — credit[addr] = billing[post].

Then apply(rcky, ¢2) = ((LN, LN, =), (FN, FN, &), (tel, phn, =)). O

We are now ready to define the notion of completeness. A nonempty set I' of RCKs is said to
be complete w.r.t. ¥ if for each RCK « in I" and each MD ¢ in %, there exists a RCK «1 in I" such
that k1 C apply(k, ¢).

Intuitively, T" is complete if all those RCKs that can be deduced by possible applications of
MDs in X are covered by “smaller” RCKs that are already in the set I'. The notion of completeness
allows us to check whether I consists of all the RCKs deduced from X, or in other words, whether
I" needs to be further expanded. Indeed, this is justified by the following proposition (see [Fan et al.,
2011a] for a detailed proof).

Proposition 4.18  Let X be a set of MDs, and U be a set of RCKs defined on the same schema. Then I
consists of all RCKs deduced from X if and only if " is complete w.r.t. X.

Crux. First assume that I" consists of all RCKs that can be deduced from X.Then for any RCK« € T’
and each MD ¢ € X, k1 = apply(k, ¢) is a relative candidate key.
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Conversely, assume that I' is complete w.z# X. Then one can show that for any RCK « such
that ¥ =4 «, k can be deduced by repeated uses of the apply operator on RCKs in I' and MDs in
X. This suffices. For if it holds, then « must be in I" since I' is complete. O

Based on this proposition, we now present Algorithm findRCKs.

(1) Initialization. The algorithm uses a counter ¢ to keep track of the number of RCKs in I', initially
set to 0. It collects all pairs (R{[A], R2[B]) that are in either (Yg,, Yg,) or some MD of X. The
counter ct(Ri[A], R2[B]) is set to 0. It uses a set variable '’ to store relative keys that need to be
processed, initially consisting of the default relative key ko only.

(2) Expanding I'. After these initialization steps, findRCKs repeatedly checks whether I is complete
w.r.t. L. If so, it terminates, and otherwise it expands I". More specifically, for each unprocessed
k € I and ¢ € I, it inspects the condition for the completeness. If " is not complete, it adds an
RCK «’ to both I' and I'’, where «” is an RCK obtained from ¢ = apply(k, ¢). To do this, it inspects
each (R1[A], R2[B], =) in ¢, and remowves it from ¢ aslong as ¥ =4 ¢ \ {(R1[A], R2[B], =~)}. The
deduction is checked by invoking the algorithm mentioned in Theorem 4.13 for the deduction
analysis of MDs, since relative keys are a special case of MDs. The process repeats until no more
attributes can be removed from ¢, and yields «’. After k'’ is added to I', the algorithm increases the
counter ¢ by 1.

(3) Termination. The process proceeds until either I' contains m RCKs (excluding the default key
k0, which may not be a RCK), or it cannot be further expanded, i.e., either I' is complete w.nz. =
or I'" is empty when there exist no more than m RCKs. In the latter case, I" already includes all the
RCKs that can be deduced from X, by Proposition 4.18.

The algorithm takes the following steps to deduce RCKs defined with attributes of low costs.
(1) It sorts MDs in ¥ and relative keys in I'" based on their costs, and applies low-cost MDs and
keys first. (2) Moreover, it dynamically adjusts the costs after each RCK «’ is added, by increasing
ct(R1[A], R2[B]) for each (R{[A], R2[B]) that remains in «'. It re-sorts MDs in ¥ and keys in '/
based on the updated costs. (3) Furthermore, when computing «’ from ¢, it retains attributes pairs
with low costs in the RCKs and removes those of high costs. To do this, it first sorts (R1[A], R2[B], &)
in ¢ based on cost(R{[A], R2[B]). It then processes each (R{[A], R2[B], &) in descending order,
starting with the most costly one, such that the high-cost attributes are removed from ¢ whenever

possible.

Example 4.19  Consider the set X, consisting of three MDs @1, ¢2, ¢3 given in Example 4.4, and
the attribute lists (Y., ¥;) given in Example 4.1. Given X., m = 6 and (Y., Y},), and fixing w; = 1
and wy = w3 = 0, algorithm findRCKs returns a set I' consisting of RCKs rcki, rcky, rcks, and rcky
presented in Example 4.16. Observe that I" contains four RCKs although m = 6, since when the
counter ¢ > 4, T is complete w.7£ X, and no new RCKs can be added to I'. The algorithm starts
with a set I/ consisting of only the default relative key:




86 4. DATA DEDUPLICATION
rcko: ((FN, FN, =), (LN, LN, =), (addr, post, =), (tel, phn, =), (gender, gender, =)).

Nevertheless, rckg is not returned, since it is not an RCK. O

4.5 MATCHING DEPENDENCIES FOR DATA REPAIRING

We have studied MDs for data deduplication. The denotational semantics of MDs given in Section 4.3
aims to deduce RCKs as logical consequences of a given set of matching rules. As we have seen earlier,
the RCKs may serve as matching keys to identify matches, as well as blocking keys and sorting keys
to speed up data deduplication.

Matching dependencies can also be used as data quality rules for data repairing. To do this
we present an operational semantics of MDs proposed by Bertossi et al. [2011].

An operational semantics. The denotational semantics given in Definition 4.5 states that when
enforcing an MD ¢ = R{[X1] & R2[X2] — Ri[Y1] = R2[Y2] on a pair (t1, 12) of tuples, #1[Y1]
and 1[Y>] should be identified via updates, but it does not specify what values should be assigned
to #1[Y1] and ©[Y2]. In contrast, the operational semantics assumes an explicit binary matching
Sfunction my : dom(A) x dom(A) — dom(A) associated with each domain A, such that the value
ma(ay, ap) is used to replace two values a1, a; € dom(A) whenever a; and a; need to be identified.
Such a matching function is assumed to be

e idempotent: my(a, a) = a;
o commutative: ma(ay, ay) = ma(ap, ar); and

* associative:ma(ay, ma(az, az)) = ma(ma(ay, ar), az).

Intuitively, matching functions tell us what values to pick when we need to update #1[Y1] and 12[Y>]
and make them equal.

Based on matching functions, a chase-like procedure is developed by Bertossi et al. [2011] to
repair data (see [Abiteboul et al., 1995; Greco and Spezzano, 2012] for details about chase). It aims
to obtain a clean instance from a dirty instance D by enforcing MDs. Consider two instances D, D’
of schemas (Rj, R2) with tuples having the same set of tuple identifiers, a pair of tuples (11, f2) of
(R1, Ry), a set T of MDs, and an MD ¢ = Ri[X|] ~ R[X2] — Ri[A1] = Rz[A2] in X, where
dom(A1) = dom(Az) = dom(A). The rule for enforcing ¢ is given as follows.

Definition4.20 Instance D’ is an immediate result of enforcing ¢ on (¢, #2) in instance D, denoted
by (D, D/)[Il,tz] |=0 @, if

L tP[X1] = 1 [Xa] but 1P[A1] # 1) [Aa];
2. tP[A1] = P [A2) = ma(tP1A1], £P[As)); and

3. D and D’ agree on every other tuple and attribute value.
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In contrast to Definition 4.5, here we specify explicitly that tlD /[Al] and tzD/ [A>] should
take the value given by the matching function. Moreover, 1 / (X[~ P /[Xé], corresponding to
R [X/l] R Rg[Xé] in the LHS of some ¢ € X, is no longer required, as opposed to Definition 4.5.
That is, the update does not have to preserve the similarity tlD [X /1] ~ t2D [X /2] in D’. Furthermore,
only tlD [A;] and t2D [A3] are allowed to be updated when ¢ is applied.

We use a chase-like procedure to repair a dirty instance Dy. It starts from Dy and enforces
the MDs in X step by step, until we reach a stable instance. Intuitively, the stable instance is a clean
instance of Dy, to which no more MDs of X can be applied. Each step of the chase procedure is
conducted by applying an MD in X, as described in Definition 4.20.

Definition4.21  For an instance Dy and a set X of MDs, a chasing sequence of Do by X is a sequence
of instances D1, ..., Dy, ..., such that foreachi > 1, (D;_1, D,')[l,q i1 =, @; for some ¢; € X
1ok

and for some tuples t{_l, té_l e D;_;.
A chasing sequence Di, ..., Dy is terminal if it is finite and, moreover, Dy is stable. The
instance Dy is called a repair of Do by . O

The example below, also taken from [Bertossi et al., 2011], illustrates how MDs are used to
repair data.

Example 4.22  Consider a set ¥ of MDs consisting of R[A] ~ R[A] — R[B] = R[B] and
R[B] ~ R[B] — R[C] = R[C]. An instance Dy of R is shown in Figure 4.4, in which a; ~ a;
and by ~ b3. Two repairs Dy and D} of Dy by X are also given in Figure 4.4, obtained by en-
forcing MDs of ¥ in different orders. Here for ease of exposition, we use (aj, ..., a;) to denote
ma(ay, ma(az, ma(...,ap))), which is well-defined by the associativity of m 4. O

Properties of the chase. We next study the properties of the chase procedure, which employs MDs
as data quality rules.

Termination. The first question concerns whether the chase procedure always terminates and yields
a repair by MDs. The answer is affirmative.

Theorem 4.23  For any set X of MDs and instance Dy, each chasing sequence of Do by X is finite
and is an initial subsequence of a terminal chasing sequence, such that the terminal sequence leads
to a repair of Do by X in a polynomial number of steps in the size of Dy.

Crux. This is verified by defining a strict partial order T on instances such that (a) for any chas-

ing sequence Dy, ..., Dy, ... of Dy, Di—1 T Dj; (b) there exists an upper bound Dmax for the
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A B C A B C A B C

ap | by | ¢ ay | (b1,b2) | ¢ ay | (b1,b2) | {c1,c2)

a | by | & ay | (b1,b2) | 2 a | (b1,b2) | {c1,c2)

az | b3 | c3 as b3 c3 as b3 c3
DO Dl Dz

(a) Chasing sequence 1

A B C A B C A B C A B C
ap | by | ¢ ay | by cl ay | (b1, b2) c ay | (b1,b2) | {c1,c2,¢3)
ay | by | ¢ a | by | (c2,¢3) ay | (b1,b2) | (c2,c3) ap | (b1,b2) | (c1,c2,¢3)
ay | by | c3 az | by | {c2,c3) az b3 (c2, ¢3) az b3 {c2,c3)
Dy Di D/2 Dg
(b) Chasing sequence 2

Figure 4.4: Example ¥ repairs of Dy.

sequence and, moreover, (c) Dmax can be reached in polynomial number of applications of MDs (see
[Bertossi et al., 2012b] for details of the proof). O

The Church-Rosser property. Another important question concerns whether the results of different
terminal chasing sequences coincide, or in other words, whether these terminal sequences lead to
the same unique repair, no matter in what order the MDs in X are applied. This is known as the
Church-Rosser property (see, for example, [Abiteboul et al., 1995]). Unfortunately, the chase procedure
described in Definitions 4.20 and 4.21 do not have the Church-Rosser property. Indeed, as shown
in Example 4.22, both D> and DJ are repairs of Dy by X, but they are different. In general, for a set
¥ of MDs and an instance Dy, there exist (finitely) many repairs of Do by X, produced by different
orders of applications of MDs on Dy and by enforcing MDs on different tuples in Dg. Some sufficient
conditions were identified by Bertossi et al. [2011] to assure a single clean instance.

Observe that when a terminal chasing sequence Dy by X yields a repair Dy of Do, we may
not have that (Do, Di) =4 2. Indeed, in Example 4.22, (Dg, D2) W4 %, since (b1, by) ~ b3 may
not hold. Similarly, (D, D/3) =q . This is because Definition 4.20 does not require similarity
preservation when applying MDs, and hence, some of the similarities that existed in Dg could have
been broken by iteratively enforcing the MDs to produce Dy. Nevertheless, each repair Dy of Dy by
¥ is stable and retains the values that are not affected by MDs.

Minimal instance. The chase procedure makes only necessary changes required by MDs. That is, it
incurs minimal changes to obtain a repair. In particular, if Dy is already stable, then Dy is the unique

repair of Do by X, i.e., no updates are incurred to Dy to enforce X.
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To further explore the semantics of enforcing MDs for data repairing, we present the notion
of information ordering studied by Bertossi et al. [2011]. For values a, a’ € dom(A), we say that a’
semantically dominates a if ma(a, a’) = a’, denoted by a <4 a’. When we identify #1[A] and 1,[A]
by an MD, we take m 4 (t1[A], t2[ A]) as the new value, which semantically dominates both #1[A] and
12[A]. For a tuple ¢ in Dy and Dy, we write tP1 < tP2 if tP1[A] <4 tP2[A] for every attribute A of
t. We write D C, D if for every tuple ¢ in Dy, there exists a tuple in D with the same tuple id
and moreover, 1?1 < tP2. One can readily show that C, is a partial order.

One can see that in any chasing sequence Dy, ..., Dy of Dy by ¥, D;_1 E, D; for each
i € [1, k]. Moreover, Dy T, Dx, i.e., each repair Dy of Dy semantically dominates Dy.

Nevertheless, Dy is not at a minimal distance to Do w.7.£ E,. Indeed, in Example 4.22, both
D; and DJ are repairs of Dy, while Dy E, D} but D} Z, Dy;hence D} is not at a minimal distance
to Do w.r.t. E,.

BIBLIOGRAPHIC NOTES

A variety of methods have been developed for data deduplication [Ananthakrishna et al., 2002;
Arasu et al,, 2008, 2009; Chaudhuri et al., 2007a,b; Fellegi and Sunter, 1969; Galhardas et al,,
2001; Guhaetal., 2004; Hernindez and Stolfo, 1998, 1995; Jaro, 1989; Lim etal., 1996;
Naumann et al., 2006; Sarawagi and Bhamidipaty, 2002; Verykios et al., 2002; Weis et al., 2008;
Whang and Garcia-Molina, 2010; Whang et al., 2009; Winkler, 2004, 2006, 2002]. There have
also been a number of record matching tools. e.g., Febrl [Christen, 2008], TAILOR [Elfeky et al.,
2002], WHIRL [Cohen, 2000], BigMatch [Yancey, 2007], Swoosh [Benjelloun et al., 2009].
We refer to [Bleiholder and Naumann, 2008; Elmagarmid et al., 2007; Herzog et al., 2009;
Naumann and Herschel, 2010] for recent surveys.

The matching dependencies presented in this chapter were introduced by Fan [2008] and
Fan et al. [2011a]. The record matching framework and deduction algorithms were provided there,
along with a sound and complete inference system for MDs. The operational semantics of MDs in
terms of matching functions was proposed by Bertossi et al. [2011]. This issue has also been explored
in [Bertossi et al., 2012a; Gardezi and Bertossi, 2012a,b; Gardezi et al., 2012], which, among other
things, did not use matching functions but adopted a minimal number of changes instead. Its
connections to consistent query answering were also explored there. The integration of data repairing
and record matching via MDs was studied by Fan et al. [2011e], which will be detailed in Chapter 7.

Declarative methods for record matching have been studied [Ananthakrishna et al., 2002;
Arasu et al., 2008, 2009; Chaudhuri et al., 2007b; Herndandez and Stolfo, 1998, 1995; Lim et al.,
1996; Shen et al.,, 2005; Singla and Domingos, 2005; Weis et al., 2008]. In particular, a class of
matching rules was introduced by Herndndez and Stolfo [1998, 1995], which can be expressed
as relative candidate keys presented in this chapter. Extensions to this rule-based approach were
proposed by Ananthakrishna et al. [2002] and Arasu et al. [2008], by supporting dimensional hier-
archies and constant transformations to identify domain-specific abbreviations and conventions. It

has been shown that matching rules and matching keys play an important role in industry-scale credit
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checking [Weis et al., 2008]. The need for dependencies for record matching was also highlighted in
[Chaudhuri et al., 2007b; Shen et al., 2005]. The AJAX system [Galhardas et al., 2000, 2001] also
advocates matching transformations specified in a declarative language. A class of constant keys was
studied by Lim et al. [1996], to match records in a single relation.

Recursive algorithms were developed by Arasu et al. [2009], to compute matches based on
domain-specific hard and soft constraints. i.e., constraints that have to be enforced and those that are
likely to hold, respectively. They used Dedupalog, a variation of Datalog, to write the constraints as
rules. The matching process attempts to satisty all the hard constraints, by minimizing the number
of violations to the soft constraints. Dedupalog is used for identifying groups of tuples that could
be merged, but the actual merging is deferred to a post-processing step. Probabilistic record match-
ing based on declarative Markov Logic constraints was proposed by Singla and Domingos [2005].
Declarative methods have also been studied in the context of the Semantic Web [Sais et al., 2007].
However, that line of work does not consider automated reasoning methods that are important, as
is shown in this Chapter, in deducing minimal matching keys.

There are other approaches to deciding what attributes to compare in data deduplica-
tion [Jaro, 1989; Weis and Naumann, 2005; Winkler, 2002]. A heuristic method was proposed
by Weis and Naumann [2005] to identify relevant elements in XML documents, by means of their
structural similarity such as navigational paths. Probabilistic methods were studied by Jaro [1989]
and Winkler [2002], using an expectation maximization (EM) algorithm. In this monograph we
focus on relational data and non-probabilistic methods only.

For the same reasons that the automated discovery of conditional dependencies is important,
as described in Chapter 3, methods are also needed for automatically discovering matching depen-
dencies or minimal matching keys. In Chapter 3, we discussed a variety of methods for discovering
CFDs and FDs. A specialized method for finding traditional keys, defined on a single relation and
in terms of equality, can be found in, e.g., [Sismanis et al., 2006]. Like FDs [Mannila and Riihi,
1987], exponentially many keys may need to be considered [Lucchesi and Osborn, 1978]. To extend
these methods to MDs one has to decide what attributes across different schemas relate to each other
and what similarity predicates should be used to compare them. Schema matching techniques (see,
e.g., [Aumueller et al., 2005; Rahm and Bernstein, 2001]) are likely to play an important role in this
context. Preliminary work on the discovery of MDs was presented by Song and Chen [2011, 2009].

There have been extensions of FDs by supporting similarity predicates
[Belohlévek and Vychodil, 2006; Koudas et al., 2009]. There has also be been work on schema
design for uncertain relations by extending FDs [Das Sarma et al., 2009]. Like traditional FDs,
these extensions are defined on a single relation and have a static semantics. They are quite different
from MDs that are defined across possibly different relations and have a dynamic semantics. An
extension of FDs over two relations but without similarity predicates was proposed by Wang [2007],
which also has a static semantics.

Dynamic semantics of constraints have been developed for database evolution [Vianu, 1987]
and for XML updates [Cautis et al., 2009]. These constraints aim to express an invariant connection
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between the old value and the new value of a data element when the data are updated. They differ
from MDs in that these constraints are restrictions on how given updates should be carried out. In
contrast, MDs specify how data elements should be identified for record matching. In other words,
MDs are to determine what (implicit) updates are necessary for identifying records. Furthermore,

similarity predicates are not supported by the dynamic constraints studied by Vianu [1987] and
Cautis et al. [2009].
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CHAPTER 5

Information Completeness

When we query a database, we naturally expect that the database has complete information to answer
our query. As we have seen in Section 1.2.4, if the database does not have complete information, its
answer to our query may be inaccurate or even incorrect. Unfortunately, real-life databases are often
incomplete, from which both tuples and attribute values may be missing. This raises two questions:
How can we determine whether our database has complete information to answer our query? If
the information in our database is incomplete for our tasks at hand, what additional data should be
included in our database to meet our requests? The classical Closed World Assumption (CWA) and
Open World Assumption (OWA) fall short of providing us with a practical model to answer these
questions.

This chapter gives an overview of recent efforts to answer these questions. We introduce a
model of relative information completeness, to rectify the limitations of the CWA and the OWA.
We begin with an introduction to relative completeness, focusing on missing tuples (Section 5.1),
and study the two questions in this model (Section 5.2). We then extend the model to capture both
missing tuples and missing values. To this end, we first review traditional representation systems for
querying incomplete information (Section 5.3), and then extend our model for relative information
completeness by allowing missing values (Section 5.4). Finally, we provide the complexity bounds of
answering these questions for various query languages (Section 5.5). It should be remarked that the
study of relative information completeness has not reached maturity: our understanding of its issues
is still rather rudimentary. In particular, effective algorithms and metrics are yet to be developed, to
assess the completeness of information in our database for answering our queries.

5.1 RELATIVE INFORMATION COMPLETENESS

Database texts typically tell us that the world is closed: all the real-world entities of our interest are
assumed already to be represented by tuples residing in our database, although the values of some
fields in those tuples may be missing. This is known as the Closed World Assumption (CWA). After
all, this is the basis of negation in our queries: a fact is viewed as false unless it can be proven from
explicitly stated facts in our database.

Unfortunately, real-life databases are often not closed-world. For instance, when medical data
are concerned, “pieces of information perceived as being needed for clinical decisions were missing
from 13.6% to 81% of the time” [Miller Jr. et al., 2005]. Indeed, a database may only be a proper
subset of the set of tuples that represent real-world entities. In other words, not only attribute values
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but also tuples are often missing from our database. This is known as the Open World Assumption
(OWA).

Neither the CWA nor the OWA is very helpful when we query a real-life database. On one
hand, the CWA is too strong to hold in the real world. On the other hand, the OWA is too weak,
under which one can often expect few sensible queries to find complete answers.

Not all is lost. Below we first show that in the real world, a database is neither entirely
closed-world nor entirely open-world. More specifically, it is often “partially closed” (Section 5.1.1).
To model partially closed databases, we introduce a notion of relative information completeness
(Section 5.1.2). Furthermore, we show that information completeness and data consistency can
actually be modeled in a uniform logical framework (Section 5.1.3).

5.1.1 PARTIALLY CLOSED DATABASES

An enterprise nowadays typically maintains master data (a.k.a. reference data), a single repository
of high-quality data that provides various applications with a synchronized, consistent view of the
core business entities of the enterprise (see, for example, [Dreibelbis et al., 2007; Loshin, 2009;
Radcliffe and White, 2008], for master data management mdm). The master data contain complete
information about the enterprise in certain categories, e.g., employees, departments, projects, and
equipment.

Master data can be regarded as a closed-world database for the core business entities of the
enterprise. Meanwhile a number of other databases may be in use in the enterprise for, e.g., sales,
project control and customer support. On one hand, the information in these databases may not be
complete, e.g., some sale transaction records may be missing. On the other hand, certain parts of
the databases are constrained by the master data, e.g., employees and projects. In other words, these
databases are neither entirely closed-world nor entirely open-world. As illustrated by the example
below, one can often find complete answer to queries in such a partially closed database.

Example 5.1 Consider a company that maintains DCust(cid, name, AC, phn), a master data rela-
tion consisting of all its domestic customers, in which a tuple (c, n, a, p) specifies the id ¢, name
n, area code a, and phone number p of a customer. In addition, the company also has databases
(a) Cust(cid, name, CC, AC, phn) of all customers of the company, domestic (with country code
CC = 01) or international; and (b) Supt(eid, dept, cid), indicating that employee eid in dept sup-
ports customer cid. Neither Cust nor Supt is part of the master data. Nevertheless, Cust and Supt
are constrained by DCust when domestic customers are concerned: they cannot include domestic
customers whose information is not recorded in the master relation. In other words, the Cust and
Supt relations are partially closed.

Consider a query Q1 posed on Supt to find all the customers in NJ with AC = 908 who are
supported by the employee with eid = ep. The query may nor get a complete answer since some
tuples may be missing from Supt. However, if Q1 returns all NJ customers with AC = 908 found in

the master relation DCust, then we can safely conclude that query Q; can find a complete answer
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from Supt. That is, Supt contains complete information about those customers needed for answerin
p P P g
query Q1. Hence there is no need to add more tuples to Supt in order to answer query Q.

Now consider a query Q> to find a// customers, either domestic or international, who are
supported by the employee eg. Note that the international customers of Cust are not constrained by
the master data; in other words, the company may not maintain a complete list of its customers. As
a result, we are not able to tell whether any Supt tuples in connection with eg are missing. Worse
still, we do not know what tuples and even how many tuples should be added to Supt such that the
answer to Q> in Supt is complete.

The situation is not as bad as it seems. If we know that [eid] — [dept, cid] is a functional
dependency (FD) on Supt, then we can also conclude that the answer to Q5 in Supt is complete
as long as it is nonempty. More generally, suppose that there is a constraint which asserts that an
employee supports at most k customers. Then if the answer to Q5 in Supt returns k customers, we
know that the seemingly incomplete relation Supt is actually complete for query Q. That is, adding
more tuples to Supt does not change the answer to Q2 in Supt. Even when Q» returns k' tuples,
where k' < k, we know that we need to add at most k — k’ tuples to Supt to make it complete for
0s. O

This example tells us that we may find a complete answer to our query in a partially closed
database. It also gives rise to the following questions. Given a query Q posed on a database D that
is partially constrained by master data D,,, can we find complete information from D to answer
0? Does there exist a database D at all that is partially constrained by D), and has the complete
information to answer Q (i.e., adding tuples to D will not change the answer to Q in D)? These
questions are not only of theoretical interest, but are also important in practice. Indeed, the ability
to answer these questions not only helps us determine whether a query can find a complete answer
from a database, but also provides a guidance for what data should be collected in order to answer a

query.

5.1.2 A MODEL FOR RELATIVE INFORMATION COMPLETENESS

We next present a model to characterize partially closed databases.

Databases and master data. A database is specified by a relational schema R = (R, ..., R,). We
say that an instance D = (I1, ..., I,) of R is contained in another instance D" = (I{, ..., 1) of R,
denotedby D € D',if I; C I]’- forall j € [1,n].If D C D’ then we also say that D’ is an extension
of D.

Master data are in a closed-world database D,,, specified by a relational schema R,,. As
remarked earlier, an enterprise typically maintains master data that are assumed consistent and
complete about certain information of the enterprise. We do not impose any restriction on the
relational schemas R and R,,.

Containment constraints. To specify relationships between data in the databases and master data,

we use a class of constraints (dependencies). Let L¢ be a query language.
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A containment constraint (CC) ¢y in L is of the form g, (R) € p(R), where g, is a query
in L¢ defined over schema R, and p is a projection query over schema R,,. That is, p is a query of
the form 3x R (x, y) for some relation R in R,,.

Aninstance D of R and master data instance Dy, of R, satisfy ¢, denoted by (D, D,,) = ¢y,
if ¢,(D) € p(Dy,). We say that D and Dy, satisfy a set V of CCs, denoted by (D, Dy,) =V, if for
each ¢, € V, (D, Dy,) = ¢y.

Intuitively, ¢, assures that D,, is an “upper bound” of the information extracted by g, (D). In
other words, the CWA is asserted for D,, that constrains the part of data in D identified by ¢, (D).
That is, while this part of D can be extended, the expansion cannot go beyond the information
already in D,;,. On the other hand, the OWA is assumed for the part of D that is not constrained by
by.

We simply write ¢, (R) € p(Rn) as gy € p when R and R, are clear from the context. We
write g, € p as gy € @ if p is a projection on an empty master relation.

Example 5.2  Recall Cust, Supt, and DCust from Example 5.1. We can write a CC ¢g =
q(Cust, Supt) € p(DCust) in the language of conjunctive queries, where

q(cia) = 3n,c,a,p,e d (Cust(cig,n, c,a,p)ASuptle,d,cig) Ac=01),
p(cia) = 3n,a, p DCust(ciq,n,a, p),

asserting that all domestic customers are constrained by master relation DCust.
Another CC ¢ in the language of conjunctive queries is ¢ € ¥, where

gle)=3ci.dy.....cirr.dipa( /\  Supt(e.di,ci) A N (@ #cp).
iell,k+1] i,jellk+1),i%)

It asserts that each employee supports at most k customers. O

We are now ready to define partially closed databases, which are characterized in terms of
master data D,, and a set V of containment constraints.

Definition 5.3 A database D is called partially closed w.r.t. (D,,, V) if (D, Dy,) =V, for master
data D, and a set V of containment constraints. The set of partially closed extensions of D is defined
as Ext(D, Dy, V) ={D' | D C D', (D', Dy) | V}. We write Ext(D, D,,, V) simply as Ext(D)
when D,, and V are clear from the context. O

As a special case of CCs, observe that a CC ¢,(R) € p(Ry,) is an inclusion dependency (IND)
when g, is also a projection query. In the sequel we simply refer to such CCs as INDs.
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Relative completeness. We now formalize the notion of relative information completeness. Let £ o
be a query language, which is not necessarily the same as L.

Definition 5.4  For a query Q in L, and a partially closed database D w.r# master data D,, and
aset V of CCs, we say that D is complete for query Q relative to (Dy,, V) if for all instances D’ of R,
if D C D' and (D', D) =V, then Q(D) = Q(D). O

That is, D is relative complete for Q if (a) D is partially closed w.r.£ (D, V), and (b) for al/
partially closed extensions D" of D, Q(D) = Q(D’). In other words, no matter how D is expanded by
including new tuples, as long as the extension does not violate V, the answer to Q remains unchanged.
Intuitively, D has complete information for answering Q. The notion is relative to the master data
D,, and CCs in V: the extensions of D should not violate the CCsin V, i.e., (D', D;,) = V.That s,
the CWA for D, is observed.

We also use the following notations.

* For D,,,V, and Q, the set of complete databases for Q w.r.t. (D, V), denoted by
RCQ(Q, Dy, V), is the set of all complete databases for Q relative to (D, V).

* When RCQ(Q, Dy, V) is nonempty, Q is called a relatively complete query w.r.t. (Dy,, V).
Intuitively, Q is relatively complete if it is possible to find a database D such that the answer
to Q in D is complete, and (D, D) E V.

Example 5.5 As described in Example 5.1, the relations Cust and Supt are complete for query
Q1 w.r.t. DCust and CC ¢ of Example 5.2, provided that the query result contains all domes-
tic customers in DCust. In this case, the database consisting of the Cust and Supt relations is in
RCQ(Q1, DCust, ¢p), and hence, Q; is relatively complete w.z.z (DCust, ¢o).

When the CC ¢ of Example 5.2 is in place for k = 1, Supt is complete for query Qs of
Example 5.1 w.n.t. (9, ¢1), as long as the query result is nonempty. Hence, in this case, Q> is
complete w.r.2. (9, ¢1). O

Query languages. Depending on the applications, the user may choose any languages to express
containment constraints and queries, such as CQ, UCQ, 3FO*, FO, and FP given in Section 1.4. They
may opt to use the same language or different languages for L¢ and L.

The completeness of information in our database is also relative to what query language we
use to express our queries. To illustrate this, let us consider the following example.

Example 5.6 Consider a master relation Manage,, (eidy, eid), in which a tuple indicates that
employee eidy directly reports to eid;. Our database has a relation Manage(eidi, eid2), in which a
tuple indicates that eid; reports to eidy, directly or indirectly. It is not part of master data, but contains
all the tuples in Manage,),.
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We want to pose a query on Manage, to find all the people above ¢p in the management
hierarchy, i.e., the set S of all the people to whom eq reports, directly or indirectly. We write the
query in two languages: one is Q3 in Datalog (denoted by FP), which finds S by computing the
transitive closure of Manage,, (eidi, eid2) embedded in Manage; the other is Q% expressed as a
conjunctive query (CQ), which scans the Manage relation and includes e in S for each tuple (e, eg)
in the relation.

Observe that the Manage relation is complete for Q3 relative to Manage,,. In contrast, it is
not complete for Q% if Manage does not contain the transitive closure of Manage,,,. In the latter case,
the seemingly complete Manage relation turns out to be “incomplete”.

Nevertheless, Q% is relatively complete w.7.z Manage,,: one can make the Manage relation
complete for Q3 by including the transitive closure of Manage,,,. g

5.1.3 RELATIVE COMPLETENESS AND DATA CONSISTENCY

To answer a query using a database D, one naturally wants the information in D to be both complete
and consistent. Recall from Chapter 2 that to characterize data consistency, we use constraints such
as conditional dependencies. That is, a set ¥ of dependencies is imposed on a database D such
that errors in D are detected as violations of one or more dependencies in X. In light of this, one
might be tempted to extend the notion of partially closed databases by incorporating conditional
dependencies.

Constraints for data consistency. The good news is that there is no need to overburden the notion
with conditional dependencies. Indeed, conditional functional dependencies (CFDs) and conditional
inclusion dependencies (CINDs) are expressible as simple containment constraints. As a result, we can
assure that only consistent and partially closed databases are considered, by enforcing containment
constraints. That s, in a uniform framework we can deal with both relative information completeness
and data consistency.

Proposition 5.7 (a) CFDs can be expressed as containment constraints (CCs) in CQ. (b) CINDs can be
expressed as CCs in FO. In both cases only an empty master data relation is required.

To see this, observe the following.

CFDs. A CFD can be written as

@t = VX1, X2, Y1, 32,21, 22 (R(X1, 21, §1) A R(X2, 22, 52) A (1) A p(X2) AXj = X2
— J1 =0 AYG) A V().

where R is a relation atom, and ¢ (X) is a conjunction of the form x;, = c¢; A -+ A Xx;, = ci; here
{xi; | j € [1,k]} is a subset of X, and c; is a constant. The expression ¥ (y) is defined similarly.

The CFD ¢ is equivalent to two sets of CCs in CQ. For each pair (y1, y2) of variables in
(¥1, ¥2), the first set contains g (X1, Z1, Y1, X2, 22, y2) € @, where g is
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R(x1, 21, Y1) A R(X2, 22, y2) A @(X1) A @(X2) A XL = X2 A y1 # Y2
This CC assures that the CFD is not violated by two distinct tuples.

The second set contains a CC of the form ¢'(x, z, y) € @ for each variable y in y; (resp. y2)
such that y = c is in ¥1 (1) (resp. ¥2(32)), where ¢ is
Rx,Z, ) Np(X) Ny #c.
These CCs ensure that ¢4 is not violated by a single tuple that does not observe the constant patterns.

It is easy to verify that for any database D, D satisfies ¢, if and only if D and D,y satisfy
these two sets of CCs, where D,, = .

CINDs. Observe that a CIND can be expressed as:

Geind = VX, 31,21 (R1(X, 31.20) A ¢(31) = 372, 22 (Ra(X, 32, 22) A ¥(32)))-
Then we can define a single CC ¢ (x, y1,z1) € @ in FO, where ¢ is

Ri(x, y1,20) A (31) AVY2, 22 (mRa(X, ¥2, 22) V =¥ (32)).
Then for any database D, D satisfies ¢4 if and only if D and D,, satisfy this CC, for D,,, = §.

Dependencies posed on databases. A database D may carry other dependencies to specify the
semantics of its data. These dependencies are posed on D regardless of master data D,,. Nevertheless,
dependencies on D that are commonly found in practice can also be expressed as CCs, which are
defined on (D, Dy,). In particular, the class of denial constraints that we have seen in Chapter 2 are
expressible as CCs. Better still, these dependencies often help us decide relative completeness and
make our database complete.

Example 5.8  Recall query Q> from Example 5.1 and CC ¢; from Example 5.2, both defined over
schema Supt. The query is to find all customers supported by the employee ey, i.e., all Supt tuples ¢
with t[eid] = ep, and can be expressed in CQ. The CC ensures that no employee supports more than
k customers. Consider an instance /1 of Supt such that Q> (I}) returns k distinct tuples. Then adding
any new tuple to I violates ¢ if the new tuple is in connection with eq, and it does not change the
answer to Q> in I] otherwise. That is, there already exist k “witnesses” for the completeness of Q2
for I relative to (9, ¢1), which “block” further additions of tuples in connection with eg. Thus by
simply checking the cardinality of Q2(/1), we can determine whether ; is in RCQ(Q2, ¥, {¢1}).
As another example, recall from Example 5.1 the FD [eid] — [dept, cid] defined on Supt. As
FDs are a special case of CFDs, we can actually express the FD as a single CC in CQ, denoted by ¢y,
using an empty master relation. Consider an instance I of Supt in which there exists no tuple ¢ such
that t[eid] = eg. Then I is not complete for Q5 relative to (¥, @fia), since Q2(12) = Y. Nevertheless,
the FD tells us that it suffices to add a single tuple ¢ with t[eid] = eq to I» that leads to a nonempty
answer to Q> in the updated /5. In other words, a single tuple insertion makes I complete for Q».
O
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5.2 DETERMINING RELATIVE COMPLETENESS

Having defined the notion of RCQ(Q, Dy, V), we are now ready to formalize and study the two
questions raised in Section 5.1.1.

Decision problems. One is the relatively complete database problem tor Lo and Lc, denoted by
RCDP(Lg, L¢) and stated as follows.

* INPUT: A query Q € Ly, master data D,,, a set V of CCs in L¢, and a partially closed
database D w.r.z. (D, V).

* QUESTION:Is D in RCQ(Q, Dy, V), i.e.,is D complete for Q relative to (D,,, V)?

The other problem is the relatively complete query problem for Lo and Lc, denoted by
RCQP(Lg, L¢) and stated as follows:

* INPUT: A query Q € L, master data D,,,and a set V of CCsin Lc.

* QUESTION: Is RCQ(Q, Dy, V) nonempty? That is, does there exist a database that is
complete for Q relative to (D,,, V)?

Intuitively, RCDP is to decide whether a particular database has complete information to
answer a user query, and RCQP is to decide whether there exists a database at all that is relatively
complete for a given query with respect to available master data.

Assessing information completeness. Before we establish the complexity of these problems, we
first demonstrate how decision procedures for RCDP and RCQP can help us assess the quality of
our data and the quality of query answers. We illustrate this by using the application described in
Example 5.1, which is a simplified instance of Customer Relationship Management (CRM), a typical
usage scenario of mdm [Loshin, 2009]. We should remark that relative completeness may also find
applications in Enterprise Resource Planning (ERP), Supply Chain Management (SCM), and in
traditional application domains studied [Grahne, 1991; Imielinski and Lipski Jr, 1984; Levy, 1996;
Motro, 1989].

Consider (a) a master relation I, of the schema DCust, which maintains a complete list of
domestic customers of a company, and (b) a database D consisting of two relations Cust and Supt
that contain information about customers of the company (domestic or international) and about
employees of the company for customer support, respectively (see Example 5.1). Consider a set V
consisting of the CC ¢q given in Example 5.2, assuring that /,, imposes an upper bound on domestic
customers in the relations Cust and Supt.

(1) Assessing the completeness of the data in a database. Let us first consider a query Q posed on the
database D, which is to find all the customers of the company based in NJ with AC = 908. In the
absence of master data, one cannot decide whether Q¢ (D) returns the complete list of customers we
want to find. Indeed, as observed by Loshin [2009], it is typical to find information missing from
a transitional database in an enterprise; hence, one could only assume the OWA for D, and there is
not much we can do about it. In contrast, provided the availability of the master data ,,, we can
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determine whether D has complete information to answer Q. More specifically, we can invoke a
static analysis procedure for RCDP and decide whether D is in RCQ(Qo, I, V). If the procedure
returns an affirmative answer, we know that we can trust the query answer Qo(D).

(2) Guidance for what data should be collected in a database. Suppose that the decision procedure
for RCDP returns a negative answer, i.e., D is not complete for Qq. The next question is whether
D can be expanded at all to be complete for Q. To this end we capitalize on a decision procedure
tor RCQP, to determine whether RCQ(Qo, I, V) is empty, i.e., whether there exists a complete
database for Q relative to the master data available. If the procedure tells us that there indeed exists
a database complete for Qg relative to (1, V), we can make D complete for Qg by including, e.g.,
the information about domestic customers that is in /,, but is missing from D.

(3) A guideline for how master data should be expanded. Now consider a query Q to find all the
customers of the company, domestic or international. In this case the RCDP analysis shows that
D is not complete for Q6 in the presence of I,,,. Worse still, the RCQP analysis tells us that there
exists 7o database complete for Qy relative to the current master data ,,. This suggests that to find
a complete answer for Q6, we need to expand the master data. As pointed out by Loshin [2009], a
practical challenge for mdm is to identify what data should be maintained as master data. The study
of RCQP provides a guidance on when to expand master data and on what master data to maintain
such that one can find complete answer for a workload of queries commonly used in practice.

Similar RCDP and RCQP analyses can be carried out for queries Q1 and Q> of Example 5.1,
to decide whether the database is complete for these queries and if not, whether we have to expand
the database or the master data. We remark that the traditional OWA does not allow these analyses,
in the absence of master data.

Complexity bounds. We next provide combined complexity of RCDP(Lg,Lc¢) and
RCQP(Lg, L), when L¢ and L range over various languages given in Section 1.4. We focus
on the combined complexity [Vardi, 1982] of these problems (see Section 6.3 for discussions about
combined complexity). We refer the interested reader to [Fan and Geerts, 2010b] for proofs of the
results to be presented in this section.

RCDP(Lg, L¢). The complexity of RCDP(Lg, L¢) is highly dependent on what languages L¢
and L we use to express containment constraints and queries, respectively. We begin with some
negative results: when either £ or L¢ is FO or FP, it is infeasible to determine whether a database D
is relatively complete for a query Q w.n.z (D, V). Worse still, if L is FO or FP the undecidability
remains intact even when master data D,, and the set V of CCs are predefined and fixed.

Theorem 5.9 RCDP(Ly, L) is undecidable when:
1. Lo isFO and L¢ is CQ;
2. LcisFOand Lg is CQ;
3. Lo isFPand L¢ is CQ; or
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4. Lc is FP and L consists of a fixed query in FP.

If L is FO or FP, the problem remains undecidable for fixed master data and fixed containment
constraints.

Crux. (1) When L or L¢ is FO, the undecidability of RCDP(L g, L) is proven by reduction from
the satisfiability problem for FO queries, which is known to be undecidable (cf. [Abiteboul et al.,
1995]). In the reduction the master data D,, and the set V of CCs are both fixed: D,, is an empty
relation, and V' is an empty set.

(2) When L or Lc is FP, it is verified by reduction from the emptiness problem for deterministic
finite 2-head automata (2-head DFA), which is undecidable [Spielmann, 2000]. A 2-head DFA is
a quintuple A = (Q, £, A, g0, Gacc), with a finite set Q of states, an input alphabet £ = {0, 1},
an initial state go, an accepting state gucc, and a transition function A : Q x ¢ x X — Q X
{0, +1} x {0, +1}, where . = X U {€}. A configuration of A is a triple (g, w1, wz) € Q x * x
¥*, representing that A is in state ¢, and the first and second heads of A are positioned on the first
symbol of w; and wy, respectively. On an input string w € £*, A starts from the initial configuration
(qo, w, w); the successor configuration is defined as usual. The 2-head DFA A accepts w if it can
reach a configuration (ggcc, w1, w2) from the initial configuration for w. The emptiness problem
for 2-head DFA’s is to determine, given a 2-head DFA A, whether the language accepted by A is
empty. In our reduction we use a fixed master relation D), and a fixed set V of CCs when L is FP.

O

We next consider RCDP(L¢, L) when L¢ and L are one of CQ, UCQ, and IFO*. The
good news is that the absence of negation and recursion in our queries makes our lives easier:
RCDP(Lg, Lc¢) is in the polynomial hierarchy for these query languages. The complexity bounds
are rather robust: the problem is I15-complete when L and L¢ are 3FO*, and it remains I15-
complete when L¢ is CQ and L is the class of INDs.

Theorem 5.10 RCDP(Lg, Lc¢) is Hg—complete when:
1. Lc is the class of INDs and L is CQ, UCQ_or IFO™;
2. Lo and L¢ are CQ;
3. Lo and L are UCQ; or
4. Lo and L are IFO™.

Crux. It suffices to show (1) and (2) below.

(1) RCDP(Lg, L) is Hg—hard when Lc is the class of INDs and Lg is CQ. The l‘[f lower
bound is verified by reduction from the complement of the 3*¥*3DNF problem, which is £7-
complete [Stockmeyer, 1976]. The reduction uses a fixed set of CCs and a fixed D,,.

(2) RCDP(Lg, L) is in l'[g when L¢ and Lg are both 3FO*. This is shown by providing an
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algorithm that checks whether a database D is nor complete for a given Q w.7. (D, V), by using
a non-deterministic PTIME Turing machine with an NP oracle. Since the algorithm is in »7 the
problem for deciding whether D € RCQ(Q, D,,, V) is hence in Hg . O

In practice, master data D,, and containment constraints V are often predefined and fixed,
and only databases and user queries vary. One might be tempted to think that fixing D,, and V
would lower the complexity. Unfortunately, the lower bound of Theorem 5.10 remains unchanged
when D,, and V are fixed, even when V is a fixed set of INDs.

Corollary 5.11 RCDP(Lg, L¢) remains l_lé7 -complete when master data D, and the set'V of con-
tainment constraints are fixed, for the combinations of Lc and Lo considered in Theorem 5.10.

Crux. The results follow from the proof of Theorem 5.10. The upper bound of Theorem 5.10 carries
over to fixed D,, and V. For the lower bound, the proof for Theorem 5.10 shows that the problem
is Hg—hard when V is a fixed set of INDs, and when D, is fixed. O

RCQP(Lg, L¢). We next study RCQP (Lo, L¢). Recall from Theorem 5.9 that it is undecidable to
decide whether a database is in RCQ(Q, Dy, V) when either Lo or L¢ is FO or FP. It is no better for
RCQP(Lg, L¢): in these settings RCQP (Lo, L) is also undecidable. Moreover, the undecidability
is rather robust: the problem is already beyond reach in practice when master data and containment
constraints are fixed, if L¢ is FO or FP.

Theorem5.12 RCQP(Lg, L¢) is undecidable when:
1. Lo is FO and L¢ is CQ;
2. LcisFOand Ly is CQ;
3. Lo isFPand L¢ is CQ; or
4. LcisFPand Lo is CQ.

When L ¢ is FO or FP, it remains undecidable for fixed master data and fixed containment constraints.

Crux. (1,2) When either £y or L¢ is FO, the proofs are by reduction from the satisfiability problem
for FO queries.

(3) When L is FP, the proof is by reduction from the satisfiability problem for FP in the presence of
FDs. That is, given an FP query p and a set ©® of FDs, it is to decide whether there exists an instance
D such that D = © and p(D) # §. The undecidability of this problem was claimed by Levy et al.
[1993]. The undecidability remains to hold if ® is assumed to be fixed [Fan and Geerts, 2010a].

(4) When L is FP, the proof is by reduction from the emptiness problem for 2-head DFA. Given
a 2-head DFA A, we construct a database schema R consisting of several relations, which intend

to encode a string, positions in the string, a successor relation, transitions of 4, and the transitive
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closure of the transitions. We define a set V of CCs using FP queries, to help us assure that instances
of R encode a valid run of A. We also define a CQ_query to inspect whether a run is valid and
whether there is a valid run of A that accepts a string. Fixed master data D,, is used. Using these,
we show that A accepts some strings (i.e., the language accepted by A is nonempty) if and only if
RCQ(Q, Dy, V) is nonempty.

The proofs only use fixed (D,,, V) if Lo is FO or FP. a

For CQ, UCQ, and 3FO*, we have seen from Theorem 5.10 that the absence of negation
and recursion in Lo and L¢ simplifies the analysis of RCDP(L g, L¢). This is also the case for
RCQP(Lo, L¢). In contrast to Theorem 5.10, however, the complexity bound for RCQP(Lg, L¢)
when L¢ is FFO*is no longer the same as its counterpart when L is the class of INDs. In addition,
when L and L¢ are CQ, RCQP(L ¢, L¢) becomes NEXPTIME-complete, and hence the analysis
is harder than its RCDP(L g, L¢) counterpart. On the other hand, when L is the class of INDs, the
complexity is down to coNP-complete, better than its Hg -complete counterpart for RCDP(L g, L¢).

Theorem 5.13 RCQP(Lp, L¢) is:
1. coNP-complete when L is the class of INDs and L is CQ, UCQ_or 3FO"; and
2. NEXPTIME-complete when:

(a) Lo and L¢ are CQ;
(b) Lo and L¢ are UCQ; or
(c) Lo and L¢ are IFO*.

Crux. (1) Lower bounds. The coNP lower bound is verified by reduction from 3SAT to the complement
of RCQP(CQ, INDs). The reduction uses fixed master data and CCs only.

When L¢ and L are CQ, we verify the NEXPTIME lower bound by reduction from the
tiling problem for 2" x 2" squares, which is NEXPTIME-complete (see, e.g., [Dantsin and Voronkov,
1997]). Given an instance of the tiling problem, we construct a database schema R consisting of
relations Ry, ..., R, such that R; encodes a 2/ x 2! square of tiles for i € [1, n]. We define master
data D, and a set V of CCs in CQ_to assure the vertical and horizontal compatibility of the tiling.
Finally we define a CQ_query Q such that RCQ(Q, Dy, V) is nonempty if and only if there exists a

valid tiling of the given instance.

(2) Upper bounds. We show the upper bounds by giving constructive proofs. We develop sufficient
and necessary conditions for RCQ(Q, D,,, V) to be nonempty.

Given master data D,,, a set V of INDs and a query Q in 3FO*, we show that it suffices to
check whether for any set A of tuples, either (A, Dy,) & V or certain syntactic conditions on Q
and V hold. Better still, it suffices to inspect “bounded” A: its size is no larger than that of Q, and
its active domain is determined by D,,, Q and V. Based on this, an NP algorithm is developed to
check whether RCQ(Q, Dy, V) is empty.
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When L and L¢ are IFO, we prove a small model property: given D,,, a query Q in
3FO*and a set V of CCs in 3FO*, RCQ(Q, Dy, V) is nonempty if and only if there exists a partially
closed database D such that: (a) the size of D is bounded by an exponential in the sizes of Q, V and
D,y; (b) for any partial extension D' = D U A of D, either Q(D’) = Q(D) or (D', Dy,) [~ V; and
furthermore; and (c) it suffices to inspect increments A that are bounded as described above. The
small model property is established by leveraging the monotonicity of 3FO" queries. Based on this
property, an NEXPTIME algorithm can be readily developed for checking whether RCQ(Q, Dy, V)
is nonempty. O

As remarked earlier, master data D), and containment constraints V are often predefined and
fixed in practice. Recall from Corollary 5.11 that fixing D,, and V has no impact on the complexity
of RCDP(Lg, L¢). In contrast, fixed D,, and V do make our lives easier here, to some extent.
(a) When L and L¢ are CQ, UCQ or IFO*, RCQP(Ly, L¢) becomes Eg-complete, down from
NEXPTIME-complete. (b) On the other hand, when L is CQ and L is the class of INDs, the
problem remains coNP-complete. (c) Fixed D,, and V do not help when either Ly or L¢ is FO or
FP, as we have seen in Theorem 5.12.

Corollary 5.14  When master data and CCs are fixed, RCQP(L g, L) is:

1. coNP-complete if L¢ is the class of INDs and L g is CQ, UCQ, or AFO*; and
2. Eé’—comp/ete if Lo and Lc are CQ, UCQ, or AFO*.

Crux. It suffices to show the following.

(1) RCQP(Lg, L¢) is coNP-hard when L is CQ and L is the class of INDs. This follows from
the proof for the coNP lower bound of Theorem 5.13 (1), in which only fixed master data D,, and
a set V of fixed INDs are used. Its coNP upper bound carries over here.

(2) We show that RCQP(Lg, Lc¢) is E;—hard when Lg and L¢ are CQ, by reduction from the
F*V*3*3CNF problem, which is known to be Ef—complete [Stockmeyer, 1976].

Recall the proof for RCQP(3FO*, 3FO™) given for Theorem 5.13 (2). When V and D,, are
fixed, it suffices to inspect “small models” D of a polynomial size. Based on this, we develop an
algorithm to check whether RCQ(Q, Dy, V) is nonempty. The algorithm uses a non-deterministic

PTIME Turing machine with a 1} oracle to inspect whether the conditions given in the proof of
Theorem 5.13 (2) hold. O

Summary. We summarize the complexity bounds for RCDP(L g, L¢) and RCQP(Lg, L) in Ta-
bles 5.1 and 5.2, respectively, where fixed(£) indicates a set of fixed queries in £. When master
data and containment constraints are fixed, we only show complexity bounds that differ from their
counterparts in the general settings.

We can see that RCDP(Lg, L¢) and RCQP(Lg, L¢) are nontrivial: they are intractable in
all the cases considered. To cope with these, it is necessary to identify special yet practical cases
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Table 5.1: Complexity of RCDP(Lg, L¢)

RCDP(,CQ. Lc)

(FO, CQ), (CQ, FO), (FP, CQ),
(fixed(FP), FP)
(CQ, INDs), (IFO ™, INDs), (CQ, CQ),
(UCQ,UCQ), (IFO™, IFOT)

undecidable

I5 -complete

Table 5.2: Complexity of RCQP(Lg, L¢)
RCQP(Lg, Lc)
(FO, CQ), (CQ, FO) (FP, CQ), (CQ,
FP)
(CQ, INDs), (AFO™, INDs) coNP-complete
(CQ, CQ), (UCQ, UCQ), (FFO*, NEXPTIME-
3FO™) complete
When D,, and V are fixed

(€CQ, €Q), (UCQ, UCQ), (IFO*,
3FO™)

undecidable

Eé’ -complete

that are tractable, and to develop efficient heuristic algorithms for the analyses of RCDP and RCQP.
Nevertheless, such algorithms remain to be studied.

5.3 REPRESENTATION SYSTEMS FOR POSSIBLE WORLDS

We have so far considered information completeness in the setting where tuples may be missing,
but all the values of the existing tuples are in place. In practice, however, both tuples and values are
commonly found missing from a database. In the rest of the chapter, we reconsider RCDP and RCQP
when both values and tuples may be missing. To do this, we first review traditional representation
systems for databases with missing values.

Conditional tables. To specify databases with missing values, we adopt conditional tables (or c-tables)
that are specified in terms of variables and local conditions [Abiteboul et al., 1995; Grahne, 1991;
Imieliniski and Lipski Jr, 1984; van der Meyden, 1998]. To define c-tables, for each relation schema
R; and each attribute A in R;, we assume a countably infinite set var(A) of distinct variables such
that var(A) N dom(A) = ¥, and var(A) Nvar(B) = @ for any attribute B distinct from A.

A c-table of R; is a pair (T, &), where (a) T is a tableau in which for each tuple 7 and each
attribute A in R;, t[A] is either a constant in dom(A) or a variable in var(A); and (b) & is a mapping
that associates a condition &(¢) with each tuple ¢ in T'. The condition &(¢) is built up from atoms
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name street city zip YoB cond
t1: [ John 3Elm | EDI | EH89AB | 2000 true
t: X y EDI | EH89AB Z (x # John)
t3: | Mary | 5 Mayfield w u 2000 | (w # EDI)

Figure 5.1: A c-table of Patient.

X=y,x#Yy, X =c,x #c, by closing under conjunction A, where x, y are variables and c is
a constant. Conditions &(¢) that are always true (i.e., tautologies) are denoted by true, or simply
omitted. A c-table corresponds to a standard database instance if all its conditions are tautologies.
In this setting standard databases are also referred to as ground instances. We write (T, &) simply as
T when £ is clear from the context.

Example 5.15 Consider an incomplete database of UK patients, specified by the schema
Patient(name, street, city, zip, YoB), from which values are missing. It is represented by the c-table
Ty shown in Figure 5.1. In T7, tuple 1 has no missing values and has a tautological condition (true);
tuple 7, has missing values f,[name], f2[street] and #,[YoB] denoted by variables, and the condition
t2[cond] tells us that ,[name] is not John; similarly for f3. O

Two special cases of c-tables are commonly used in practice.

1. Codd tables [Codd, 1975]: These are c-tables in which only a single variable may be present
and no conditions are allowed. They syntactically resemble pattern tableaux used in CFDs,
where the unnamed variable “_” corresponds to the single variable. However, as will be seen

shortly, Codd tables have an entirely different semantics.

2. v-tables [Grahne, 1991; Imielinski and Lipski Jr, 1984]: These are c-tables in which multiple
variables may be present but tuples do not carry any conditions.

To define the semantics of c-tables (and thus also for Codd tables and v-tables) we need the notion
of valuation. A valuation p of (T, &) is a mapping such that for each tuple # in T and each attribute A
in R, ;(¢t[A]) is a constant in dom(A) if f/[A] is a variable, and u(t[A]) = t[A] if t[A] is a constant.
Let u(¢) denote the tuple of R obtained by substituting 1(x) for each occurrence of x in 7. Then

we define
w(T) = {/L(t) | t € T and é(,u(t)) evaluates to true}.

That is, u(T) is a ground instance wizhout variables or conditions. In the possible world semantics
of c-tables one associates with (7', §) a set of (possible) ground instances, referred to as zbe set of
instances represented by (T, §), as follows.

Mod(T) = {u(T) | w is a valuation of (T, &)}.

The concept of c-table naturally extends to database instances. A c-instance T of R is of
the form (71, ..., T,), where for each i € [1,n], T; is a c-table of R;. A wvaluation w of T is of
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the form (p1, ..., in), where 1; is a valuation of T;. We use (7)) to denote the ground instance
(,ul (1), ..., /L,,(Tn)) of R, and define Mod(7") as above.

Given a c-instance, one naturally wants to know whether it indeed represents a set of database
instances, i.e., its conditions make sense and are satisfiable. This gives rise to the consistency problem
for c-instances, stated as follows.

* INPUT: A c-instance 7.
* QUESTION: Is Mod(7) nonempty?

Whereas any Codd table or v-table is consistent, i.e., it always has a possible world, this no longer
holds for c-tables. Indeed, it is easy to come up with a c-table (7, &) such that Mod(T') = . Worse
still, the consistency problem is intractable [Abiteboul et al., 1991].

Proposition 5.16  The consistency problem for c-tables is NP-complete.

Representation systems. Let M be a class of models for incomplete databases such that with each
M € M one can associate a set of possible worlds (i.e., ground instances), denoted by Mod(M). For
example, M can be taken as the class of c-tables, Codd tables or v-tables, among others. Given such
a class of models M, a natural question concerns how to query them. Let Lo be a query language.
Clearly, one would like to be able to represent the result of a query in L inside the same class M.
That is, for each M € M and query Q € L, there should exist a computable element Q(M) in M
such that _
Mod(Q(M)) = Q(Mod(M)),

where Q(Mod(M)) = {Q(D) | D € Mod(M)}. If this condition holds then M is said to form a
strong representation system for L. It is known that c-tables are a good class of models when L¢
is either FO (i.e., relational algebra) or FP (i.e., Datalog; see [Abiteboul et al., 1995; Grahne, 1991,
Imielinski and Lipski Jr, 1984] for a proof).

Theorem 5.17 When L is FO or FP, c-tables form a strong representation system for L.

In contrast, Codd tables and v-tables do not form a strong representation system for
FO [Imielinski and Lipski Jr, 1984]. Nonetheless, Codd and v-tables suffice to represent certain
answers to queries. As before, let M be a class of models for incomplete databases. For a model
M € M and query Q € Ly, the certain answer to Q in M is defined as

[ ow.
DeMod(M)

We say that M forms a weak representation system for L if for each query Q € L, there exists a
computable element Q(M) in M such that for all queries Q' € L:

N owm= (] Q).

DeMod(Q(M)) D’'eQ(Mod(M))
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Note that if M forms a weak representation system for L then, in particular,

(N b= [) oW,

DeMod(Q(M)) D’eMod (M)

i.e., the certain answer to Q in M can already be found in O(M).

It is known that Codd tables and v-tables form a weak representation system for cer-
tain fragments of FO (recall the class of SP queries from Section 2.2.4; see [Grahne, 1991,
Imielinski and Lipski Jr, 1984] for proofs).

Theorem 5.18  Codd tables form a weak representation system for SP queries, and v-tables form
a weak representation system for IFO* queries.

5.4 CAPTURING MISSING TUPLES AND MISSING VALUES

We now reinvestigate the relative completeness of databases from which both tuples and values
may be missing. We represent such an “incomplete” database as a c-instance 7. As before, consider
master data D,, and a set V of containment constraints.

Asafirst step, we extend Definition 5.3 from ground instances to c-instances. More specifically,
a partially closed c-instance T w.r.t. (Dy,, V) represents a set of partially closed ground instances,
denoted by Mod(7", D,,, V) and defined as follows:

Mod(T, Dy, V) = {u(T) | w is avaluation and (u(T), D) = V}.

We write Mod(7, D;,;, V) as Mod(7T) when D,, and V are clear from the context.
In the sequel we consider only c-instances 7 for which Mod(7) is nonempty. We will see
shortly that it is decidable to determine whether Mod(7') is nonempty.

We study three notions of completeness for c-instances, including but not limited to the
semantics suggested by the notions of strong and weak representation systems.

Definition 5.19  Relative to (D,y,, V), a partially closed c-instance 7T is said to be:

s strongly complete for a query Q if for all ground instances D € Mod(7) and for all extensions
D' € Ext(D), Q(D) = Q(D");

o weakly complete for Q if either for all D € Mod(T), Ext(D) = #, or
[ owm) = N Q(D");
DeMod(T) DeMod(T),D’cExt(D)

* completable for Q if there exists a ground instance D € Mod(7T) such that for all extensions
D’ € Ext(D), Q(D) = Q(D").
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Intuitively, (a) T is strongly complete if no matter how missing values in 7 are filled in, it
yields a ground instance that is relatively complete for Q as specified by Definition 5.4; (b) T is
weakly complete if the certain answer to Q over all partially closed extensions of T can already be
found in T and (c) 7 is completable if there exists a way to instantiate missing values in 7 that
produces a ground instance relatively complete for Q.

Observe the following. (a) If 7 is strongly complete, then it is both weakly complete and
completable. (b) A ground instance is strongly complete and completable for a query Q if and only if
it is relatively complete for Q, i.e., the notion of relative completeness for ground instances coincide
with both strong completeness and the notion of completable. However, a ground instance may be
weakly complete but not relatively complete.

Example 5.20  Consider the c-table 77 shown in Figure 5.1, and a master relation I, that is
specified by the schema Patient,, (name, street, zip, YoB) and maintains a complete set of those
patients living in EDI and born after 1990. We specify a set V of CCs such that for each year
y in the range [1991, 2012], V includes the CC g, (Patient) C I, where ¢,(n, s, z, d) is query
Patient(n, s, ¢, z, y) A ¢ = EDL These CCs assure that ,, is an upper bound on the information
about patients who live in EDI and were born after 1990. We also include in the set V those CCs for
the functional dependency [zip] — [city, street], which states that in the UK, the zip code determines
the city and street. We have seen that FDs can be represented by CCs (Section 5.1.3). Consider the
following queries posed on T7.

(1) Query Q4 is to find the streets of those patients who live in EDI with zip = “EH8 9AB” and were
born in 2000. Then 77 is strongly complete for Q4 relative to (1,,, V). Indeed, by the FD ¢ encoded
as CCs in V, we have that for any valuation pu of T1, Q4(u(T1)) returns a single tuple (street = “3
Elm”), and furthermore, the answer to Q4 does not change for any partially closed extension in

Ext(ue(T1)).

(2) Query Qs is to find the names of patients in Edinburgh who were born in 2000. Suppose that ¢,
and t,% are the only patients in I, born in 2000, where tnl1 = (John, 3 Elm, EH8 9AB, 2000) and t,%l =
(Bob, 3 Elm, EH8 9AB, 2000). Then relative to (1,,, V), T1 is completable for Qs, since there exists a
valuation p of T1 such that p(77) is complete. For instance, this happens for j1(x) = Bob and . (z) =
2000. The c-instance T is also weakly complete, since the certain answer (name = John) can already
be found from Mod(77). However, T is not strongly complete for Q5. Indeed, consider ' (77) with
w1’ (x) = John and p/(z) = 2000, and j(T7) defined as before. Then clearly, 1'(71) € u(71) and
moreover, Q5(u'(T1)) only returns John whereas Qs(y(77)) returns both John and Bob. O
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5.5 THE COMPLEXITY OF FUNDAMENTAL PROBLEMS

In the rest of the chapter, we first study some basic problems in connection with partially closed
c-instances, and then revisit RCDP and RCQP for c-instances.

Reasoning about partially closed c-instances. The first problem, referred to as the consistency
problem for partially closed c-instances, is a generalization of the consistency problem for c-instances
described in Section 5.3. It is stated as follows.

* INPUT: A c-instance 7, master data D,,,, and a set V of CCs in CQ.
* QUESTION: Is Mod(7, D,,, V) nonempty?

It asks whether the c-instance 7 has conflicts with the CCs and master data.
The second problem, referred to as the extensibility problem, is stated as follows.

* INPUT: A ground instance D, master data D,,, and a set V of CCs in CQ.
* QUESTION: Is Ext(D, Dy,, V) nonempty?

That is, can a ground instance D be extended at all without violating the CCs?

The analyses of these problems are needed for determining relative completeness for partially
closed c-instances. No matter how important they are, the result below tells us that these problems
are nontrivial, although decidable. In particular, it shows that CCs and master data complicate the
consistency analysis of c-tables. Indeed, the problem is £ -complete in contrast to NP-complete in
the absence of such constraints (Proposition 5.16).

Proposition 5.21  The consistency problem for partially closed c-instances and the extensibility problem
are both 25 —complete. The complexity bounds remain unchanged even in the absence of local conditions in
c-instances.

Crux. The lower bounds are verified by reduction from the V*3*3CNF problem to the complement
of these problems. The reductions do not use local conditions in the c-instances. For the upper
bounds, £/ algorithms are developed for deciding these problems. O

RCDP and RCQP revisited. We next revisit RCDP and RCQP for c-instances. Refining the notion
RCQ(Q, Dy, V) (see Section 5.1.2), for a query Q, we use RCQ*(Q, Dy, V), RCQY(Q, Dy, V),
and RCQ“(Q, Dy, V) to denote the set of all strongly complete, weakly complete, and completable
c-instances of R w.~.z. (Dy,, V), respectively.

We want to find out the increased complexity introduced by c-instances to RCDP and RCQP.
To discern the essential from the noise, we simply consider the case when L¢ is CQ_and hence, do
not include L¢ as a parameter of these decisions problems.

For RCDP, we study the relatively complete database problem in the strong model for L g, denoted
by RCDP* (L) and stated as follows.

* INPUT: A query Q € Ly, master data D, a set V of CCs in CQ, and a partially closed
c-instance T w.nt. (D,,, V).
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* QUESTION:Is 7 inRCQ*(Q, Dy, V),1.e.,is T strongly complete for Q relative to (D, V)?

Similarly, RCDP" and RCDP¢ are defined in the weak and completable models, respectively.

For RCQP, we consider the relatively complete query problem in the strong model for L g, denoted
by RCQP* (L) and stated as follows.
* INPUT: A query Q € L, master data D,,, and a set V of CCs in CQ.

* QUESTION: Is RCQ*(Q, Dy, V) nonempty? That is, does there exist a partially closed
c-instance that is strongly complete for Q relative to (D,,, V)?

Similarly, RCQP" and RCQP¢ are defined in the weak and completable models, respectively.

Complexity bounds. We next provide the combined complexity bounds of RCDP(Lgp) and
RCQP(Lp), when L ranges over the various languages given in Section 1.4. and for the three
notions of completeness (strong, weak, and completable) defined earlier. We refer the interested
reader to [Fan and Geerts, 2010a] for proofs of the results given in this section.

Strong model. We have seen that for ground instances, RCDP(L g, L¢) is undecidable when L is
FO or FP and L¢ is CQ_(Theorem 5.9). Since ground instances are c-instances themselves, these
undecidability results carry over. Indeed, for ground instances, strong completeness coincides with
relative completeness (Section 5.4). When L is CQ, UCQ, or IFO™, the result below tells us that
missing values do not complicate the analysis of RCDP.

Theorem 5.22  For c-instances, RCDP* (L) is:
1. undecidable when L is either FO or FP; and
2. l'[é7 -complete when L is CQ, UCQ_or IFO™*.

The complexity bounds remain unchanged when master data D,, and the set V of CCs are fixed.

Crux. As mentioned above, the undecidability of Theorem 5.9 carries over to c-instances, since
ground instances are c-instances themselves, and relative and strong completeness coincide for
ground instances. Similarly, the 1'[5 -lower bound of Corollary 5.11 carries over as well. The up-
per bound is shown by generalizing the I'Ig algorithm for ground instances given in the proof of
Theorem 5.10 to c-instances, retaining the same complexity. O

When it comes to RCQP* (L), one does not have to worry about missing values either. In
other words, missing values do not make our lives harder. Indeed, RCQP* (L) for c-instances and
its counterpart for ground instances (Theorems 5.12 and 5.13) coincide.

Corollary 5.23  For c-instances, RCQP* (L) is:
1. undecidable when L g is FO or FP; and
2. NEXPTIME-complete when ,CQ s CQ, UCQ, or IFO™.
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Crux. One can readily verify the following: in the strong model, for any query Q, master data D,
and any set V of CCs, there exists a c-instance 7 such that 7 € RCQ*(Q, D, V) if and only if there
exists a ground instance D such that D € RCQ*(Q, D,,, V). Since strong and relative completeness
coincide for ground instances, it suffices to consider ground instances. From this and Theorems 5.12
and 5.13, Corollary 5.23 immediately follows. O

Weak model. Compared to their counterparts in the strong model, the complexity results in the
weak model are more diverse. On one hand, the certain answer semantics simplifies the analysis
of RCDP and RCQP when L is FP, since both problems become decidable, in contrast to their
undecidability in the strong model. On the other hand, when L¢ is CQ, UCQ, or 3FO*, RCDP
becomes I1% -complete as opposed to I15.

Theorem 5.24  For c-instances and for ground instances, RCDP" (L) is:

1. undecidable when L is FO;
2. coNEXPTIME-complete when L is FP; and
3. ng -complete when L is CQ, UCQ, or IFO*.

The complexity bounds remain unchanged when D,, and V are fixed.

Crux. It suffices to show the following.

(1) RCDPY (L) is undecidable when L is FO for ground instances. This is proven by reduction
from the satisfiability problem for FO queries. In the reduction master data and CCs are fixed: they
are both empty.

(2) RCDPY (L) is coNEXPTIME-hard when £ is FP for ground instances, and is in coNEXPTIME
for c-instances. We show that for ground instances, RCDP"(FP) is coNEXPTIME-hard by reduction
from the succinct-taut problem, which is coNEXPTIME-complete (cf. [Papadimitriou, 1994]). An
instance of the succinct-taut problem is defined by a Boolean circuit C consisting of a finite set
of gates {g; = (a;, j, k) | 1 <i < M}, where a; € {A, Vv, =, in} is the type of the gate, g; and g;
for j,k < i are the inputs of the gate (unless g; is an in-gate when j = k = 0, and unless g; is
a —-gate when j = k). Suppose that C has n input gates, then C defines the Boolean function
fc {0, 1}" — {0, 1}, where fc(w) = 1 if and only if C evaluates to true on input string w. The
succinct-taut problem is to decide whether forall w € {0, 1}", fc(w) = 1, or in other words, whether
C is a tautology. Given an instance of the latter problem, we define relational schemas R and R, a
ground instance D of R, a fixed set V of CCs, fixed master data Dy, of Ry, and an FP query Q. We
show that C is a tautology if and only if D is weakly complete for Q relative to (D, V).

For the upper bound, we show that RCDP"(FP) is in coNEXPTIME by providing an NEXP-
TIME algorithm that decides the complement problem. That is, given a c-instance 7, master data
Dy, aset V of CCs and an FP query Q, the algorithm returns “yes” if 7 is not weakly complete for
Q relative to (D,,, V), and “no” otherwise.
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(3) RCDP(Lp) is l—lg -hard when L is CQ for ground instances, and is in I_Ig7 for c-instances when
L ¢ is IFO*. We show that the complement problem is £} -hard by reduction from the 3*v¥*3*3CNF
problem. The reduction only uses ground instances and fixed V and D,,. The upper bound is shown
by providing a ©4 algorithm that decides whether a given c-instances 7 is not weakly complete for
a given IFOT query Q relative to (D, V). a

Recall that in the strong model, RCQP for c-instances is equivalent to RCQP for ground
instances, as observed in the proof of Corollary 5.23. However, the example below tells us that it is
no longer the case in the weak completeness model.

Example 5.25 Consider an FO query Q defined on a pair of relations: Q(I1, I>) = {(a)} if
I € I, and Q(I1, ) = {(b)} otherwise, where a and b are distinct. For empty master re-
lation D, and an empty set V of CCs, no ground instances are in RCQ(Q, D,,, V) since
O, ) # ¥ for all (I, ;) while mI/eExt(ll,Iz) Q") = @. In contrast, there exists a c-
instance 7 = (T, T2) in RCQ(Q, Dy, V), where T} and T are singleton c-tables without con-
ditions, each having a tuple with variables only. Indeed, Q(7) = m(ll,lz)eMod(T) o, b) =

Od

0= ﬂ(ll,Iz)e|\/|0d(7'),(11’,12§)eExt(11,12) Q. ).

This tells us that from the undecidability of RCQP(FO) for ground instances (Theo-
rems 5.12) we cannot conclude the undecidability for c-instances. For c-instances, the decidability
of RCQPY(FO) remains open. Below we establish the undecidability of this problem for ground
instances only. In contrast to Theorem 5.23. RCQP(L o) becomes trivially decidable when L is FP,
CQ, UCQ_or IFO™, for c-instances and for ground instances.

Theorem5.26 RCQPY™(Lp) is:
* undecidable for ground instances if Lg is FO; and

* decidable in O(1)-time for c-instances and for ground instances when L is FP, CQ, UCQ, or
JFO™.

The complexity bounds remain unchanged when D,, and V are fixed.

Crux. (1) The undecidability of RCQP™(FO) is also shown by reduction from the satisfiability
problem for FO queries. The reduction uses empty D,, and an empty set V.

(2) We show that RCQ™(Q, Dy, V) is always nonempty, by providing an algorithm to construct a
ground instance Dy € RCQY(Q, D,,, V). The construction starts from the empty instance, and it
adds tuples, one at a time, as long as the CCs are not violated. The added tuples take values from a
domain defined in terms of constants appearing in the input (i.e., Q, Dy, and V) and a finite set of

new values. The correctness of the construction follows from the monotonicity of queries in FP and
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a small model property, which allows us to consider partially closed extensions that extend Do by
including a single tuple. O

Completable model. In the completable model, missing values complicate the analyses of RCDP and
RCQP. In contrast to Theorem 5.22 in the strong model, RCDP¢(CQ) for completable c-instances
is 25 -complete rather than Hf . Furthermore, RCDP“(FP) remains undecidable, as opposed to its
counterpart in the weak model (Theorem 5.24).

Theorem 5.27  For c-instances and ground instances, RCDP¢ (L) is:
* undecidable when L is FO or FP; and
. E3p -complete when L is CQ, UCQ, or IFO*.

The complexity is unchanged when D,, and V are fixed.

Crux. (1) Similar to its counterpart in the strong model, the undecidability results follow from
Theorem 5.9, as a ground instance is relative complete if and only if it is completable.

(2) We show that RCDP¢(CQ) is X4 -hard by reduction from the 3*¥*3*3CNF-problem. The upper
bound is established by providing a £ algorithm for testing whether c-instances are completable
when L is IFO*. O

In contrast to Theorem 5.24 in the weak model, RCQP(L ) is no longer trivial for completable
c-instances when L is FP. However, RCQP for relatively completable c-instances coincides with
RCQP for ground instances. For the latter, the complexity results are already established by Theo-
rem 5.23. From these the corollary below follows.

Corollary 5.28  For c-instances and ground instances, RCQP (L) is:
* undecidable when L g is FO or FP; and
* NEXPTIME-complete when L is CQ, UCQ, or IFO*.

The complexity is unchanged when Dy, and V are fixed.

Crux. One can readily show the following equivalence: there exists a completable c-instance 7 in
RCQC(Q, Dy, V) if and only if there exists a ground instance D in RCQ°(Q, Dy,, V). Since ground
instances are relative complete if and only if they are completable, the results follow immediately
from Theorems 5.12 and 5.13. ]

Summary. We summarize the complexity bounds for RCDP(Lp) and RCQP(Lp) in Table 5.3,
for c-instances in the three models of relative completeness. The question mark indicates that in
the weak model, the decidability and complexity of RCQP"(FO) are unknown for c-instances. The
results tell us that similar to the case of only ground instances, RCDP and RCQP are both beyond
reach in practice, and hence, heuristic approaches need to be devised. To develop heuristic algorithms
one may need to use representation systems for partially complete databases which, however, are not
yet in place.
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strong, weak and completable models

Table 5.3: Complexity of RCDP(L ) and RCQP (L) for c-instances in the

» ' D » . »,
0
O, FP undecidable undecidable
9, 9, O l'[g -complete NEXPTIME-complete
O undecidable ? (undecidable for ground instances)
P coNEXPTIME-complete o)
Q Q O l'[g -complete o(l)
O, FP undecidable undecidable
9, 9, O Eé’ -complete NEXPTIME-complete

BIBLIOGRAPHIC NOTES

The model and results for relative information completeness presented in this chapter are taken
from [Fan and Geerts, 2010b], when only missing tuples are considered, and from [Fan and Geerts,
2010a], when both missing tuples and missing values are taken into account. In addition to RCDP and
RCQP, Fan and Geerts [2010a] studied the complexity analysis of: (1) the minimality problem that
asks whether a given c-instance T is a minimal instance that is complete for Q relative to (Dy,, V),
i.e., whether removing any tuple from 7" makes 7 incomplete; and (2) the boundedness problem that
is to determine the existence of a complete c-instances of a bounded size. These problems have
quite different complexities in different models (strong, weak, completable) and for different query
languages. A revision of RCDP was studied by Geerts and Marnette [2010] for data exchange.

Several other approaches have been proposed to represent or query databases with missing
tuples. Vardi [1986] defined a complete and consistent extension of an incomplete database D to be
a database D, such that D C 77 (D.) and D, |= X, where 7 is the projection operator, L is a list of
attributes in D, and X is a set of integrity constraints. Complexity bounds for computing the set of
complete and consistent extensions of D w.r.£. X were established there. A notion of open null was
introduced by Gottlob and Zicari [1988] to model locally controlled open-world databases: parts of
a database D, values or tuples, can be marked with open null and are assumed open-world, while the
rest is closed-world. Relational operators were extended there to tables with open null. In contrast,
partially closed databases are partially constrained by master data D, and consistency specifications,
both via containment constraints.

Partially complete databases D have also been studied by Motro [1989], who assumed a
virtual database D, with “complete information,” and assumed that part of D is known as a view of
D.. The query answer completeness problem was investigated there, which is to determine whether a
query posed on D, can be answered by an equivalent query on D. In this setting, the problem can be
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reduced to guery answering using views. Along the same lines, Levy [1996] reduced the query answer
completeness problem to the independence problem for deciding the independence of queries from
updates [Blakeley et al., 1989; Elkan, 1990; Levy and Sagiv, 1993], assuming that D contains some
CQviews of D.. Complexity results in that context were provided by Razniewski and Nutt [2011].
As opposed to the work of Levy [1996] and Motro [1989], the model given in this chapter assumes
neither a database D, with complete information nor that an incomplete database D contains views
of D.. Instead, we leverage master data D,, as an “upper bound” of certain information in D.

We next address in turn the relationship between relative completeness and answering queries
using view, and its connection to the independence problem. There has been a large body of work on
answering queries using views (e.g., [Abiteboul and Duschka, 1998; Calvanese et al., 2007; Li, 2003;
Segoufin and Vianu,2005]), to determine certain answers [Abiteboul and Duschka, 1998], compute
complete answers from views with limited access patterns [ Deutsch et al., 2007; Li, 2003], or decide
whether views determine queries [Segoufin and Vianu, 2005] or are lossless [ Calvanese et al., 2007].
However, a relatively complete database D cannot always be modeled as view of a database with
complete information. Indeed, D is only partially constrained by master data D,,, while D,, itself
may not contain the complete information that D intends to represent.

The independence problem (e.g., [Blakeley et al., 1989; Elkan, 1990; Levy and Sagiv, 1993])
resembles, but is different from, the decision problems considered in this chapter. Indeed, the former
is to determine whether a query Q is independent of updates generated by another query Q", such
that for a// databases D, Q(D) = Q(D @ A),where A denotes updates generated by Q*,and D @ A
is the database obtained by updating D with A. In contrast, relatively complete queries Q are such
that zhere exists a database D that is complete for Q relative to master data D,, and containment
constraints V,where D and D, satisfy V. That is, we want to decide (a) whether for a query Q there
exists a relatively complete database D and (b) whether a given D that satisfies V' together with D,
is a witness for Q to be relatively complete. The problems studied by [Levy, 1996] and Motro [1989]
are thus quite different from RCDP and RCQP. Furthermore, no missing values are considered in
those papers.

Models for missing values have been extensively studied, particularly in the context of repre-
sentation systems (see [Abiteboul et al., 1995; van der Meyden, 1998] for surveys and more recently,
[Olteanu et al., 2008]). In this chapter we adopt c-tables [Grahne, 1991; Imieliriski and Lipski Jr,
1984] to represent databases with missing values. The weak model for relative completeness is
based on the certain answer semantics [Imieliniski and Lipski Jr, 1984], and the strong model has
a resemblance to strong representation systems. In contrast, completable c-instances do not find a
counterpart in the work by Grahne [1991] and the work of Imieliniski and Lipski Jr [1984]. The
consistency issues for c-instances are similar to the problems studied by Abiteboul et al. [1991], but
are in the presence of master data and containment constraints and hence, are more involved (see
Propositions 5.16 and 5.21). There has also been work on modeling negative information via logic
programming (see [van der Meyden, 1998] for a survey), which considers neither partially complete

databases nor the decision problems studied in this chapter.
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There has also been an extensive body of work on the certain answer semantics used in
weak representation systems and in the notion of weakly complete databases. Indeed, this semantics
forms the basis of consistent query answering (e.g., [Arenas et al.,2003b; Cali et al.,2003; Chomicki,
2007]) to find certain answers to a query in all repairs of a database. Master data D, are not considered
in that setting, and most containment constraints are nof expressible as integrity constraints studied
for repairs. Finally, Denecker et al. [2010] studied how to compute possible and certain answers in
a database instance that is partially complete. In that work, a database D is considered partially
complete if it satisfies local conditions that are specified by means of queries. Intractability results
and approximation methods for query answering were developed there, based on three-valued logic.
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CHAPTER 6

Data Currency

Data in real-life databases become obsolete rapidly. One often finds that multiple values of the same
entity reside in a database. While all of these values were once correct, many of them may have
become stale and hence inaccurate. Worse still, the values often do not carry reliable timestamps.
With this comes the need for studying data currency. There are three fundamental problems in
connection with data currency: How to identify the current value of an entity in a database in the
absence of reliable timestamps. How can we answer queries posed on a possibly stale database by
using current values? To answer a query with current values, do we need to import data from other
sources and if so, what to copy?

This chapter presents recent advances in the study of data currency. We first give an overview
of data currency issues and their challenges (Section 6.1). We then introduce a simple data currency
model (Section 6.2). We identify fundamental problems associated with data currency and provide
their complexity (Section 6.3). After these, we further enrich the data currency model by supporting
copy functions, to import current data from other data sources (Section 6.3). Finally, we study central
technical problems associated with copy functions, and establish their complexity (Section 6.4). The
study of data currency is still preliminary. Among other things, effective methods for evaluating the
currency of data in our databases and for identifying current values of entities are not yet in place.

6.1 DATA CURRENCY: AN OVERVIEW

The quality of data in a real-life database quickly degenerates over time. As remarked earlier, it
is estimated that “2% of records in a customer file become obsolete in one month” [Eckerson,
2002]. That is, in a database of customer records, within two years about 50% of all the records
may be obsolete. In light of this, we often find that multiple values of the same entity reside in a
database, which were once correct, i.e., they were true values of the entity at some time. However,
many of them have become obsolete and inaccurate. As an example from daily life, when one moves
to a new address, a bank may keep her old address, and worse still, send credit card bills to the
old address for quite some time (see, e.g., [Knowledge Integrity, 2003] for more examples). Stale
data are one of the central problems to data quality. It is known that dirty data cost U.S. com-
panies 600 billion USD each year [ Eckerson,2002], and stale data account for a large part of the losses.

These motivate us to study the currency of data, which aims to identify the current values of
entities in a database, and to answer queries using the most current values only.

The question of data currency would be trivial if all data values carried valid timestamps. In

practice, however, one often finds that timestamps are unavailable or imprecise [Zhang et al., 2010].
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FN LN address salary  status

{81 : | Mary | Smith | 2 Small St.—— 50k single

s9: | Mary | Dupont | 10 Elm Av. | |50k | married
s3: | Mary | Dupont | 6 Main St. |+|80k | married
s4: | DBob Luth [ 8 Cowan St.. 1||80k | married
{55 : | Robert | Luth 8 Drum St. 55k | married
(a) An employee relation Iemp

dname mngN‘ mgrLN mgrAddr budget
t;: | R&D | Mary | Smith || 2 Small St.r 6500k

ta: | R&D | Mary | Smith || 2 Small St.| | 7000k
ts3: | R&D | Mary | Dupont || 6 Main St.Y | 6000k
ty: | R&D Ed Luth [¥8 Cowan St. | 6000k

(b) A department relation Zgept

Figure 6.1: A company database.

Moreover, data values are often imported from other sources [Berti-Equille et al., 2009; Dong et al.,
2010, 2009a], which may not support a uniform scheme of timestamps. These make it challenging
to identify the current values.

The situation is serious, but not hopeless. It is often possible to deduce currency orders of data
values from the semantics of the data. Moreover, data copied from other sources inherit currency
orders from those sources. Taken together, these may provide sufficient current values of the entities
to answer certain queries, as illustrated below.

Example 6.1  Consider two relations, lemp and Igept shown, in Figure 6.1. An employee tuple
specifies an employee with name, address, salary, and marital status. A department tuple specifies the
name, manager and budget of a department. Records in these relations may be stale, and do not carry
timestamps. By data deduplication, we know that tuples s1, 52, and s3 refer to the same employee
Mary, but s4 and s5 represent a person distinct from Mary. Consider the following queries on these
relations, including those given in Section 1.2.5.

(1) Query Qg is to find Mary’s current salary. No timestamps are available for us to tell which
of 50k or 80k is more current. However, we may know that the salary of each employee in the
company is monotonically increasing, as commonly found in the real world. This yields currency
orders §1 <salary $3 and 52 <salary 53, indicating that s3[salary] is more current than both s;[salary]
and sp[salary]. Hence, the answer to Q is 80k.

(2) Query Q3 is to find Mary’s current last name. We can no longer answer Q7 as above. Nonetheless,
we may know the following: (a) the marital status can only change from single to married and from
married to divorced; but not from married to single; and (b) employee tuples with the most current
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marital status also contain the most current last name. Therefore, s; <N $2 and 51 <N 53, and the
answer to Q> is Dupont.

(3) Query Q3 is to find Mary’s current address. We may know that employee tuples with the most
current status or salary also contain the most current address. Putting this and (1) above together,
we know that the answer to Q3 is “6 Main St.”

(4) Finally, query Q4 is to find the current budget of department R&D. Again no timestamps are
available for us to evaluate the query. However, we may know the following: (a) department tuples
t1 and 2 have copied their mgrAddr values from employee tuple s1[address]; similarly, #3 has copied
from s3, and 74 from s4; and (b) department tuples with the most current address also have the most
current budget. Taken together, these tell us that #j <pydget 73 and 2 <pydget #3- Although we do
not know which budget in #3 or #4 is more current, in both cases the budget is 6000K, and hence it
is the answer to Q4. O

In the rest of the chapter we aim to answer the following questions. How should we specify
currency orders on data values in the absence of timestamps? When currency orders are only partly
available, can we decide whether an attribute value is more up-to-date than another? How can we
answer a query with only current data in a database? To answer a query, do we need to import current
data from another source, and if so, what to copy? How can we incorporate copy relationships into
the model? The ability to answer these questions may provide guidance for practitioners to decide,
e.g., whether the answer to a query is corrupted by stale data, or what copy functions are needed,
among other things.

6.2 A DATA CURRENCYMODEL

We begin with a simple model for specifying data currency, in terms of partial currency orders and
simple currency constraints. We then study consistent completions of currency orders and show how
queries can be answered using current instances derived from these completions. In Section 6.4 we
will enrich the model by supporting copy functions.

Data with partial currency orders. A relation schema can be naturally specified as
R = (EID, Ay, ..., Ay), where EID denotes entity id that identifies tuples pertaining to the
same entity, as introduced by Codd [1979]. Such EID values can be obtained using data dedupli-
cation techniques we have seen in Chapter 4. A finite instance I of R is referred to as a normal
instance of R, to distinguish from temporal instances to be introduced shortly.

To determine the current values of an entity, we need currency orders defined on those tuples
pertaining to the entity. To do this we extend normal instances of R as follows.

A temporal instance I; of R is given as (I, <4, ..., <a,), Where each <4, is a strict partial
order defined on I such that for tuples #y and #> in I, 1 <4, tp implies #1[EID] = #,[EID]. Intuitively,
if 11 <a; 12, then t1 and #, refer to the same entity, and to contains a more current A;-value for that
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entity than #1. In other words, #, is more current than #| in attribute A;. In contrast to normal
instances, I; carries partial currency orders.

We call <y, the currency order for attribute A;. Recall that a strict partial order is irreflexive
and transitive, and therefore, asymmetric. It should be noted that a currency order <4, is possibly
empty, when no currency information is known for A;.

We assume that the currency orders in /; are partially known or unknown at all (when <4; is
empty). To answer queries with current values, we have to consider various completions of the partial
currency orders in a temporal instance. More specifically, a completion of I; = (I, <4, ..., <4,) is
a temporal instance I = (I, <f41 s <f4n) of R, such that for each i € [1,n], (1) <4, <2i, and
(2) for all tuples t1, 1> € I, t; and 1, are comparable under <f4i if and only if #[EID] = 1,[EID]. The
latter condition implies that <%i induces a zofal order on tuples that refer to the same entity, while
tuples representing distinct entities are not comparable under <2i . We call <2i a completed currency
order.

Currency constraints. We use a class of denial constraints we have seen in Chapter 2 to specify
additional currency information derived from the semantics of data, which enriches < 4,. A currency
constraint ¢ for R is a universally quantified FO sentence of the form:

Vi, .ot R( /\ (11[EID] = t;[EID]) A ¥ — 1, <4, 1),
JElLk]
where u, v € [1, k], each #; is a tuple variable denoting a tuple of R, and 1 is a conjunction of
predicates of the one of the following forms: (1) £; <4, t, i.e., 4 is more current than ¢; in attribute
Ap; (2) ti[A[] = th[A;] (resp. t;[A7] # th[A})), ie., tj[A;] and #4[A;] are identical (resp. distinct)
values; (3) #;[A;] = ¢ (resp. t;[A;] # c), where ¢ is a constant; and (4) possibly other built-in
predicates defined on particular domains.

Currency constraints are interpreted over completions I/ of temporal instances of R. We say
that I satisfies ¢, denoted by I |= ¢, if for all tuples 11, ..., # in I that have the same EID value,
if these tuples satisfy the predicates in ¥ following the standard semantics of first-order logic, then
ty <4, tv- Observe that the use of EID in ¢ enforces that ¢ is imposed on tuples that refer to ke
same entity. We say that I satisfies a set ¥ of currency constraints, denoted by I = X, if I = ¢
forallp € X.

Example 6.2  Recall relations employee and department given in Figure 6.1. Currency constraints
defined on these relations include the following:

@1:Vs,t: emp((s[EID] = t[EID] A s[salary] > f[salary]) — ¢ <salary s)

@ Vs, t: emp((s[EID] =t[EID] A s[status] = “married” A f[status] = “single”) — ¢ <N s)
@3: Vs, 1 : emp((s[EID] = f[EID] At <galary §) =  <address §)

@4: Vs, 1 : dept((s[EID] = [EID] A 7 <mgraddr §) = ! <budget §) -

Here, ¢ states that when employee tuples s and ¢ refer to the same employee, if s[salary] > t[salary],
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then s is more current than ¢ in attribute salary. Note that “>” denotes the built-in predicate “greater-
than” in the numeric domain of salary, whereas <gajary is the currency order for salary. Constraint
@2 asserts that if s[status] is married and f[status] is single, then s is more current than ¢ in LN.
Constraint @3 states that if s is more current than ¢ in salary, then s is also more current than ¢ in
address; similarly for ¢4. t

Recall that denial constraints have been used to improve data consistency (Chapter 2). These
constraints also suffices to express currency semantics commonly found in practice. Along the same
lines as Proposition 5.7, one can show that currency constraints can be expressed as containment
constraints in CQ. In light of this, we can deal with data currency, data consistency, and relative
information completeness in a uniform logical framework.

Consistent completions of temporal orders. We specify data currency in terms of temporal instances
and currency constraints. Consider a relational schema R = (Ry, ..., Ry), and a normal instance
D = (]1, ey Is) of R.

Definition 6.3 A specification S of data currency consists of the following, for each i € [1, s]:
(1) a collection of temporal instances I(; ;) = (I;, RYIRRERE <A£P) of schema R;; and
(2) aset X; of currency constraints imposed on each I ;). o
Intuitively, it specifies data values and entities (by the normal instance /; embedded in each
I(,i)), partial currency orders known for entities in each relation (by < i ), and additional currency
J

information derived from the semantics of the data (by %;).
We are naturally interested in such completions If; ;) of /() that satisfy %;. That is, I, ;)
should observe the currency constraints imposed on I(; ;). As will be seen shortly, we will define

current instances of an entity and answer queries with current instances based on such completions.
This notion of completions is defined as follows.

Definition 6.4 A consistent completion D¢ of a specification S consists of a temporal instance /, (‘t h
of R; for each i € [1, s] such that:

(1) I(CM.) is a completion of 7 ;); and

(2) I(Cm.) E ;.
We use Mod(S) to denote the set of all consistent completions of S. We say that S is consistent if
Mod(S) # ), i.e., there exists at least one consistent completion of S. O

e 1 N — . . c _ . c c .. _
Thatis, if I ;) = (I;, <A, --., <a,) is part of S and I(“.) = (I;, <Gy <4, is its con
sistent completion, then each <¢ = extends <4 jtoa total order on all tuples pertaining to the same
entity, and the completed orders satisfy the currency constraints ;.

Example 6.5 Consider a specification ¢ consisting of the instances lemp and Igept of Figure 6.1,

and the currency constraints ¢—¢4 given in Example 6.2. Assume that no currency orders are
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known for lemp and /gepy initially, i.e., all the partial currency orders in Sg are empty. A consistent
completion Dg of Sg defines:

* 51 <4 $2 <4 $3 when A ranges over FN, LN, address, salary, and status for employee tuples;
and

* 11 <p th <p 14 <p t3 when B ranges over mgrFN, mgrLN, mgrAddr, and budget for depart-
ment tuples (here we assume that dname is the EID attribute of Dept).

One can verify that D satisfies the currency constraints and hence, D € Mod(Sp). Here, we assume
that s4 and s5 refer to distinct entities. Note that no currency order is defined between any of s1, $2,
s3 and any of s4, s5, since they represent different entities. O

Current instances. We next define the current tuple of an entity in a database, i.e., a tuple that
is composed of the most current value in the database for each attribute of the entity. To do this,
in a temporal instance I; = (I, <4,, ..., <a,) of R,let E = {¢[EID] | ¢ € D}, and for each entity
ec E,letl, ={t € I | t[EID] = e}.That is, E contains all the EID values in I, and I, is the set of
tuples pertaining to the entity with EID = e.

Definition 6.6  In a consistent completion I of I;, for each attribute A of R, the current A-value
for entity e € E is t[A], where t is the greatest (i.e., most current) tuple in the totally ordered set
(Ie, <%)- The current tuple for entity e € E, denoted by LST (e, If), is tuple t, such that for each
attribute A of R, 1,[A] is the current A-value for entity e.

We use LST(f) to denote {LST(e, If)|ee E}, referred to as the current instance of If . For
each D¢ € Mod(S), we define LST(D¢) = (LST(IC ), ..., LST(E ), referred to as the current

(t,1) (t,s)
instance of D°. O

Intuitively, one can construct from I the current tuple LST (e, If) for each entity e w.~.# com-
pleted orders <. It is a tuple that contains the entity’s most current A-value for each attribute A.
Here LST stands for “last” since LST (e, If) is formed by collecting the last values in totally ordered
sets in 1. This yields the current instance LST(If) of If consisting of only the current tuples of the
entities in I, from which currency orders are removed. Observe that LST(I) is a normal instance
of R, carrying no currency orders; so is LST(D¢), the current instance of D¢, which does not carry
currency orders.

Example 6.7  Recall the completion Df of S¢ from Example 6.5. We have that LST(Dg)
= (LST(Zemp), LST(Igept)), where LST(lemp) = {s3, 54, 55}, and LST(Igept) = {r3}. Note that
LST(lemp) and LST (/gept) are normal instances; and so is LST(Dg).

Now suppose that s4 and s5 refer to the same person, and extend D by adding s4 <4 s5 and
§5 <p 84, where A ranges over FN, LN, address and status while B is salary. Then the current tuple
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of this person is (Robert, Luth, 8 Drum St, 80K, married), in which the first four attributes are taken
from s5 while its salary attribute is taken from sy4. O

Certain current answers. Consider a query Q posed on a normal instance D of R, where Q does
not refer to currency orders. Let S be a specification of data currency for D, which augments D with
(possibly empty) partial currency orders available, along with currency constraints. As remarked
earlier, we want to evaluate Q with only the current values of the entities represented by tuples in
D.To do this, we evaluate Q on the current instance of D¢ without worrying about currency orders,
where D€ is a consistent completion of S. We are interested in certain current answers to Q in D, i.e.,
those tuples that are in the answers to Q in the current instances of a// possible consistent completions
of S. More specifically, certain current answers to a query are defined as follows.

Definition 6.8  We say that a tuple ¢ is a certain current answer to Q w.r.t. S if

te () osTw).

DceMod(S) U

That is, tuple ¢ is guaranteed to belong to the answer computed from the current instances of
all possible consistent completions of S, no matter how the partial currency orders in S are completed,
as long as the currency constraints of S are satisfied.

Example 6.9  Recall queries Q1, Q2, and Q3 from Example 6.1, and the specification S¢ from
Example 6.5. One can verify that the answers to these queries described in Example 6.1 are certain
current answers w.r.2. Sp, i.¢., these answers remain unchanged in LST(D¢) for all possible consistent
completions D¢ € Mod(Sp). O

6.3 REASONING ABOUT DATA CURRENCY

Having developed the data currency model, we are now ready to investigate fundamental problems
for data currency. We study problems for determining whether a specification makes sense, whether
some currency order is certain among all possible consistent completions of a specification, and
whether a tuple is a certain current query answer. We encourage the reader to consult [Fan et al,,
2012b] for proofs of the result of this section.

Complexity of queries. We establish the data complexity and combined complexity of these prob-
lems. Before we present the complexity results, we first review these notions of complexity introduced
by Vardi [1982] (see, e.g., [Abiteboul et al., 1995] for details):

* combined complexity: the complexity of evaluating wvariable queries on variable databases, when
both the queries and the databases are taken as input; and
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* data complexity: the complexity of evaluating a fixed query on variable databases, when only the
databases are taken as input.

When it comes to our problems for reasoning about data currency, for data complexity we fix
currency constraints (and queries when certain current query answering is considered), and study
the complexity when varying size of data sources (temporal instances). For combined complexity we
also allow currency constraints and queries to vary.

The consistency of specifications. The first problem is to decide whether a given specification S
makes sense, i.e., whether there exists a consistent completion of S. This problem is referred to as
the consistency problem for specifications and is denoted by CPS.

* INPUT: A specification S of data currency.
* QUESTION: Is Mod(S) nonempty?

This problem is nontrivial: it is 25 -complete, and remains intractable even when currency
constraints are fixed (data complexity).

Theorem 6.10  For CPS:
* the combined complexity is Ezp -complete; and

* the data complexity is NP-complete.

Crux. (1) Lower bounds. For the combined complexity, we show that CPS is X'-hard by reduction
from the 3*V*3DNF problem, which is Zé’ -complete [Stockmeyer, 1976].

For the data complexity, we show that CPS is NP-hard by reduction from the between-
ness problem, which is NP-complete (cf. [Garey and Johnson, 1979]). Given two sets E and
F =1{(e,ej,er)|eej, e € E}, the betweenness problem is to decide whether there exists a
bijection w : E — {1, ..., |E|} such that for each (¢;, e}, ex) € E, either m(e;) < m(e;) < m(ex)
orm(ey) < m(ej) < m(e;).

(2) Upper bounds. We provide an algorithm that, given a specification S, guesses a completion D¢ of
total orders for entities in S, and then checks whether D¢ € Mod(S). The algorithm is in Zzp , and
when the input currency constraints are fixed, it is in NP. O

Certain currency orders and instances. The next two questions ask whether some currency order is
entailed by the partial currency orders and currency constraints given in a specification S, i.e., whether
a given currency order is contained in all consistent completions of S. More specifically, given two
temporal instances I(;,1) = (I, <4,, ..., <a,) and Iy 2) = (I, <f4], e <i4n) of the same schema
R, we say that I(; 1) is contained in I; 3y, denoted by I, 1y € I 2y, if <4, C <i4j forall j € [1, n].

Consider a specification S in which I; = (I, <4,, ..., <4,) is a temporal instance of schema
R. A currency order for I is a temporal instance O; = (I, <:41, e <’A”) of R. Observe that O, does
not necessarily contain I;.

One of the problems is the certain ordering problem, denoted by COP.
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* INPUT: A consistent specification S of data currency in which I; is a temporal instance of
relation schema R, and a currency order O; of R.

* QUESTION:Isit the case that O; C If forall D¢ € Mod(S)? Here If denotes the completion
of I; in D°.

Example 6.11 Consider the specification S¢ given in Example 6.5. We want to know whether
§1 <salary §3 is assured by every completion D¢ € Mod(Sp). To this end we construct a currency
order O; = (lemp, <FN, <LN, <address> <salary> <status), in which s1 <gajary 53 is in <sajary, but
the partial orders for all other attributes are empty. One can verify that O, is indeed a certain currency
order, as assured by currency constraint ¢j.

As another example, one can define a currency order O] to check whether 13 <mgrFN 4 is
entailed by all D¢ € Mod(Sp). One can readily verify that it is not the case. Indeed, there exists a
D{ € Mod(So), such that 74 <mgrFN 3 is given in DY. O

The other question asks whether certain currency orders and currency constraints in a specifi-
cation S of data currency have sufficient information to determine a “certain current instance.” Given
S, we want to know whether every consistent completion of S yields the same current instance. We
say that a specification S of data currency is deterministic for current instances if for all consistent
completions DY, DS € Mod(S), LST(D{) = LST(DY). This definition naturally carries over to a
particular relation schema R: a specification § is said to be deterministic for current R instances if for
all consistent completions D, D§ € Mod(S), the instance of R in LST (DY) is equal to the instance
of R in LST(DY).

This problem, referred to as the deterministic current instance problem and denoted by DCIP, is
stated as follows.

* INPUT: A consistent specification S and a relation schema R defined in S.
* QUESTION: Is S deterministic for current R instances?

Example 6.12 The specification Sg given in Example 6.5 is deterministic for current employee in-
stances. Indeed, for all D¢ € Mod(Syp), iflgmp is a consistent completion of Jemp, then LST(Igmp) =
{53, 54, s5}. O

Unfortunately, both COP and DCIP are nontrivial.

Theorem 6.13  For both COP and DCIP:

* the combined complexity is I15 -complete; and

* the data complexity is coNP-complete.
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Crux. (1) Lower bounds. For the combined complexity, one can verify that COP and DCIP are l'[g -
hard by reduction from the complement of the 3*¥*3DNF problem. As mentioned earlier, the latter
problem is known to be 25 -complete [Stockmeyer, 1976].

For the data complexity, COP and DCIP are shown to be coNP-hard by reduction from the
complement of the 3SAT problem. As we have seen earlier, 3SAT is NP-complete.

(2) Upper bounds. Decision algorithms can be developed for COP and DCIP that are in Hé’ (combined
complexity) and in coNP (data complexity). a

Certain current query answering. Given a query Q in a query language Lo, we want to know
whether a tuple ¢ is in Q(LST(DC)) for all D¢ € Mod(S). This is referred to as the certain current
query answering problem, and is denoted by CCQA(Lp).

* INPUT: A consistent specification S, a tuple ¢ and a query Q € Lg.

* QUESTION: Is 7 a certain current answer to Q w.r.£. S?

We study CCQA(Lp) when L ranges over CQ, UCQ, IFO*, and FO (see Section 1.4 for
these query languages). While different query languages have no impact on the data complexity of
CCQA(L ), the result below tells us that for different £, CCQA(L p) may have different combined
complexity. More specifically, (1) disjunctions in UCQ_and 3FO"do not incur extra complexity to
CCQA (indeed, CCQA has the same complexity for CQ_as for UCQ_ and 3FO™), but (2) the presence
of negation in FO complicates the analysis.

Theorem 6.14 'The combined complexity of CCQA(L) is:
. Hg-complete when Lo is CQ, UCQ, or IFO™; and
* PSPACE-complete when L is FO.

The data complexity is coNP-complete when Lo € {CQ, UCQ, IFO*, FO}.

Crux. (1) Lower bounds. For the combined complexity, it suffices to show the following: (a)
CCQA(Lyp) is Hg-hard when L is CQ, by reduction from the V*3*3CNF problem, which is known
to be Hg-complete [Stockmeyer, 1976]; and (b) CCQA(L) is PSPACE-hard when L is FO, by
reduction from Q3SAT, which is PSPACE-complete (cf. [Papadimitriou, 1994]). These reductions
do not use any currency constraints.

For the data complexity, CCQA(L) is shown to be coNP-hard when L is CQ, Q is fixed
and currency constraints are absent, by reduction from the complement of 3SAT.

(2) Upper bounds. There exists a decision algorithm for CCQA(Lp) that is in l'[g for IFO*and in
PSPACE for FO (combined complexity). It is in coNP for all these query languages when the queries
and currency constraints are fixed (data complexity). O

Special cases. The results above tell us that CPS, COP, DCIP, and CCQA(Ly) are beyond reach
in practice. These motivate us to look for special tractable cases. One practical case is when reli-
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able timestamps are provided for part of the data, but currency constraints are absent. This indeed
simplifies the analysis of CPS, COP, and DCIP.

Theorem 6.15  In the absence of currency constraints, CPS, COP, and DCIP are in PTIME.
Crux. A PTIME decision algorithm can be developed for each of these problems. O

For CCQA(L ), however, dropping currency constraints does not make our lives easier.

Corollary 6.16  In the absence of currency constraints, CCQA(L ) remains:

* coNP-hard (data complexity) and Hg ~hard (combined complexity) even for CQ; and
* PSPACE-hard (combined complexity) for FO.

Crux. These lower bounds follow from the proof of the lower bounds of Theorem 6.14, which do
not use currency constraints. O

We next consider simpler queries for CCQA. Theorem 6.14 shows that the complexity of CCQA
for CQ_is rather robust: adding disjunctions does not increase the complexity. We next investigate
the impact of removing Cartesian product from CQ_on the complexity of CCQA. We consider SP
queries, which support projection and selection only (recall SP from Section 2.2.4). For instance,
queries Q1 — Q4 of Example 6.1 are SP queries.

Unfortunately, the following result tells us that in the presence of currency constraints, CCQA
is no easier for identity queries than for IFO* (see Section 2.2.4 for identity queries).

Corollary 6.17  For SP queries, CCQA is coNP-complete (data complexity) and I_Ié7 -complete (combined

complexiz‘y) in the presence of currency constraints, even for identity queries.

Crux. The upper bounds follow from Theorem 6.14. The lower bounds can be verified by reduction
from the complement of CPS, which is NP-complete (data complexity) and Eé’ -complete (combined
complexity) by Theorem 6.10. O

However, in the absence of currency constraints, CCQA(SP) becomes tractable. That is, SP and
the absence of currency constraints taken together simplify the analysis of CCQA.

Proposition 6.18  For SP queries, CCQA is in PTIME in the absence of currency constraints.
Crux. A PTIME decision algorithm can be readily developed for CCQA(Lyp) in the absence of
currency constraints, when £ is SP. O

We summarize the main complexity results of this section in Tables 6.1 and 6.2.
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Table 6.1: Complexity of reasoning about data currency (CPS, COP, DCIP)

Data complexity NP-complete | coNP-complete | coNP-complete

Combined complexity %/ -complete | T15-complete | IT5-complete

Special case In the absence of currency constraints

Table 6.2: Complexity of CCQA(L)
QA ombined comple Data comple
Q Q, IFC l'[g -complete coNP-complete
0 PSPACE-complete coNP-complete
secial case b querie e absence o . 0
Q, UCQ, IFO*, FO PTIME ] PTIME

6.4 INCORPORATING COPY FUNCTIONS

We have seen a simple model for specifying data currency in Section 6.2. As observed by
Berti-Equille et al. [2009] and Dong et al. [2010, 2009a], it is common in the real world to copy or
import values from one data source to another, along with the currency orders on the data values.
This is typically carried out by using copy functions. In light of this, below we extend our basic data
currency model by supporting copy functions.

When copy relationships are taken into account, it is natural to ask what values should be
copied from one data source to another in order to answer a query. To characterize this intuition we
introduce a notion of currency preservation. In the next section we will study fundamental problems
associated with currency preserving copy functions.

6.4.1 THE DATA CURRENCY MODEL REVISITED

We first augment our data currency model by incorporating copy functions.

Copy functions. Consider two temporal instances I(;, 1) = (I1, <a,, - - ., <a,)and I 2) = (12, <p,
seees<p,)of (possibly distinct) relation schemas R and Ry, respectively.

Definition 6.19 A copy function p of signature R; [A IR= Rz[l_é ]is a partial mapping from I to I,
where A = (A, ..., Ap) and B-= (B1, ..., By) denote attributes in R and R», respectively. Here,
p is required to satisfy zhe copying condition: for each tuple ¢ in Iy, if p(¢) = s, then t[A;] = s[B;]
foralli € [1,£].
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We say that p is <-compatible if for all t1, 1, € Iy, foreachi € [1, £],if p(t1) = 51, p(t2) = 52,
t1[EID] = t;[EID], and s{[EID] = s2[EID], then 51 <p; 52 implies t| <4, t2. O

Intu1t1vely, p(t) = s indicates that the Values of the A attributes of # have been imported
from the B attributes of tuple s in I>. Here, A specifies a list of correlated attributes that should be
copied together. The <-compatibility requires that copy functions preserve the currency orders in
the original source, i.e., when attribute values are imported from I to Iy, the currency orders on the
corresponding tuples in I(; 2y are inherited by 7 1).

Example 6.20  On the relations lemp and Igepy of Figure 6.1, a copy function p of signa-
ture department[mgrAddr] < employee[address] is depicted in Figure 6.1 by arrows. It is de-
fined by p(11) = s1, p(r2) = 51, p(13) = 53, and p(t4) = s4. That is, the mgrAddr values of #
and 7, have both been imported from s1[address], while 3[mgrAddr] and t4[mgrAddr] are copied
from s3[address] and s4[address], respectively. It satisfies the copying condition: #{[mgrAddr] =
t>[mgrAddr] = si[address], f3[mgrAddr] = s3[address], and 74[mgrAddr] = s4[address].

Assume that <4 is ¢ for all attributes A in lemp or Igept. Then p is <-compatible w.7.# the
temporal instances of lemp and Igept. By contrast, assume that partial currency orders 51 <address 3
on lemp and 13 <mgraddr f1 00 Igept are given. Then p is not <-compatible: since 51 and s3 pertain to
the same person Mary, and #; and 13 refer to the same department R&D, 51 <34dress $3 should carry
over to f1 <mgrAddr 13,as p(t1) = 51 and p(t3) = s3. But then #3 <mgrAddr 1 and 51 <mgrAddr 13,
a contradiction! O

The currency model revised. We now revise the data currency model given in Section 6.2 by
extending Definitions 6.3 and 6.4 with copy functions. We should remark that Definitions 6.6 and
6.8 remain unchanged in the presence of copy functions.

Definition 6.21 A specification S of data currency consists of (1) a collection of temporal instances
I4.iy, (2) a set X; of currency constraints on each I ;y, and (3) a (possibly empty) copy function
PG, ) that imports data from I(; ;) to I, j) forall i, j € [1, s]. O

The revised notion of specifications for data currency extends Definition 6.3 by specifying
data that have been copied from one source to another (by p(, ).

Definition 6.22 A consistent completion D* of a specification S consists of a temporal instance /;
of R; for all i € [1, 5] such that (1) /(; ;) is a completion of /¢ ), (2) 1 ;) = Zi, and (3) pa,j) is
<-compatible w.7#. the completed currency orders in I ;) and I ). O

Compared to Definition 6.4, each /(; ;) is now additionally required to satisfy the constraints
imposed by copy functions. Observe that the copying condition and <-compatibility impose con-
straints on consistent completions. This is particularly evident when a data source imports data from
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multiple sources, and when two data sources copy from each other, directly or indirectly. In addition,
these constraints interact with currency constraints.

Example 6.23  Consider the specification S, that extends S¢ given in Example 6.5 by including
the copy function p given in Example 6.20. Then D of Example 6.5 is still a consistent completion
of Sy since it satisfies the constraints imposed by p. Moreover, one can verify that the answer to Q4
given in Example 6.1 is the certain current answer w.z.z S,.

As another example, suppose that there is a copy function p; that imports budget attribute
values of # and 73 from the budget attributes of 5| and s} in another source /1, respectively, where
sy =11 and s3 =13, but in I}, 53 <pydger 51- Then there exists no consistent completion in this
setting. Indeed, all completed currency orders of <pydget in Idept have to satisfy the currency
constraints @1, ¢3 and ¢4, which enforce <budget 13, but pj is not <-compatible with this currency
order. This demonstrates the interaction between currency constraints and the currency constraints
imposed by copy functions. O

The impact of copy functions on decision problems. One might think that copy functions would
complicate the analyses of CPS, COP, DCIP, and CCQA(L ). The good news is that copy functions
do not increase the complexity of these problems: when copy functions are present, CPS, COP,
DCIP, and CCQA(L ) have the same complexity bounds given in Theorem 6.10, 6.13, 6.14, 6.15,
Corollaries 6.16 and 6.17, and Proposition 6.18.

Corollary 6.24  In the presence of copy functions, CPS, COP, DCIP, and CCQA(L ) have the same
complexity as their counterparts without copy functions.

Crux. The lower bounds of Theorem 6.10, 6.13, 6.14, 6.15, Corollaries 6.16 and 6.17, and Propo-
sition 6.18 carry over to the setting when copy functions are present. Moreover, their upper-bound
proofs can be readily extended to accommodate the presence of copy functions, and verify that the
upper bounds remain intact in this setting. O

In the sequel, we consider specifications of data currency with copy functions.

6.42 CURRENCYPRESERVING COPY FUNCTIONS

Copy functions tell us what data values in a relation are imported from other data sources. Naturally,
we want to leverage the imported values to improve the quality of query answers. This gives rise to
the following questions: Do the copy functions import sufficient current values for answering a query
Q? If not, can we extend the copy functions such that Q can be answered with more up-to-date data?
If so, how to do it? To answer these questions we first introduce a notion of currency-preserving
copy functions.

To simplify the discussion, we consider a specification S of data currency consisting of two
data sources, i.e., two collections of temporal instances D = (I, ..., ;) and D' = (I{, ..., I)),
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with (1) a set X; (resp. E;) of currency constraints on ; for each i € [1, p] (resp. IJ/. for j € [1, q]),
and (2) a collection p of copy functions p(; ;) that import data from / J’ to I;, for i € [1, p] and
J €11, ql, i.e., all the functions of p import data from D’ to D.

Extensions. To formalize currency preservation, we need the following notions. Assume that
I =(,<a,,...,=<4,) and Ij’. =(',<p,,...,<B,) are temporal instances of schemas R; =
(EID, Ay, ..., A,) and R} = (EID, By, ..., Bp), respectively, where n < m.

Definition 6.25  An extension of I; is a temporal instance I = (¢, <21 R <f4n) of R; such that
MI1cre 2 <4, C <i\h forall h € [1,n],and (3) mgp(1¢) = mrp(1). O

Intuitively, I extends I; by adding new tuples for those entities that are already in I;. It does
not introduce new entities. Note that /{ is not necessarily a completion.

Definition 6.26 ~ Consider two copy functions: p(; ;) imports tuples from 1 J/ to I;, and ,o(ej’ h from
I]’. to I?, both of signature R; [A] &= R;[E], where A = (A1,..., A, and Bisa sequence of n
attributes in R. We say that p(‘i/’i) extends p(;.;) if:
1. If is an éxtension of I;;
2. for each tuple ¢ in I;, if p(j ;) (t) is defined, then so is p(‘i/’i)(t) and ,o(‘i/.’l.)(t) = p(j,i)(t); and
3. for each tuple 7 in I \ I;, there exists a tuple s in Ij’- such that ,o(ej’l.)(t) =s.
We refer to I as the extension of I; by p(; ;). O

Observe that I is not allowed to expand arbitrarily because (a) each new tuple ¢ in If is copied
from an existing tuple s in Ij/-, and (b) no new entity is introduced. Furthermore, only those copy
functions that cover all attributes but EID of R; can be extended. This assures that all the attributes
of a new tuple are in place.

Putting these together, we define extensions of a collection of copy functions.

Definition 6.27  An extension p® of p is a collection of copy functions ¢ i) such that p¢ # p and
moreover, for all i € [1, p] and j € [1, q], p(ej H is an extension of p(; ;). We denote the set of all
extensions of p as Ext(p).

For each p¢ in Ext(p), we define the exzension of S by p¢, denoted by S¢, to be the specification
consisting of: (1) the same source D' = (I{, ..., I)) as in S; (2) the same currency constraints as
in S, but in addition; (3) the copy functions p¢; and (4) the other data source D¢ = (I, ..., 17)
extended by including imported values, where If is the union of all extensions of I;, one for each
,o(ej’l.),for all j € [1, ¢q]. O

Currency preservation. We are now ready to define currency preservation. Consider a collection p
of copy functions in a specification S.

Definition 6.28  We say that p is currency preserving for a query Q w.r.. specification S if (1)
Mod(S) # @, and moreover, (2) for all 5¢ € Ext(p) such that Mod(S¢) # @,
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FN LN address  salary  status
si: | Mary | Dupont | 6 Main St | 60k married
sé: Mary | Dupont | 6 Main St 80k married
s3: | Mary | Smith | 2SmallSt | 80k | divorced

Figure 6.2: A Manager relation Imgr.

N osT9)) = (] osT(DY)).

DceMod(S) D<eMod(S¢) O

Intuitively, p is currency preserving if (1) p is meaningful, i.e., Mod(S) # ¢, and (2) for each
extension p¢ of p that makes sense, the certain current answers to Q are not improved by p¢, i.e., no
matter what additional tuples are imported for those entities in D, the certain current answers to Q
remain unchanged. In other words, p has already imported all current values needed for computing
certain current answers to Q.

Example 6.29  As shown in Figure 6.2, the instance Imgr of schema manager collects manager
records. Consider a specification S consisting of the following: (a) the temporal instances Imgr of
Figure 6.2 and Iemp of Figure 6.1, in which partial currency orders are empty for all the attributes;
and (b) the currency constraints ¢1—¢3 given in Example 6.2, plus another currency constraint ¢s
given as follows:

Vs, t: mgr ((s[EID] = t[EID] A s[status] = “divorced” A f[status] = “married”) — ¢ <|N s),

which states that if s[status] is divorced and if ¢[status] is married, then s is more current than ¢
in LN; and (c) a copy function p with signature employee[g] &= manager[/_{ ], where Ais (FN, LN,
address, salary, status), such that p(s3) = s3, i.e., 53 in the relation Iemp is copied from s} of the
relation Imgr. Obviously, Sy is consistent.

Recall query Q3 from Example 6.1, which is to find Mary’s current last name. For 02, p is
not currency preserving. Indeed, there is an extension p; of p by copying s to lemp. In all consistent
completions of the extension Igmp of Iemp by p1, the answer to Q2 is Smith. However, the answer
to Q> in all consistent completions of Jemp is Dupont (see Examples 6.1 and 6.9 for details). This
tells us that we may be able to improve the answer to Q2 by importing more current values from the
Imgr data source.

By contrast, p; is currency preserving for Q. Indeed, copying more tuples from Imgr (ic.,
tuple si) to Iemp does not change the answer to Q7 in Igmp' O
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6.5 DETERMINING CURRENCY PRESERVATION

There are several fundamental problems associated with currency preservation. We next present
these problems and establish their combined complexity and data complexity. These problems are
studied for various query languages £, when L¢ is CQ, UCQ, IFO*, or FO.

Checking currency preservation. The first problem is to decide whether the given copy functions
have imported all necessary current data for answering a query. It is referred to as the currency
preservation problem, denoted by CPP(L).

* INPUT: A query Q in L, and a consistent specification S of data currency with a collection
p of copy functions.

* QUESTION: Is p currency preserving for Q?

This problem is nontrivial: its combined complexity is l'[g7 -hard when Q is in CQ, and is
PSPACE-complete when Q is in FO. One might be tempted to think that fixing currency constraints
would make our lives easier. In practice, currency constraints are often predefined and fixed, and only
data, copy functions and query vary. Moreover, as shown in Theorem 6.10 for CPS, fixing currency
constraints indeed helps there. However, it does not simplify the combined complexity analysis
when it comes to CPP. Even when both query and currency constraints are fixed, the problem is
Hg -complete (i.e., data complexity).

Theorem 6.30 For CPP(L (), the combined complexity is:
1. Hg-complete when L is CQ, UCQ, or IFO™;
2. PSPACE-complete when L is FO; and
3. Its data complexity is Hg -complete when L € {CQUCQ, IFO*,FO}.

The combined complexity bounds remain unchanged when currency constraints and copy functions

are both fixed.

Crux. (1) Lower bounds. For the combined complexity, one can verify the following: (a) CPP(CQ)
is [15-hard by reduction from the complement of the 3*V*3*3CNF problem, which is £j-
complete [Stockmeyer, 1976]; and (b) CPP(FO) is PSPACE-hard by reduction from the complement
of the Q3SAT problem, which is also PSPACE-complete (cf. [Papadimitriou, 1994]). The reductions
employ fixed currency constraints and fixed copy functions only.

For the data complexity, it can be verified that CPP(Lp) is 1—15 -hard when L is CQ, by
reduction from the V*3*3CNF problem [Stockmeyer, 1976].

(2) Upper bounds. We develop a decision algorithm for CPP that is in I'Ié7 for 3FO™, in PSPACE for
FO, and is in I'Ié7 when queries and currency constraints are fixed. O

Extending copy functions. Consider a consistent specification S in which p is not currency preserv-
ing for a query Q. The next problem, referred to as the existence problem and denoted by ECP (L),
is to decide whether p in S can be made currency preserving for Q.
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* INPUT: A query Q in Ly, and a consistent specification S with non-currency-preserving
copy functions p.

* QUESTION: Does there exist p¢ in Ext(p) that is currency preserving for Q?

The good news is that we can always extend p and make it currency preserving for Q. Hence
the decision problem ECP is in O(1) time, although it may take much longer time to explicitly
construct a currency preserving extension of p.

Proposition 6.31  ECP(Lg) is decidable in O(1) time for both the combined complexity and data
complexity, when Lo is CQ, UCQ, AFO*, or FO.

Crux. Consider data sources D = (Iy, ..., ;) and D' = (I{, ..., I/), with a collection p of copy
functions p(; iy thatimport tuples from IJ/. to I;,fori € [1, pland j € [1, g]. We say that an extension
,o(ej N of p(j.i) is maximum if either (a) no more tuples from / }/ can be copied to I;, or (b) adding any
new tuple from / j’ to I; makes the modification S¢ of S inconsistent, i.e., Mod(S¢) = . In other
Worc.ls, th.ere exists no extension ,ogj,l.) of pfj,i) such that 'Oéj,i) # ,ofj,l.) and it makes a consistent
specification.

One can show the followmg (1) For each p(; ), we can find a maximum extension p( N of
p(j.i)- (2) The extension p¢ of p is currency preserving, where p¢ is defined in terms of maximum
extensions p(j’l) of p(ji foralli e [1, plandall j € [1, q]. O

Bounded extension. We also want to know whether it suffices to extend p by copying additional
data of a bounded size, and make it currency preserving. This problem, referred to as the bounded
copying problem and denoted by BCP(L ), is stated as follows.

* INPUT: S, p and Q as in ECP, and a positive number k.

* QUESTION: Does there exist p¢ € Ext(p) such that p° is currency preserving for Q and
moreover, |p°| < k + |p|? Here |p| denotes the number of tuples copied by p.

The analysis of BCP is far more intricate than ECP. Indeed, the result below tells us that even
for CQ, BCP is Ef -hard, and fixing currency constraints and copy functions does not help. When
both queries and currency constraints are fixed, BCP is Eé’ -complete.

Theorem 6.32 For BCP(L), the combined complexity is
1. Ef -complete when L is CQ, UCQ or IFO*, and
2. PSPACE-complete when L is FO.
3. Its data complexity is E3p -complete when L € {CQUCQ, IFO*,FO}.

The combined complexity bounds remain unchanged when both currency constraints and copy
functions are fixed.

Crux. (1) Lower bounds. For the combined complexity, one can verify the following: (a) BCP(CQ)
is Ef -hard by reduction from the 3*V*3*V*3DNF problem, which is Zf -complete [Stockmeyer,
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Table 6.3: Complexity of the problems for determining currency
preservation

Complexity CPP(Lp) ECP(Lp) BCP(Lp)

Data I'Ig -complete
Combined (L)

CQ,UCQ, IFO* Hé’ -complete o) X f -complete
FO PSPACE-complete o) PSPACE-complete

Special case SP queries in the absence of currency constraints
Combined & data PTIME | o) | PTIME |

1976]; and (b) BCP(FO) is PSPACE-hard even when k is fixed, by reduction from the complement
of Q3SAT. In the reductions only fixed currency constraints and fixed copy functions are used.

For the data complexity, we show that BCP(CQ) is £4 -hard query Q and currency constraints
are fixed, by reduction from the F*V*3*3CNF problem.

o) Ef—complete

(2) Upper bounds. There exists a decision algorithm for BCP that is in Ef when Lo is IFO*, in
PSPACE when L is FO, and is in Eg’ when queries and currency constraints are fixed. O

Special cases. Theorems 6.30 and 6.32 show that fixing currency constraints does not make our
lives easier when it comes to CPP or BCP. However, when currency constraints are absent, these
problems become tractable for SP queries. These are consistent with Theorem 6.14 for CCQA, which
is also in PTIME for SP in the absence of currency constraints.

Theorem 6.33 When currency constraints are absent, for SP queries both the combined complexity
and the data complexity are in PTIME for CPP and BCP (when the bound k on the size of additional
data copied is fixed).

Crux. There exist a PTIME algorithm for CPP(SP), and a PTIME algorithm for BCP(SP), both in
the absence of currency constraints. O

The main complexity results of this section are summarized in Table 6.3.

BIBLIOGRAPHIC NOTES

The model and results of this chapter are taken from [Fan et al., 2011c, 2012b].

There has been a host of work in the area of temporal databases on how to define current
tuples by means of timestamps (see, e.g., [ Chomicki and Toman, 2005; Snodgrass, 1999] for surveys).
Indeed, temporal databases often support timestamps for valid time, transaction time, or both. These

timestamps are automatically maintained when updates to the underlying database take place. Given
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timestamps, one then refers to “now" by means of current-time variables [Clifford et al., 1997,
Dyreson et al., 2009]. Dynamic and temporal integrity constraints further allow us to restrict the set
of legal database evolutions. In practice, however, one often finds that timestamps are unavailable or
imprecise [ Zhang et al., 2010]. Furthermore, when different data sources are considered, no uniform
scheme of timestamps may be present. The currency model presented in this chapter does not assume
the availability of timestamps, but yet can easily accommodate them when they are present. To allow
even more flexibility, the model considers temporal information at the attribute level, and thus
different values within the same tuple may have distinct currency. In contrast, temporal databases
typically consider timestamps on entire tuples.

The study of data currency is also related to research on incomplete information when missing
data concerns data currency (see [van der Meyden, 1998] for a survey), and to prior work on querying
indefinite data [Koubarakis, 1994, 1997; van der Meyden, 1997]. For instance, van der Meyden
[1997] studied the evaluation of CQ_queries on data that are linearly ordered but when only a
partial order is provided. Close to the currency model described in this chapter is the extension
of conditional tables (see Chapter 5) to incorporate indefinite temporal information [Koubarakis,
1994]. In that setting, the complexity bounds for FO query evaluation were provided by Koubarakis
[1997]. However, Koubarakis [1994,1997] assumed explicit timestamps. In that line of work, certain
or possible query answer semantics is assumed (see Bibliographic Notes of Chapter 5). The current
certain answer semantics adopted in this Chapter explicitly distinguishes between stale and current
tuples. As such, it may be more suitable for dealing with data currency.

The specification of currency constraints by means of denial constraints is motivated by prior
work on consistent query answering [Bertossi, 2006, 2011; Chomicki, 2007] (see Bibliographic
Notes of Chapter 2 for denial constraints). However, the use of denial constraints in the temporal
setting has not yet received much attention. In particular, such constraints were not considered by
the work on indefinite databases mentioned earlier. Moreover, denial constraints are not expressible
in CQ, the setting adopted by van der Meyden [1997]. Although they might be encoded in the
extended conditional tables of Koubarakis [1994, 1997], an exponential blowup is inevitable.

Finally, copy relationships between data sources have recently been studied
by Berti-Equille et al. [2009] and Dong et al. [2010, 2009a]. In that line of work the focus
has been on the automatic discovery of copying dependencies and functions. In this chapter, we
assume that the copy functions are provided. Observe that currency information may assist in the
discovery of “good” copy functions, and on the other hand, that discovered copy functions may
enrich currency information. However, such interactions remain to be explored. Initial work linking
data currency and data deduplication was reported by Li et al. [2012b].
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CHAPTER 7

Interactions between Data

Quality Issues

Previous research on data quality has typically focused on one of the five issues mentioned earlier:
data consistency, data deduplication, data accuracy, information completeness, and data currency,
treating them as independent topics. Nevertheless, to assess the quality of data we have to measure
all five aspects. Therefore, a data quality management system should logically deal with each and
every one of these issues. Furthermore, as we have seen in Section 1.2.6, these issues interact with
each other. In light of this, a practical system should necessarily support a functionality to capitalize
on the interactions. This calls for a uniform framework for modeling these issues, in which we can
explore their interactions.

This chapter demonstrates how the interactions can help us improve data quality, by presenting
case studies for data quality management in a rule-based framework. We begin with an approach for
computing certain fixes that are guaranteed to be correct (Section 7.1), based on techniques for data
deduplication and for improving data consistency. Certain fixes are important in monitoring critical
data, among other things, and are interesting in their own right. We then present an approach for
data cleaning by unifying data repairing and record matching (Section 7.2), which is more effective
than repairing and matching taken as separate processes. As another case study, we introduce a
model for conflict resolution based on both data currency and data consistency (Section 7.3). This
is important in data integration, to resolve conflicts between values from different sources. Finally,
we highlight open research issues in connection with data quality (Section 7.4).

We opt for breadth rather than depth in the presentation. We outline practical frameworks
to handle the interactions and present fundamental problems associated with the interactions, but
omit algorithms underlying the frameworks. We refer the interested reader to [Fan et al., 2010b,
2011e, 2012a,c] for details of these algorithms.

7.1 FINDING CERTAIN FIXES

We have seen heuristic methods for data repairing in Section 3.3. However, as will be seen in
Section 7.1.1, these methods do not guarantee to find correct fixes; worse still, they may introduce
new errors when trying to fix errors. While these heuristic methods can be used to repair, e.g., census
data and statistical data, they may not work well when repairing critical data such as medical records,

in which a minor error often has disastrous consequences.
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FN LN  AC | phn | type str city | zip item
1: Bob Brady | 020 | 079172485 2 501 Elm St. | EDI | EH7 4AH cd
tp: | Robert | Brady | 131 | 6884563 1 null LDN null cd
13: | Robert | Brady | 020 | 6884563 1 null null | EH7 4AH | dvd
fg: | Mary | Burn | 029 | 9978543 1 null CAD null book
(2) Example input tuples 71, 15, 13 and 74
FN LN AC Hphn Mphn str city zZip DoB
s1: | Robert | Brady | 131 | 6884563 | 079172485 | 51 Elm Row | EDI | EH74AH | 11/11/55
so: | Mark | Smith | 020 | 6884563 | 075568485 | 20 Baker St. | LDN | NW1 6XE | 25/12/67

(b) Example master relation I,

Figure 7.1: Example input tuples and master relation.

This highlights the quest for effective methods to find cerzain fixes that are guaranteed correct.
In response to the need, we introduce a method to find certain fixes by using master data and a form
of editing rules, based on a combination of techniques for correcting data inconsistencies and for
matching records. We first present a model for certain fixes, in terms of editing rules (Section 7.1.2)
and a notion of certain regions (Section 7.1.3). We then present a framework for finding certain fixes
(Section 7.1.4). We also identify fundamental problems associated with certain fixes, and provide
their complexity bounds (Section 7.1.5).

We investigate certain fixes in data monitoring [Chaudhuri et al., 2003; Sauter et al., 2007]:
when a tuple 7 is created (either entered manually or generated by some process), it is to find errors
in ¢ and correct the errors. That is, we want to ensure that 7 is clean before it is used, to prevent
errors introduced by adding 7. As noted by Sauter et al. [2007], it is far less costly to correct 7 at the
point of data entry than to repair it afterward.

7.1.1 CERTAIN FIXES: AN INTRODUCTION

Asremarked earlier, data repairing methods are typically based on data dependencies, from traditional
dependencies (e.g., functional and inclusion dependencies) to their extensions (e.g., conditional
dependencies). These dependencies help us determine whether data are dirty or not, i.e., whether
errors are present in the data. However, they fall short of telling us precisely which attributes in
a tuple are erroneous and moreover, how to correct the errors. As a result, these methods do not
guarantee that the fixes they generate are 100% correct. To illustrate this, let us consider a revision
of the example we have seen in Chapter 1.
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Example 7.1  Consider an input tuple #; given in Figure 7.1(a). It specifies a supplier in the UK in
terms of name (FN, LN), phone number (area code AC and phone phn) and type, address (street str,
city, zip code) and items supplied. Here phn is either home phone or mobile phone, indicated by type
(1 or 2, respectively). It is known that in the UK, if AC is 020, city should be London (LDN), and
when AC is 131, city must be Edinburgh (EDI). Recall from Chapter 2 that these can be expressed
as conditional functional dependencies (CFDs). Observe that tuple 71 is inconsistent: t;[AC] = 020
but 7 [city] = EDL.

The CFDs detect the inconsistency and tell us that either 7;[AC] or f;[city] is incorrect, or
both. However, they do not tell us which of the two attributes is wrong and to what value it should
be changed. As a result, those repairing methods based on CFDs have to adopt a heuristic strategy
to decide which value to modify.

In the presence of master data, we can do better. Indeed, suppose that tuple s of Figure 7.1(b)
indicates corrections to 1, which tells us that #;[AC] should be changed to 131. Nevertheless, the
prior repairing methods may opt to change #;[city] to LDN. This does not fix the erroneous #{[AC]
and worse still, messes up the correct attribute #;[city]. That is, they introduce new errors when
attempting to fix an existing error. d

To rectify the limitations of repairing methods, we introduce editing rules that tell us how to
fix errors, i.e., which attributes are wrong and what values they should take. Editing rules extend
conditional functional dependencies for data consistency (CFDs in Chapter 2) and matching depen-
dencies for data deduplication (MDs in Chapter 4). They leverage master data and record matching
techniques to identify the correct values when generating a fix. As remarked earlier, MDM is being
developed by IBM, SAP, Microsoft, and Oracle. In particular, master data have been explored to
provide a data entry solution in the Service Oriented Architecture (SOA) at IBM [Sauter et al., 2007],
for data monitoring.

Example 7.2 A master relation /,, is shown in Figure 7.1(b). Each tuple in 7, specifies a person
in the UK in terms of the name (FN, LN), home phone (Hphn), mobile phone (Mphn), address (str,
city, zip) and date of birth (DoB). An example editing rule eR; is:
* for an input tuple ¢, if there exists a master tuple s in [, such that s[zip] = #[zip], then ¢
should be updated by #[AC, str, city] := s[AC, str, city], provided that t[zip] is validated, i.c.,
it is assured correct.

This rule makes corrections to attributes 1[AC], t[str] and #[city], by taking corresponding values from
master tuple s1. Another editing rule eRy is:

* if t[type] = 2 (indicating mobile phone) and if there exists a master tuple s with s[Mphn] =
t[phn], then 7[FN, LN] := s[FN, LN], as long as 7[phn, type] is validated.
This standardizes t;[FN] by changing Bob to Robert.

As another example, consider input tuple 7, given in Figure 7.1(a), in which attributes
to[str, zip] are missing, and £[AC] and #;[city] are inconsistent. Consider an editing rule eRs:




142 7. INTERACTIONS BETWEEN DATA QUALITY ISSUES

* if t[type] =1 (indicating home phone) and if there exists a master tuple s € I
such that s[AC, phn] = ¢t[AC, Hphn], then t[str, city, zip] := s[str, city, zip], provided that
t[type, AC, phn] is validated.

This helps us fix £, [city] and enrich t[str, zip] by taking master data values from s7. O

7.1.2 EDITING RULES

In the rest of this section we define editing rules and formalize what we mean by “validating”
attributes. We first define editing rules for data monitoring. Given a master relation I, and an input
tuple 7, we want to fix errors in ¢ using editing rules and master data values in 7,,,. We specify input
tuples # with a relation schema R. The master relation /,, is an instance of a relation schema Ry,
often distinct from R. As remarked earlier, [, can be assumed consistent and complete for core
business entities.

Definition 7.3  An editing rule (eR) ¢ on (R, R,,) is a pair ((X, X,,) = (B, B,,), tp[Xp]),where:

* X and X, are two lists of distinct attributes in schemas R and R, respectively, with the same
length, i.e., | X| = | Xul;

* B is an attribute such that B € attr(R) \ X, and B, is an attribute in R,,;; and

* 1, is a pattern tuple over a set of distinct attributes X, in R such that for each A € X, 1,[A]
is one of _, a or a. Here a is a constant drawn from the domain of A, and _ is an unnamed
variable (wildcard). O

Here, a and a indicate Boolean conditions x = a and x # a for a value x, respectively, while _
imposes no conditions. More specifically, we say that a tuple t of R matches pattern tuple ¢,,, denoted
by t[X,] = 1,[X ], if for each attribute A € X, (1) t[A] = a if 1,[A] is a, (2) t[A] # a if 1,[A]
is a, and (3) t[A] is any value from the domain of A if ,[A] is _. Note that >~ extends the match
operator < used for CFDs in Chapter 2.

Example7.4 Consider the supplier schema R and master relation schema R, shown in Figure 7.1.
The rules eRy, eRy and eR3 described in Example 7.2 can be expressed as the following editing rules
@1—¢4 defined on (R, Ry;):

@1: ((Zip, zip) — (B1, B1), tp1 = 0);

@2: ((phn, Mphn) — (B2, B2), tp2[type] = (2));

@3: (([AC, phn], [AC, Hphn]) — (B3, B3), 1,3[type, AC] = (1, 0800));
@4: ((AC, AC) — (city, city), 1p4[AC] = (0800)).

Here, eR; is expressed as three editing rules of the form ¢, for By ranging over {AC, str, city}. In

@1, both X and X, consist of zip, and B and B,, are Bj. Its pattern tuple 7,1 poses no constraints.
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Similarly, eR; is written as two rules of the form ¢, in which Bj is either FN or LN. Pattern tuple
tp2[type] = (2) requires that phn is mobile phone. The rule eRj is written as ¢3 for B3 ranging over
{str, city, zip}, where 7,3[type, AC] requires that type = 1 (home phone) yet AC # 0800 (toll free,
non-geographic). Moreover, ¢4 says that for a tuple 7, if 7[AC] = 0800 and ¢[AC] is correct, we can
update f[city] using the master data. O

We next give the semantics of editing rules.

Definition7.5 We say thatan eR ¢ = (X, X,,) — (B, Bp), tp[X,]) and a master tuple t,,, € I,
apply to an R tuple 1, denoted by 1t — (4 1,y t', if (1) 1[X ] = 1,[Xp], (2) t[X] = t,u[X ], and (3)
t'[B] = t[B] while ¢’ and ¢ agree on every other attribute; i.e., ' is obtained from ¢ by the update
t[B] := t,[Bp].

We write t — (y.1,,) t,1.€., 1 is unchanged by ¢, if 1[ X ] % 15[ X p] or t[X] # ;[ X, ]. O

Intuitively, if #[X, X ,] is assured correct (validated), we can safely enrich t[B] with master
data t,,[ B, ] as long as (1) 1[X] = #,,[X,,] and (2) t[X ;] matches the pattern in ¢. This yields a new
tuple ¢ such that '[B] = t,,[ By, ] and #'[attr(R) \ {B}] = t[attr(R) \ {B}].

Example 7.6  As shown in Example 7.2, we can correct tuple #; by applying eR ¢; and master
tuple 51 to #1. As a result, #1[AC, str] is changed from (020, 501 Elm St.) to (131, 51 Elm Row).
Furthermore, we can normalize #1[FN] by applying ¢» and s to t1, such that 71 [FN] is changed from
Bob to Robert. Similarly, eR ¢3 and master tuple s1 can be applied to input tuple , to correct f2[city]
and enrich t;[str, zip]. O

We now compare eRs with CFDs (Chapter 2) and MDs (Chapter 4). Note that neither CFDs
nor MDs are expressible as eRs, and vice versa.

(1) Both eRs and CFDs are defined in terms of pattern tuples. In contrast to eRs,a CFD ¢ = (X —
Y, tp) is defined on a single relation, where an eR is defined on an input tuple and a master relation.
CFDs have a szatic semantics: two tuples ¢ and 1, either satisfy or violate 1, but they are not changed.
In contrast, an eR ¢ specifies an action (update): applying ¢ and a master tuple #,, to ¢ yields a tuple
¢’ obtained by updating 7.

(2) MDs also have a dynamic semantics. In their denotational semantics (Section 4.2), for an R;
tuple 71 and an R; tuple 12, an MD ¢ = R|[X1] & R2[X2] — R1[Y1] = Ry[Y>] states that 71[Y]
and > [Y>] should be identified, but it does not tell us what values #;[Y1] and #;[Y>] should take. In
contrast, eRs explicitly specify what values should be taken: here 2 must be a master tuple, and #1[Y]
is changed to 12[Y2]. In the operational semantics of MDs (Section 4.5), the new values of 71[Y}] and
1[Y2] are computed by matching functions. Furthermore, MDs neither carry data patterns nor use
master data; and hence, their analysis is far less challenging. Indeed, as shown in Theorem 4.13, the
analysis of MDs is in PTIME. As will be seen in Section 7.1.5, however, the analyses are intractable

for editing rules.
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7.1.3 CERTAIN FIXES AND CERTAIN REGIONS

‘We next formalize the notion of certain fixes. Consider a master relation I,,, of schema R,;,, and a set
¥ of editing rules defined on (R, R,,). Given a tuple t of R, we want to find a “certain fix” (repair)
t" of t by using ¥ and I,,. That is, (1) no matter how eRs of ¥ and master tuples in I,, are applied,
¥ and I, yield a unique ¢’ by updating 7, and (2) all the attributes of ¢’ are validated, i.e., ensured
correct.

When applying an eR ¢ and a master tuple #,, to ¢, we update ¢ with values in 7,,. To ensure
that the changes make sense, some attributes of # have to be validated. In addition, we are not able
to update ¢ if either it does not match the pattern tuple of ¢ or it cannot find a master tuple #,, in
I, that carries the information needed for correcting .

Example 7.7 Consider the master relation /,, given in Figure 7.1(a) and the set X consisting of
@1, 92, 3 and @4 defined in Example 7.4. Given input tuple 3 of Figure 7.1(a), both (¢1, s1) and
(@3, 52) apply to 13. However, they suggest us to update #3[city] with distinct values EDI and LDN.
The conflict arises because 13[AC] and 3[zip] are inconsistent. Hence, to fix f3, we need to assure
that one of 13[AC] and #3[zip] is correct.

Now consider input tuple 74 of Figure 7.1(a). We find that no eRs in Xy and master tuples in
I, can be applied to #4, and hence, we cannot decide the correctness of #4. This is because £ and
Dy, do not cover all the cases of input tuples. O

Regions. The example motivates us to introduce the following notion.

Definition 7.8 A region is a pair (Z, T.), where Z is a list of distinct attributes in R, T is a pattern
tableau consisting of a set of pattern tuples with attributes in Z, and each pattern tuple is defined as
its counterparts in eRs. We say that a tuple ¢ is covered by (Z, T;) if there exists ¢, € T, such that
t|Z] >~ t.. O

Regions will be used as follows. (1) When we fix errors in a tuple # by applying an eR ¢, we
require that 7[Z] is already validated, and that 7[Z] contains the antecedent attributes of ¢. This
assures that the consequence of the application of ¢ is also validated. As will be seen later, some
attribute values of #[Z] are initially required to be assured correct by the users, and based on these,
the other attribute values of t[Z] are validated by automated reasoning. (2) Moreover, we require
that 7 is covered by (Z, T,) such that there exists a master tuple in I, that can be applied to ¢ with ¢.
In other words, the tableau T, specifies what master data are available in I, to fix our tuples when
t[Z] is assured correct. Note that in contrast to T, the pattern tuples in eRs are independent of our
master relation /,,. As will seen shortly, we will require (Z, T¢) to be “certain” such that it assures
that no two eRs in ¥ can be applied to f and lead to inconsistent updates. In other words, 7. imposes

constraints to prevent the undesirable cases illustrated in Example 7.7.
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Taking regions into account, we now revise Definition 7.5.

Definition7.9  ConsideraneR ¢ = ((X, X,,) — (B, By), 5[ X)), a master tuple #,, and a region
(Z, T.). We say that ¢ and t,, apply to a tuple t w.z.t. (Z, T;), denoted by t — ((z,7.),¢.1,) 1, if:

(D) t =i 15
(2) X € Z,X, € Z,B ¢ Z;and moreover,
(3) there exists a pattern tuple #. € T, such that t[Z] > .

We define the extended region of (Z, T,) by ¢, denoted by ext(Z, T¢., ¢), to be (Z U {B}, T)),
where T is obtained from T, by expanding each t, € T, with t.[B] = _. O

That is, it is justified to apply ¢ and #,, to ¢ for those ¢ covered by (Z, T;.) as long as t[Z] is
validated. When t[Z] is correct, we do not allow it to be changed by enforcing B ¢ Z. Moreover,
when 7[Z] is already validated, t'[ B] is also validated as a consequence of the application of ¢ and
tm. Hence B is included in Z, and #'[ B] is assured correct when editing rules are in turn applied to
¢’ in the process for fixing  (see below).

Example 7.10 In the setting of Example 7.7, a region defined on R is (ZaH, TAH)
((AC, phn, type), {(0800, _, 1)}). Tuple 3 of Figure 7.1(a) is covered by this region. Hence, if
3[AC, phn, type] is validated, then (@3, 52) can be applied to 3, which yields 3 — ((zap. Tap).03.52) 13>
where #3[str, city, zip] = sa[str, city, zip], and #; and 13 agree on all the other attributes of R. Here
ext(ZaH, TaH, @3) 1s (Z', T'), where Z’ consists of attributes AC, phn, type, str, city and zip, and 7"’
has a single pattern tuple #/. = (0800, _, I, _, _, _). d

Certain fixes. One can draw the analogy of Definition 7.9 to Definition 4.20: both define the
immediate result of applying a rule to a tuple. Along the same lines as Definition 4.21, we use a
chase-like procedure to correct errors in a tuple 7, and define (certain) fixes to 7.

Definition 7.11  We say that a tuple ¢’ is a fix of ¢ by (¥, ;) w.rt. (Z,T.), denoted by
t _)?(Z,Tc),E,Im) t', if there exists a finite chasing sequence to =1, 11, ..., fy = t’ of tuples of R
such that for each i € [1, k], there exist ¢; € ¥ and #,, € I, such that:

(1) tic1t = (Zi-1. T )1ty i and

(2) for allgo € X and tm € I, t = ((Zk. Ti) @ tm) t.

where (Zg, Tp) = (Z, T.) and (Z;, T;) = ext(Z;—1, T;—1, ¢;). We refer to Z; as the set of attributes
of t covered by (Z, T;, B, Ip). O

That is, (1) each step of the process is justified and (2) ¢’ is a fixpoint and cannot be further
updated, i.e., it is “stable” (recall the notion of stable instances from Definition 4.9). Note that
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liel = (Zi—1,Ti-1).9i,1m;) li Assures that ;[ Z] = t9[Z] = t[Z],1.e.,t[Z] is assumed correct and hence,
remains unchanged in the process.

We are interested in those fixes that are certain, when different chasing sequences lead to the
same unique fixes, no matter what eRs and master tuples are used and in what orders they are applied.
Certain fixes raise no inconsistencies when fixing an input tuple.

Definition 7.12 ' We say that an R tuple ¢ has a unique fix by (X, I,) w.n.z. (Z, T.) if there exists a
unique ¢’ such that —>>(“( Z.T).5.0,) t" for a// finite chasing sequences.
We say that an R tuple ¢ has a certain fix by (X, I,) w.r.t. (Z, T;) if:

(1) ¢ has a unique fix; and
(2) the set of attributes covered by (Z, T, X, I,) includes a// the attributes in R. O

Intuitively, a unique fix " becomes a certain fix when the set of attributes covered by
(Z, T, 2, Iy) includes a// the attributes in R. We can find a certain fix (repair) for a tuple ¢ of
R covered by a region (Z, T,) if (a) t[Z] is assured correct, (b) there is a unique fix 7/, and (c) all the
remaining values of #'[attr(R) \ Z] are correctly fixed.

Example 7.13  Given the set X of eRs of Example 7.7 and the master data I, of Figure 7.1(b),
tuple 73 of Figure 7.1(a) has a unique fix w.7.z. (ZaH, Tan), which is tuple 7} given in Example 7.10.
On the other hand, as observed in Example 7.7, if we extend the region by adding zip, denoted by
(ZaHz, TaHZ), then t3 no longer has a unique fix by (2o, 1,,) w.nz. (Zanz, TaHZ)-

As another example, consider a region (Zzm, Tzm), where Zzym = (zip, phn, type), and Tzm
2). As shown in Example 7.6, tuple #; of Figure 7.1(a) has a unique fix by
Yo and I, w.rt. (Zzm, Tzm), by applying (@1, s1) and (@2, $2). It is 7oz a certain fix, since the set

has a single tuple (_, _,
of attributes covered by (Zzm, Tzm, o, In) does not include item. Indeed, the master data I,,, of
Figure 7.1(b) has no information about item, and hence, does not help here. To find a certain fix,
one has to extend Zzy by adding item. O

Finally, we introduce a notion of certain regions (Z, T;) such that for any input R tuple ¢
covered by (Z, T;), as long as f[Z] is validated, then absolute corrections are warranted for those
attributes of ¢ in attr(R) \ Z. As will be seen shortly, we use certain regions to guide the users to
find certain fixes for their input tuples.

Definition 7.14 A region (Z, T,) is called a certain region for (X, I,,) if for all tuples ¢ of R that
are covered by (Z, T;), t has a certain fix by (X, Iy) w..t. (Z, T¢). O

Example 7.15  As shown in Example 7.13, (Zzm, Tzm) is not a certain region. One can verify that
a certain region for (2o, L) is (Zzm1, Tzm1), where Zzm extends Zzp by including item, and Tz
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Figure 7.2: A framework for finding certain fixes.

consists of patterns of the form (z, p, 2, _) for (z, p) ranging over s[zip, Mphn] for all master tuples
s in I,,. For tuples covered by this region, certain fixes are warranted.

There are possibly multiple certain regions. For example, another certain region for (2o, /,,,)
is (Z, T1), where Z| = (FN, LN, AC, phn, type, item), T} consists of pattern tuples of the form
(fyl,a,h,1,_),and (f,1,a, h)is s[FN, LN, AC, Hphn] for all s € I,,,. O

7.1.4 A FRAMEWORK FOR FINDING CERTAIN FIXES

We next outline a framework to find certain fixes for tuples at the point of data entry, based on editing
rules and master data, and by interacting with users. As depicted in Figure 7.2, the framework is
provided with a master relation I,,, of schema R, and a set X of eRs defined on (R, R,,). It takes a
tuple 7 of schema R as input, and finds a certain fix for 7.

Given a tuple ¢, the framework generates and provides the users with suggestions. A suggestion
is a minimum set Z of attributes such that if #[Z] is validated by the users, a certain fix can be found
tor t. Here, Z is taken from a certain region (Z, T..). More specifically, the framework interacts with
the users and generates suggestions as follows.

(1) Initialization. Upon receiving ¢, it first picks a precomputed certain region (Z, T¢.), and recom-
mends Z as the first suggestion to the users. If #[Z] is assured correct and if /[ Z] matches a pattern
tuple in 7, then a certain fix can be found for 7. It also uses a set Z’ to keep track of the attributes
of t that are already validated, which is initially empty.

(2) Generating correct fixes. In each round of interaction with users, a set sug of attributes is recom-
mended to the users as a suggestion, initially Z. The users get back with a set S of attributes that
are asserted correct, where S may 7o# necessarily be the same as sug. The framework validates 7[S]
by checking whether #[Z’ U S] leads to a unique fix, i.e., whether ¢[S] can be validated. If [ S] is
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invalid, the users are requested to revise the set S of attributes assured correct. If 1[Z" U S] yields a
unique fix, procedure TransFix is invoked to find the fix, which extends Z’ by including the newly
corrected attributes.

(3) Generating new suggestions. If at this point, the set Z’ covers all the attributes of R, then the
entire tuple ¢ is validated and the corrected ¢ is returned. Otherwise, it computes a new suggestion
from ¥ and I, by invoking a procedure referred to as Suggest. The new suggestion is then
recommended to the users in the next round of interaction (step (2)).

This process proceeds until a certain fix is found for 7. All the attributes of ¢ are corrected or
validated, by using the users’ input, the eRs and the master data.

The framework aims to guarantee the following. (a) The correctness. Each correcting step is
justified by using the eRs and the master data. (b) Minimizing user efforts. It requires the users
to validate a minimum number of attributes, while automatically deducing other attributes that
are entailed correct. (¢) Minimal delays. It improves the response time by reducing the latency for
generating new suggestions at each interactive step.

Note that the users should not necessarily be domain experts, as long as they can assure the
correctness of certain attributes of input tuples that are required to match eRs and master tuples. To
assure the accuracy in practice, this typically requires different people responsible for data entering
to inspect and validate the attributes in the monitoring process.

We now briefly describe the procedures underlying the framework. We refer the interested
reader to [Fan et al., 2010b, 2012¢] for detailed algorithms.

(1) Finding certain regions. Given a tuple ¢, we want to find a certain region (Z, 7,) with a minimum
set Z of attributes such that ¢ is covered by 7. The set Z of attributes is recommended to the users
as the initial suggestion (step (1)). As will be seen in Section 7.1.5, the problem for finding certain
regions is intractable and approximation-hard. Nonetheless, an efficient heuristic algorithm has been
provided by Fan et al. [2010b], which is able to derive a set of certain regions from ¥ and /,, based
on a quality metric. We can thus pick a precomputed region (Z, T) with the highest quality. Note
that the regions are computed once and are repeatedly used as long as ¥ and I, are unchanged.

(2) Deriving validated attributes. Procedure TransFix takes as input a tuple 7, a master relation ,,, a
set ¥ of eRs, and a set Z’ of attributes such that #[Z’] has been validated. It finds a unique fix for 7,
if it exists, by deriving validated attributes from ¥ and Z’, and extends Z’ by including those newly
validated attributes (step (2)). While not all of the attributes of # may be validated, the procedure
ensures that the attributes updated are correct. A quadratic-time algorithm for TransFix can be found
in [Fan et al., 2012c].

(3) Generating suggestions. Given t, I,,, ¥ and Z’ as for TransFix, procedure Suggest is to find
a minimum set S of attributes such that there exists a certain region (Z' U §’, {t.}), where 7. is a
pattern and 7[Z'] =~ 1.[Z']. The set S’ is recommended to the users as a new suggestion (step (3)).
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The problem for finding such a minimum §’ is also intractable. Nevertheless, there exists an efficient
heuristic algorithm for Suggest (see [Fan et al., 2012c]).

7.1.5 FUNDAMENTAL PROBLEMS FOR CERTAIN FIXES

To give a complete picture of certain fixes, we identify three fundamental problems associated with
certain fixes and certain regions, and establish their complexity. Given a set X of eRs and a master
relation /,,, we want to make sure that they can correctly fix all errors in those input tuples marked
by a region (Z, T¢). For the results below, we give proof sketches but refer the reader to [Fan et al,,
2012c] for detailed proofs.

The consistency problem. We say that (X, 1,,) is consistent relative to (Z, T;) if for each input tuple
t of R marked by (Z, T;), t has a unique fix by (X, 1,,) w.n.t. (Z, T.). Intuitively, this says that X
and I, do not have conflicts w.7.z (Z, T,), as illustrated below.

Example 7.16  There exist (X, I,;) and (Z, T,) that are inconsistent. Indeed, (X, 1) described in
Example 7.7 is not consistent relative to the region (ZaHz, TaHz) given in Example 7.13, since the
eRs in ¥ suggest distinct values to update #3[city] for the tuple #3 of Figure 7.1(a), i.e., conflicts arise,
as shown in Example 7.7.That s, tuple 73 does not have a unique fix by (X9, ) w.n2. (ZaHz, TAHZ)-

Od

The consistency problem for editing rules is stated as follows.

* INPUT: A region (Z, T;), a set X of eRs and a master relation I,,.
* QUESTION:Is (2, I,) consistent relative to (Z, T,)?

This problem is obviously important, but is nontrivial. We have seen that for dependencies
defined with pattern tuples, the presence of attributes with a finite domain makes their static analysis
hard. For instance, when it comes to the satisfiability problem for CFDs, the problem is NP-complete
if attributes in the CFDs may have a finite domain, but it becomes tractable when all the attributes
in the CFDs have an infinite domain (see Theorem 2.14 and Proposition 2.17). In contrast, the
consistency problem for editing rules is intractable even when all the attributes involved have an
infinite domain. That is, this problem is more intricate than the satisfiability problem for CFDs.

Theorem 7.17  The consistency problem for editing rules is coNP-complete, even when data and
master relations have infinite-domain attributes only, and when master data are fixed.

Crux. The upper bound can be verified by providing an NP algorithm to decide whether (X, 1,,) is 7oz
consistent relative to (Z, T;.). The lower bound is proved by reduction from 3SAT to its complement.
Recall that 3SAT is NP-complete (cf. [Papadimitriou, 1994]). The reduction make use of schemas




150 7. INTERACTIONS BETWEEN DATA QUALITY ISSUES

with infinite-domain attributes only, when the master data are predefined and fixed (see [Fan et al,,

2012c]). O

The certain region problem. Another important problem in connection with certain fixes, referred
to as the certain region problem, is stated as follows.

« INPUT: (Z, T..), ¥ and I, as in the consistency problem.
* QUESTION: Is (Z, T;) a certain region for (X, I,)?

That is, we want to decide whether (2, I,,,) is able to fix errors in all the attributes of input tuples that
are covered by (Z, T..). This problem is, however, also intractable. The result below can be verified
along the same lines as Theorem 7.17.

Theorem 7.18  The certain region problem is coNP-complete, even for input tuples and master
relations that have infinite-domain attributes only, and when master data are fixed.

Minimum certain regions. One would naturally want a certain region (Z, T.) with Z consisting
of as few attributes as possible, such that the users only need to assure the correctness of a small
number of attributes in input tuples. This suggests us to study the minimum certain region problem,
stated as follows.

* INPUT: A set ¥ of eRs, a master relation I,,,, and a positive integer k.

* QUESTION: Does there exist a list Z of attributes such that (a) |Z| < k and (b) there is a
non-empty pattern tableau 7, such that (Z, T¢) is a certain region for (X, 1,,)?

This problem is also intractable. In addition, it is approximation hard. The result below tells
us that unless P = NP, there exists no PTIME algorithm that given ¥ and I,,, guarantees to find

a certain region (Z, T,) such that |Z| < clogn|Z ;,|, where (Z T.) is a certain region with

min’
minimum number of attributes, and n is the input size. This is why we use a heuristic algorithm in

step (1) of the framework given in Section 7.1.4.

Theorem 7.19  The minimum certain region problem
1. is NP-complete, and

2. cannot be approximated within ¢ logn in PTIME for a constant ¢ unless P = NP,

even for input tuples and master relations that have infinite-domain attributes only, and when master
data are fixed. Here, n is the size of input eRs ¥ and master data /,,.

For approximation we study the optimization version of the minimum certain region problem,
which is the minimization problem to compute a certain region (Z, T,.) with a minimum number
of attributes in Z. To illustrate the approximation bound, we adopt the notion of L-reductions (see,
e.g., [Papadimitriou, 1994]). Let I and IT» be two minimization problems. A L-reduction from
I1; to Iy is a quadruple (f, g, o, B), where f and g are two PTIME computable functions, and «
and B are two constants, such that:
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* foranyinstance I of 1y, I = f (1) is an instance of [T such that OPT2(2) < o - OPTy (1),
where OPT; (resp. OPT>) is the objective of an optimal solution to I} (resp. I2); and

* for any solution 57 to I, 51 = g(s2) is a solution to /1 such that obj; (s1) < B - obj,(s2), where
obj; () (resp. obj,()) is a function measuring the objective of a solution to I; (resp. I2).

We say that an algorithm A for a minimization problem has performance guarantee € (¢ > 1)
if for any instance I, obj(A(I)) < € - OPT(I), where € is a constant.

Crux. (1) The lower bound is verified by reduction from the set covering problem, which is known
to be NP-complete (cf. [Papadimitriou, 1994]). For the upper bound, an NP decision algorithm can
be readily developed to determine minimum certain regions.

(2) The approximation hardness is verified by L-reduction from the set covering problem. It has
been shown that the set covering problem cannot be approximated within a factor of clogn in
PTIME for any constant ¢ unless NP = P [Raz and Safra, 1997]. Furthermore, it is known that if
(f, g. a, B) is an L-reduction from problems IT; to Iy, and if there is a PTIME algorithm for IT with
performance guarantee €, then there exists a PTIME algorithm for IT; with performance guarantee

afe (cf. [Papadimitriou, 1994]). O

7.2 UNIFYING DATA REPAIRING AND RECORD MATCHING

Certain fixes aim to clean individual input tuples in data monitoring. A natural question is whether
the same framework can be used to clean a database. The answer is, unfortunately, negative: a real-
life database I is typically large, and it would be prohibitively expensive if one had to interact with
the users when cleaning each individual tuple in 7. Furthermore, as we have seen in Chapter 3, we
have to process tuples in an equivalence class together when cleaning 7, instead of treating them as
independent tuples as in data monitoring.

Nevertheless, we can still leverage the interaction between data consistency and deduplication
when we clean a relation. Indeed, we can clean the data by integrating data repairing and record
matching processes, and by making use of master data. As experimentally verified by Fan et al.
[2011e], this method allows us to achieve an accuracy much higher than those approaches that take
data repairing and record matching as separate processes.

We outline the data cleaning method in this section. We first illustrate how to clean data based
on both CFDs and MDs, using an example (Section 7.2.1). We then give a formal statement of the
data cleaning problem and define data cleaning rules deduced from CFDs and MDs (Section 7.2.2).
Based on the cleaning rules, we present a rule-based framework for data cleaning (Section 7.2.3).
Finally, we identify central problems for data cleaning and establish their complexity, as foundations
for further studying data cleaning (Section 7.2.4).
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FN LN street city AC zip tel DoB gd
s;: | Mark | Smith | 10 Oak St | EDI | 131 EHS 9LE 3256778 | 10/10/1987 | M
sp: | Robert | Brady | 5Wren St | LDN | 020 | WC1H 9SE | 3887644 | 12/08/1975 | M
(a) Master data I,;: An instance of schema card
FN Y street | city AC post | phn gd when | where
1: M. Smith | 10 Oak St | LDN | 131 EHS8 9LE | 9999999 M 9am 28/03 UK
cf (0.9) (1.0) (0.9) 0.5) | (0.9) (0.9) (0.0) (0.8) (1.0) (1.0)
ty: Max Smith | PoBox25 | EDI 131 | EH89AB | 3256778 M 8pm 28/04 | India
cf 0.7) (1.0) (0.5) 0.9) | (0.7) (0.6) (0.8) (0.8) (1.0) (1.0)
13 Bob Brady | 5Wren St | EDI | 020 | WIH9SE | 3887834 | M 6pm 06/06 UK
cf (0.6) (1.0) (0.9) 0.2) | (0.9) (0.8) (0.9) (0.8) (1.0) (1.0)
t4: | Robert | Brady null LDN | 020 | WIE7HX | 3887644 | M | 1pm 06/06 us
cf 0.7) (1.0 (0.0) 0.5) | (0.7) (0.3) (0.7) (0.8) (1.0) (1.0)

(b) Database I: An instance of schema tran

Figure 7.3: Example master data and database.

7.2.1 INTERACTION OF CFDS AND MDS: AN INTRODUCTION

Most data cleaning systems in the market support record matching, and some systems also provide
the functionality of data repairing. These systems treat matching and repairing as separate and
independent processes. However, the two processes typically interact with each other: repairing
helps us identify matches and matching helps us fix inconsistencies. To illustrate this, let us consider
a revision of the example we have seen in Chapter 4.

Example 7.20  Consider two databases, I, and I, from a UK bank: [,,, maintains customer infor-
mation collected when credit cards are issued, and is treated as clean master data; and I consists of
transaction records of credit cards in 2012, which may be dirty. The databases 1,, and I are specified
by the following schemas, respectively:

card(FN, LN, street, city, AC, zip, tel, DoB, gd),
tran(FN, LN, street, city, AC, post, phn, gd, when, where).

A card tuple specifies a UK credit card holder identified by her name (FN, LN), address (street,
city, zip code), area code (AC), phone (tel), date of birth (DoB), and gender (gd). A tran tuple is a
transaction record of a credit card used at place where and at time when in 2012, by a UK customer
who is identified by his name (FN, LN), address (street, city, post code), phone (AC, phn), and gender
(gd). Example instances of card and tran relations are shown in Figures 7.3(a) and 7.3(b), which are
fractions of master data I,, and transaction relations /, respectively (the cf rows in Figure 7.3(b) will
be discussed later).
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We use CFDs ¢1—¢4 to specify the consistency of the tran data in /, and we employ an MD
as a rule for matching tuples across I and master card data I,,:
@1: tran([AC] — [cityl, 7, = (131 || EDI)),
@1: tran([AC] — [city], ¢, = (020 || LDN)),
@3: tran([city, phn] — [street, AC, post], 7,, = (_, _ Il _, _, _))
@4: tran([FN] — [FN], 7, = (Bob || Robert))

Y tran[LN, city, street, post] = card[LN, city, street, zip] A tran[FN] =~ card[FN]
— tran[FN, phn] = card[FN, tel],

where (1) the CFD ¢ (resp. ¢2) asserts that, for any tran tuple, if its area code is 131 (resp. 020), the
city must be EDI (resp. LDN); (2) the CFD ¢3 is a traditional functional dependency (FD), asserting
that city and phone number uniquely determine street, area code and postal code; (3) the CFD ¢4
is a data standardization rule: if the first name is Bob, then it should be “normalized” to be Robert;
and (4) the MD ¢ assures that for any tuple in / and any tuple in I, if they have the same last name
and address, and moreover, if their first names are similar, then their phone and FN attributes can
be identified.

Consider tuples 3 and 74 in I. The bank suspects that these two tuples refer to the same
person. If so, then these transaction records show that the same person made purchases in the UK
and in the U.S. at about the same time (counting the 5-h time difference between the two countries).
This indicates that a fraud has likely been committed.

Observe that 3 and #4 are quite different in their FN, city, street, post and phn attributes.
No rule allows us to identify the two tuples directly. Nonetheless, they can indeed be matched by a
sequence of interleaved match and repair operations as follows:

(a) geta repair #; of 13 such that #5[city] = LDN via CFD ¢, and #5[FN] = Robert by normalization
with ¢q;

(b) match #{ with master tuple 53 of I, to which ¥ can be applied;

(c) as a result of the match operation, get a repair 75 of 13 by correcting #{[phn] with the master
data sp[tel];

(d) find a repair ¢ of 4 via the FD ¢3: since 73 and t4 agree on their city and phn attributes, ¢3
can be applied. Thus we can enrich #4[street] and fix #4[post] by taking corresponding values

from #;', which have been validated in step (c).

At this point, 7§ and #; agree on every attribute in connection with personal information. It is now
evident that they indeed refer to the same person; hence a fraud.

Observe that the interaction between repairing and matching helps us clean the data: not only
repairing helps matching (e.g., from step (a) to (b)), but matching also helps us repair the data (e.g.,
step (d) is doable only after the match operation in step (b)). O

This example tells us the following. (1) When taken together, record matching and data

repairing perform much better than being treated as separate processes. (2) To make practical use
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of their interaction, match and repair operations should be inzerleaved. It does not help much to
execute these processes consecutively one after another. This suggests that we unify repairing and
matching, and clean data with both CFDs and MDs.

7.2.2 THE DATA CLEANING PROBLEM AND CLEANING RULES

We next formalize the notion of data cleaning by integrating data repairing and record matching.
Extending the notion of data repairs we have seen in Section 3.3, data cleaning is defined in terms
of both CFDs studied in Chapter 2 and MDs given in Chapter 4. Below we first revise the notion of
repairs and state the data cleaning problem. We then define data cleaning rules based on CFDs and
MDs by providing an operational semantics.

Repairs revised. Consider a (possibly dirty) relation I of schema R, a master relation I, of schema
Ry, and a set ® = X U T, where X is a set of CFDs defined on R, and I is a set of MDs defined
on (R, R;,). Recall the notion of repairs and the quality metric cost() introduced in Section 3.3.1.
Now we want to find a “repair” I, of I such that I, “satisfies” both the CFDs in ¥ and the MDs in I"
(with I,,), and moreover, I, minimally differs from [ in terms of cost(). That is, we further require
repairs to satisfy the MDs in I'. To this end we adopt the same metric cost(), and revise the notion
of (I, I,) =T as follows.

Recall from Definition 4.5 that MDs have a dynamic semantics: they tell us what data values
ought to be updated and made equal when they are enforced. As indicated by Definition 4.21, we
update the data by enforcing the MDs of T" until we reach a fixpoint 7, on which no more MDs can
be further applied and incur changes. That is, I, is a szable instance for T" (recall stable instances from
Definition 4.9). In light of this, we define (I, I,,) = I by focusing on stable instances I, as follows.
It should be remarked that this notion is consistent with Definition 4.5 when only stable instances
are considered.

Definition 7.21 A stable instance (I, I,,) of schemas (R, R,,) satisfies an MD ¥ = R[X{] ~
Ru[X2] — RI[Y1] = RulY2], denoted by (I, I,) = ¥, if for a/l tuples ¢ in I and a// tuples s in
I, if t[X1] & s[X>], then #[Y1] = s[Y2]. We say that (I, I,,,) satisfies a set I' of MDs, denoted by
(I, Iy) =T, if (I, I)) =  forall € T O

Using this notion, we are now ready to revise repairs as follows.

Definition 7.22  For a relation I of schema R, a master relation I, of schema R,;,, a set X of CFDs
defined on R, and a set I of MDs defined on (R, R,,), a repair I, of I is another instance of R such
that (a) I, = =, (b) (I, I,) =T, and (c) cost(/,, I) is minimum. O

Intuitively, (a) a repair I, should be consistent, i.e., it satisfies the set X of CFDs, (b) no more
changes can be made to I, by enforcing the MDs of T', i.e., all possible mazches have already been
found; and (c) I, is as accurate and close to the original data I as possible. In contrast to the notion
of repairs given Section 3.3.1, I, is required to satisfy the MDs I'.
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The data cleaning problem. In terms of this notion of repairs, the data cleaning problem is stated as
follows. Given I, I,;,,and ® = X U T, it is to find a repair I, of I.

Data cleaning rules. As remarked earlier, dependencies studied so far for data repairing are good at
determining whether our data are dirty or not, i.e., whether errors are present in our data, but they
do not tell us how to correct the errors.

To make effective use of dependencies in data cleaning, we define cleaning rules, to tell us what
attributes should be updated and to what value they should be changed. More specifically, for each
MD in I' and each CFD in X, we derive a cleaning rule, by giving an operational semantics for the
dependencies. As will be seen in Section 7.2.3, we use these rules to find repairs. These rules also
update the confidence in the accuracy of attributes, initially placed by the user (see the cf rows in
Figure 7.3(b)). We use ¢/ and #/ " to denote the tuple 7 in instances I and I, respectively, carrying
the same tuple id. For each tuple t! € I and each attribute A of !, we use /[A].cf to denote the
confidence in #/[A] in instance 1.

We say that an instance I’ of R is a result of enforcing a rule ¢ € © on I w.r.t. master data I,
denoted by I — (4,1, I’, if one of the following conditions holds.

(1) MDs . Ifp isan MD R[X 1] = R;[X2] — R[Y1] = Ru[Y2],then there exist a master tuple s € I,
and a tuple ¢/ € I such that (a) in 1, t/[X1] & s[X2] but t/[Y1] # s[Y2], (b) in I, t'[Y1] = s[Ya],
and forall C € Yj, t1'[C].cfis the minimum t/[A].cf forall A € X1,and (c) I’ and I agree on every
other tuple and attribute value, carrying the same confidence.

That is, ¢ is enforced on (¢, s) as a cleaning rule by letting ! [Y1] := s[Y>] to correct t![Y]]
with the master data s[Y>], and by inferring the new confidence ! [Y2].cf. Intuitively, the confidence
of an attribute value is about how certain a variable is correct (i.e., in the concept of fuzzy set
membership), instead of how probable one thinks that a variable is correct (i.e., in the concept of
subjective probability). Hence, following fuzzy logic [Klir and Folger, 1988], we define ! /[Yz].cf by
taking the minimum confidence of attributes in t11X 1], rather than the product of the confidences
of all the attributes in /[ X].

(2) Constant CFDs . If ¢ is a CFD R(X — A, 1,,), where 1, [A] is a constant, then there exists a
tuple 1/ € I such that (a) t/[X] < 1,,[X] but t/[A] # 1,,[A], b) t!'[A] = 1,,[A] and t'[A].cf =
d, where d is the minimum ¢/[A’].cf for all A’ € X, and (c) I’ and I agree on every other tuple and
attribute value, carrying the same confidence.

As a cleaning rule, ¢ updates t! by letting (a) tI'[A]:=1 i [A], to correct [ A] with the constant
1p,[A], and (b) t!'[ A].cf be the minimum confidence in the attributes of #/[X].

(3) Variable CFDs . If ¢ is a CFD R(Y — B, t),,), where 1,,,[B] is a wildcard “_”, then there exist
tuples ¢/, 11 € I such that (a) 1/ [Y] = t[Y] < 1,,[Y] but 1! [B] # t[B], (b) t/'[B] = t{[B], and
tll/[B].cf is the minimum oftll [B'].cf and tzl[B’].cf forall B’ € Y, and (c) I’ and I agree on every
other tuple and attribute value, sharing the same confidence.
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Thatis, the rule derived from ¢ is used to apply atuple # € I toanother tuplet] € I,byletting
tll/[B] = tQI [B] to update tll[B] with the value tzl [B], and by letting 1‘11/[B].c1c take the minimum
confidence in all attributes of tll [Y]and t21 [Y].

Example7.23 Example 7.20 demonstrates how the MD ¢ and the CFDs ¢, ¢3 and ¢4 are enforced
as cleaning rules, to repair the transaction data given in Figure 7.3(b). O

As shown by Example 7.20, by treating CFDs and MDs as cleaning rules, we can integrate
data repairing and record matching in a uniform process. More specifically, we can use a chase-like
procedure to clean data, along the same lines as the one given in Definition 4.21. It differs from the
chase procedure given there in that it fixes errors by interleaving repair (enforcing CFDs) and match
(enforcing MDs) operations.

Definition 7.24  Given an instance I(, master data I,,, and a set ® = X U T, where X is a set
of CFDs and T" is a set of MDs, a chasing sequence of Ip by © w.r.z. I, is a sequence of instances

I,..., Iy, ..., such that for each i > 1, I; .| —> (¢, 1,) Ii for some ¢; € ©O.
We say that a chasing sequence I, ..., Iy is ferminal if it is finite and moreover, [y = X and
(I, L) =T'. We refer to such an Iy as a stable instance. O

The procedure starts with I, and repeatedly enforces CFDs in X and MDs in I' until it
reaches a “clean instance” to which no more cleaning rule can be applied. This instance is stable since
it cannot be further changed by enforcing CFDs and MDs in ®. We will study the termination and
Church-Rosser property of this chase-procedure in Section 7.2.4.

Remarks. Compared to the editing rules of Section 7.1.2 for fixing a single tuple via matching with
master data, here we target repairing a database via both matching (MDs) and repairing (CFDs); in
particular, we enforce CFDs as cleaning rules to repair a tuple in a relation with either the constants
in a CFD, or (more accurate) values of the corresponding attributes from another tuple in the same
relation, without referencing master data.

The rule derived from MDs have an operational semantics similar to the one given in Defini-
tion 4.20. Nevertheless, the cleaning rules use master data when updating tuples, instead of invoking
matching functions. Moreover, we use cleaning rules derived from CFDs.

7.2.3 A FRAMEWORKFOR DATA CLEANING

Based on cleaning rules, we outline a data cleaning system, referred to as UniClean. It takes as input
a dirty relation I, a master relation I,,,, a set ¥ of CFDs and a set I' of MDs. It generates a repair I,
of I with a small cost(/,, I),such that I, = % and (I, I,,) =T.

As opposed to the repairing methods described in Section 3.3, UniClean generates fixes by
unifying matching and repairing processes. Furthermore, it stresses the accuracy by distinguish-
ing these fixes with three levels of accuracy. Various fixes are found by executing three algorithms

consecutively, as shown in Figure 7.4 and illustrated below.
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— [ [ [
Master Dirty ] ] [ ]
data 7, data 1 Or g
Data quality
rules Deterministic fixes Reliable fixes Possible fixes
Confidence-based Entropy-based Heuristic-based
confidence = n
entropy < O

Figure 7.4: Overview of UniClean.

(1) Deterministic fixes based on confidences. We define deterministic fixes w.n£ a confidence threshold
n set by domain experts. When 7 is sufficiently high, e.g., if it is close to 1, an attribute ¢[A] is
considered correct if t[A].cf > n. We refer to such attributes as asserted attributes. In the first phase
of UniClean, we enforce a cleaning rule ¢ € ® = X U T on tuples in I only when their attributes in
LHS(¢) are all asserted (see below). Hence, the fixes generated are accurate up to 7, and are marked
as deterministic fixes.

(2) Reliable fixes based on entropy. Deterministic fixes may not exist for those attributes with Jow
or unavailable confidence. In the second phase of UniClean, we correct such attributes based on the
relative certainty of the data, measured by entropy, which has proved effective in data transmis-
sion [Hamming, 1950] and compression [Ziv and Lempel, 1978], among other things. We apply a
cleaning rule ¢ to update an erroneous attribute #[A] only if the entropy of ¢ for certain attributes
of 1 is below a given threshold § (see below). Fixes generated via entropy are accurate to a certain
degree, and are marked as refiable fixes.

(3) Possible fixes. Not all errors can be fixed in the first two phases. For the remaining errors, we use
heuristic methods to generate fixes, referred to as possible fixes. To this end, we extend the methods
given in Section 3.3 by supporting both CFDs and MDs. It can be verified that the heuristic method
always finds a repair 7, of I such that I, = %, (I, I,,) = I', while keeping all the deterministic fixes
produced earlier unchanged.

At the end of the process, fixes are marked with three distinct signs, indicating deterministic,
reliable and possible, respectively. Below we present the methods underlying each phase of UniClean,
and refer the reader to [Fan et al., 2011e] for detailed algorithms.

Deterministic fixes. We say that a fix is deterministic by a rule ¢ € ® w.r.. a given threshold 7 if it
is generated as follows, based on what ¢ is.

(1) When ¢ is an MD R[X1] & Ru[X2] — R[Yi] = Ru[Y2]. By enforcing ¢ on a tuple r € I and

a master tuple s € I, it generates a fix t[Y] := s[¥2] (see Section 7.2.2 for cleaning rules). Then
the fix is deterministic if t[{A].cf > nforall A € X and if 1[B].cf < n for all B € Y;. That is, t[Y]]
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is changed to the master value s[Y>] only if (a) all the premise attributes 7[A]’s are asserted, and (b)
none of the attributes in 7[Y]] is yet asserted.

(2) When ¢ is a constant CFD R(X — A, t,,). By enforcing ¢ on a tuple ¢ € I, it generates a fix
t[A] := t,,[A]. Then the fix is deterministic if t[B].cf > n for all B € X and if t[A].cf < 5. That s,
all the attributes in [ X] are asserted, but 7[A] is not.

(3) When ¢ is a variable CFD R(Y — B, t),). Foreach y inwy (p y=t,(v11), let A() denote the set
{t |t € 1,t[Y] =y}, where 7t and p are the projection and selection operators, respectively. That is,
forallt), tr in A(y),t1[Y] = ©[Y] =y < t,[Y]. Suppose that ¢ is enforced on tuples #1, t, € I,and
it generates a fix #1[B] := t2[ B]. Then the fix is deterministic if (a) for all A € Y, t;[A].cf > 1 and
[ Al.cf > n,(b) r2[ B].cf > n,and moreover, () #2 is the only tuple in A(y) with #2[ B].cf > 5 (hence,
t1[B].cf < n).That s, for all the attributes A in LHS(¢), f1[A] and 7,[ A] are asserted, and moreover,
[ B] is the only B-attribute value in A(y) that is asserted, while #{[ B] is suspected erroneous.

By the definition of cleaning rules (Section 7.2.2), when attribute 7[A] is updated by a deter-
ministic fix, its confidence #[A].cf is upgraded to be the minimum of the confidences of the premise
attributes of the rule used. As a result, #[A] is also asserted, since all premise attributes have confi-
dence values above 1. In turn [ A] can be used to generate deterministic fixes for other attributes in
the recursive cleaning process.

Example 7.25  Consider the master relation 1, and relation I of Figure 7.3 with the confidence
rows. Let ® be the set consisting of the CFDs ¢, ¢3 and the MD ¢ given in Example 7.20. Consider
a threshold n = 0.8. Using ® and I,,, one can find deterministic fixes for #; and > in [ w.nz n by
letting #1[city] := EDI, #1[city].cf := 0.9, #;[FN] := 51 [FN], #;[FN].cf:=0.9, t1[phn] := s1 [tel], #; [phn].cf
:= 0.9, tr[street] = t[street] := 10 Oak St, t>[street].cf := 0.8, and #>[post] := #{[post], »[post].cf
:= 0.8. Similarly, for tuples 13, 14 € I, we can find a deterministic fix by letting #3[city] := LDN and
t3[city].cf := 0.8. O

An algorithm for finding deterministic fixes can be found in [Fan et al., 2011e], which is in
O(|D|| Dy, |size(®)) time, where size(®) is the length of ®.

Reliable fixes. For the attributes with low or unavailable confidence, UniClean looks for evidence
from the data itself instead of confidence, using entropy to measure the degree of certainty. The
entropy of a discrete random variable X with possible values {xi,...,x,} is defined as fol-
lows [Cover and Thomas, 1991; Srivastava and Venkatasubramanian, 2010]:

HX) =2, (pi -log1/p;),
where p; is the probability of x; for i € [1, n]. It measures the degree of the certainty of the value

of X': when H(X) is sufficiently small, it is highly accurate that the value of X' is the x; with the
largest probability p;. The less H(X) is, the more accurate the prediction is.

We use entropy to resolve data conflicts. Consider a variable CFD ¢ = R(Y — B, t)) defined
on a relation /. For y in 7y (Pyxs,[v]]), a deterministic fix may not exist when, e.g., there are
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A[lB C D E|FE
fi: | ap | by | er | di | el | N1
| ay | by | c | di|e| f2
Biap | by e |di|e3| f3
ar | ay | by | ey | dyr | e | f3
Is: | ay | by | ca | di | ex | Ja
le: | ax | by | ca | dy | e1 | Ja
t7: | ay | by | c3 | d3 | e3 | f5
g | ax | by | ca | d3 | e3 | fo

Figure 7.5: Example relation of schema R.

t1, 12 € A(y) such that #1[B] # t2[ B] but both have high confidence. Indeed, using the cleaning
rule derived from ¢, one may either let #{[B] := f2[ B] or let t,[ B] := #;[B].

To find accurate fixes, we define the entropy of ¢ for Y = y, denoted by H(¢|Y = y):
Cyg(y, bi) | [A(Y)]

= - 10g; — ),

[AD)] Cyp(y,bi)
where (a) k = [T g(A(¥))|, the number of distinct B values in A(3), (b) for each i € [1, k], b; €
7 g(A(Y)), (c) Cyp (¥, bi) denotes the number of tuples t € A(y) with 1[B] = b;, and (d) [A(Y)] is
the number of tuples in A(Y).

Intuitively, we treat X'(¢|Y = ¥) as a random variable for the value of the B attribute in A(y),
with a set 77 g (A())) of possible values. The probability for b; to be the value is p; = Cﬁ((?)l\pi ) When
H(p|Y =y) is sufficiently small, it is highly accurate to resolve the conflict by letting [ B] := b; for
allr € A(y),where b; is the one with the highest probability, i.e.,Cy g (¥, b;) is the maximum among
all b; € w p(A(y)). Hence given an entropy threshold §, we generate a fix by letting [ B] := b only
if H(plY =) <6, and refer to such fixes as refiable fixes. In particular, H(¢|Y =y) = 1 when
Cys(y,bi) =Cpa(y, b)) forall distinct b;, b; € 7 p(A(Y)). Note that if H(p|Y = y)=0forally €
Ty (Py=t,(v11), then I = ¢.

HiplY =5) =5 (

Example 7.26  Consider an instance of schema R(A, B, C, D, E, F) shown in Figure 7.5, and a
CFD ¢ = R([A,B,C] — [D], tp,), where ), consists of wildcards only, i.e., ¢ is an FD. Observe
that (a) H(¢|ABC = (a1, by, c1)) ~ 0.8, (b) H(¢p|ABC = (az, by, ¢3)) 1s 1, and (c) H(¢p|ABC =
(az, by, c3)) and H(¢|ABC = (ay, by, cyg)) are both 0.

From these we can see the following. (1) For A(ABC = (a2, by, c3)) and A(ABC =
(a2, b2, c4)), the entropy is 0; hence these sets of tuples do not violate ¢, i.e., there is no need
to fix these tuples. (2) The fix based on H(¢p|ABC = (ay, by, c1)) is relatively accurate, but not
those based on H(¢|ABC = (a2, b, ¢2)). In light of these, UniClean will only changes #4[ D] to d,
and marks it as a reliable fix. O

An algorithm is given in [Fan et al., 2011e] for finding reliable fixes in O (| D|*size(®)) time,
which keeps the deterministic fixes found earlier by UniClean unchanged in the process.
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Possible fixes. The outcome of the first two phases of UniClean is a “partial repair” I’ of I, which may
still contain errors that are not corrected by deterministic fixes or reliable fixes. In light of these, we
need to fix the remaining errors in /" and produce a repair I, of I such that I, = %, (I, I,) E T,
and moreover, I, preserves the deterministic fixes generated earlier, i.e., such fixes remain unchanged
since they are assured to be correct. In contrast, reliable fixes may not be 100% correct and hence,
we allow them to be changed.

To produce I, we extend the repairing method described in Section 3.3 by (a) supporting
matching with master data [, and MDs, (b) preserving the deterministic fixes generated earlier,
and (c) keeping reliable fixes generated as many as possible. Such an algorithm has been developed
by Fan et al. [2011e], which guarantees to find a repair I, of I such that I, = X, (I, I,) =T, and
I, preserves all the deterministic fixes in 1.

Example 7.27  Recall the relation 7, CFDs ¢;—¢4 and the MD ¢ from Example 7.20. As shown
in Example 7.25, the first two phases of UniClean identify several fixes for 1. However, the data still
have errors, e.g., tuple 3 in I does not satisfy the CFD ¢4 even after r3[city] is fixed. To this end we
find possible fixes: (a) 13[FN] := Robert by enforcing CFD ¢4, (b) #3[phn] := 3887644 by matching s>
with the MD v, and (c) #4[street, post] := r3[street, post] by enforcing @3 with 3. After these steps
we get a repair of I that satisfies both the CFDs and MDs, and moreover, retains the deterministic
fixes generated earlier. a

7.2.4 STATIC ANALYSES OF DATA CLEANING WITH CFDS AND MDS

To reveal insights into the interaction between data repairing and record matching, we next identify
fundamental problems associated with data cleaning in this setting. We provide the complexity of
these problems, and refer to [Fan et al., 2011e] for their proofs. We show that these problems are
intractable and hence, the algorithms underlying UniClean are heuristic.

Satisfiability and implication. As remarked earlier, there are two central problems associated with
dependencies, namely, the satisfiability problem and the implication problem. We have studied these
problems for CFDs in Chapter 2. We now revisit these problems for CFDs and MDs taken together.
The satisfiability problem for CFDs and MDs is as follows.

o INPUT: A master relation I, of schema R, a set X of CFDs defined on relations of schema
R, and a set I" of MDs defined on instances of (R, R;;).
* QUESTION: Does there exist a nonempty instance / of R such that / = X and (1, I,,) = T'?

Intuitively, this is to determine whether the cleaning rules in ® = ¥ U T" are consistent with
each other. The practical need for the consistency analysis is evident.

We say that © implies another CFD (resp. MD) &, denoted by © |= &, if for any instance / of R,
whenever I = ¥ and (I, I,) =T, then I |= & (resp. (1, Iy) = &). For MDs, we use the notion of
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(1, I,) =T given in Definition 7.21, focusing on stable instances. For stable instances, the notions
of deduction (Definition 4.11) and implication coincide.
The implication problem for CFDs and MDs is stated as follows.
* INPUT: I, ¥ and T as in the satisfiability problem, and another CFD or MD &.
* QUESTION: Does © = &?

As mentioned earlier, we want to use the implication analysis to remove redundant rules from
O, i.e., those that are a logical consequence of other rules in ®. For CFDs and MDs, the implication
problem has two settings: when & is a CFD and when & is an MD.

Theorems 2.14 and 2.22 tell us that for CFDs alone, the satisfiability problem is NP-complete
and the implication problem is coNP-complete. The result below shows that these problems for CFDs
and MDs put together have the same complexity as their counterparts for CFDs. That is, adding MDs
does not make our lives harder.

Theorem 7.28  For CFDs and MDs put together
1. the satisfiability problem is NP-complete, and
2. the implication problem is coNP complete, when & is either a CFD or an MD for deciding
O EE&.

The lower bounds remain unchanged when master data are fixed.

Crux. (1) Lower bounds. The lower bound for the satisfiability problem immediately follows from
Theorem 2.14, since the satisfiability problem for CFDs is a special case of the satisfiability analysis
of CFDs and MDs taken together. Similarly, when & is a CFD, the lower bound of the implication
problem follows from Theorem 2.22. When & is an MD, one can verify that the complement of the
implication problem is NP-hard by reduction from 3SAT. The proofs use a fixed master relation,
which is independent of input 3SAT instances.

(2) Upper bounds. There exists an NP (resp. coNP) algorithm for deciding the satisfiability (resp. im-
plication) of CFDs and MDs taken together. The algorithms are also based on the small model
properties of these problems, which are verified along the same lines as the small model properties
of their counterparts for CFDs given in Theorems 2.14 and 2.22. O

Data cleaning. Recall the data cleaning problem stated in Section 7.2.2. One wants to know how
costly it is to compute a repair I,.. Below we show that its decision problem is NP-complete: it
is intractable to decide whether there exists a repair I, with cost(/,, I') below a predefine bound.
Worse still, it is infeasible in practice to find a PTIME approximation algorithm with performance
guarantee. Indeed, the problem is not in APX, the class of problems that allow PTIME approximation
algorithms with approximation ratio bounded by a constant. In the sequel we consider only satisfiable
collections ® of CFDs and MDs.

Theorem 7.29 (1) The data cleaning problem is NP-complete. (2) Unless P = NP, for any constant
€, there exists no PTIME e-approximation algorithm for DCP.
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Crux. (1) The NP lower bound follows immediately from Theorem 3.11, which shows that the
repairing problem for a fixed set of FDs is already NP-complete, which is a special case of the
cleaning problem. The upper bound is verified by providing an NP decision algorithm.

(2) The approximation hardness is verified by reduction from 3SAT, using gap techniques (see,
e.g., [Wegener and Pruim, 2005]). We show that given any constant € > 1, there exists an algorithm
that finds a repair I of an input relation I such that cost(I,, I) < € - cost(l,, I), where I, is a
repair of I with optimal cost, if and only if there exists a PTIME algorithm to decide whether 3SAT
instances are satisfiable. From these it follows that unless P = NP, for any constant €, there exists no
PTIME €-approximation algorithm for the cleaning problem. Here € > 1 since the cleaning problem
is a minimization problem. O

Termination and the Church-Rosser property. There are two questions about the chase-like
procedure given in Definition 7.24. One is the termination problem.

* INPUT: I,, and ® = X UT as in the satisfiability problem, and a relation /.

* QUESTION: Does there exist a terminal chasing sequence of I by © w.r~z. I,,,?

It is to determine whether the chase process stops, i.e., it reaches a fixpoint such that no more
cleaning rules in ® can be further enforced.

The other one is the determinism problem about the Church-Rosser property of the chase
procedure (see Section 4.5), which asks whether all terminal chasing sequences end up with the
same fixpoint no matter in what order the rules in ® are enforced.

* INPUT: I, ® and [ as in the termination problem.

* QUESTION: Do all terminal chasing sequences of I by © w.rz I, lead to the same unigue
fixpoint?

The need for studying these problems is evident. A rule-based process is typically non-
deterministic: multiple rules can be applied at the same time, and the output of the process may
be dependent on the order of the rules enforced. Worse still, even for data repairing, Example 3.12
tells us that a rule-based method may lead to an infinite process.

No matter how important, these problems are rather challenging.

Theorem 7.30  The termination and determinism problems are both PSPACE-complete for CFDs
and MDs taken together, and remain PSPACE-hard even in the absence of MDs.

Crux. The lower bounds of both problems are verified by reduction from the halting problem
for linear bounded automata, which is PSPACE-complete [Aiken et al., 1993]. A linear bounded
automaton is a 6-tuple (Q, Y, A, qo, F, §), where (a) Q is a finite set of states, (b) T is a finite tape
alphabet, (c) blank € T is the blank symbol, (d) A € T \ {blank} is a finite input alphabet, (¢) g0 € O
is the start state, (f) F € Q is the set of halting states,and (g) § : @ X ¥ — Q x A x {Left, Right}
is the next move function. Given such an automaton M and a string x € A*, the halting problem
asks whether M halts on input x.
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The upper bounds are proved by providing non-deterministic polynomial-space decision algo-
rithms to check whether there exists a terminal chasing sequence of a given relation, and whether all
terminal chasing sequences for an input relation lead to the same repair. Since PSPACE = NPSPACE,
the problems are in PSPACE. t

7.3 RESOLVING CONFLICTS

We have seen how we can benefit from integrating data repairing and record matching for data mon-
itoring and cleaning. As another case study, we next show how we can capitalize on the interaction
between data consistency and data currency, for conflict resolution.

Conflict resolution is also known as data fusion. Given tuples that pertain to the same real-
world entity and are possibly from different sources, it aims to combine these tuples into a single
tuple and resolve conflicts. The need for studying this problem is evident in data integration and
exchange, among other things. Moreover, as remarked in Chapter 6, we often find multiple values of
the same entity residing in a database. While these values were oznce the true values of the entity, some
of them may have become szale and inconsistent. These also highlight the need for conflict resolution,
to improve the quality of our data and to answer queries using the true values of the entity. Conflict
resolution has been a longstanding issue. Traditional methods typically resolve conflicts by taking,
e.g., the max, min, avg, any of attribute values (see [Bleiholder and Naumann, 2008] for a survey).

We can do better by taking data consistency and data currency together. We first give an
overview of the approach (Section 7.3.1). We then introduce a model for conflict resolution (Sec-
tion 7.3.2), based on techniques we have seen for improving data consistency (Chapter 2) and data
currency (Chapter 6). Finally, we present a framework for conflict resolution (Section 7.3.3) and
study its associated fundamental problems (Section 7.3.4).

7.3.1 CONFLICT RESOLUTION: AN OVERVIEW

We study the following conflict resolution problem. Given a set I, of tuples pertaining to the same
entity, it is to identify the #rue values of the entity relative to the set, i.e., a single tuple in which each
attribute has consistent and the most current value taken from /,.

This problem is rather challenging. Indeed, Chapter 3 tells us that it is already highly nontrivial
to find consistent values for an entity. Moreover, Chapter 6 shows that it is hard to identify the most
current entity values since in the real world, reliable timestamps are often absent [Zhang et al.,2010].
Add to this the complication that when resolving conflicts, one has to find the entity values that are
both consistent and most current.

Example 7.31  Consider the photo “V-J Day in Times Square” that portrays an American sailor
kissing a nurse in Times Square, New York City, on August 14, 1945. The nurse and sailor in the
photo are identified as Edith Shain and George Mendonga, respectively, and their information is

collected in sets E1 and E» of tuples, respectively, shown in Figure 7.6.
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name status job kids city AC zip county
E{y ri: Edith Shain working nurse 0 NY 212 | 10036 Manhattan
ry: Edith Shain retired n/a 3 SFC 415 | 94924 Dogtown
r3: Edith Shain deceased n/a null LA 213 | 90058 Vermont
Ey r4: | George Mendonga working sailor 0 Newport | 401 | 02840 | Rhode Island
r5: | George Mendonga retired veteran 2 NY 212 | 12404 Accord
re: | George Mendonga | unemployed n/a 2 Chicago | 312 | 60653 | Bronzeville

Figure 7.6: Instances E| for entity Edith and E; for George.

@1 V1, 1 (t1[status] = “working” A f[status] = “retired” — 11 <status 2)
@) 1 V1, 1 (t1[status] = “retired” A ty[status] = “deceased” — #1 <status 12)
Currency @3 : V1, 1 (t1[job] = “sailor” A t[job] = “veteran” — 1 <job 12)

constraints: | ¢4 : Vi1, 1o (t1[kids] < p[kids] — 11 <kids 12)

@5 V1, 1 (t) <status 12 —> 11 <jop 12)

@6 V1. 12 (11 <status 12 = 11 <AC 12)

@7 V11, 13 (11 <status 2 = 11 <zjp 12)

@8 V11, 1y (1] <city 12 A1 <zip 22 = 11 <county 12)

CFDs: Y1 1 ([AC] — [city], 213|| LA)); ¥ : ([AC] — [city], (212]| NY));

Figure 7.7: Currency constraints and constant CFDs.

We want to find their true values, i.e., a tuple 71 for Edith (resp. a tuple 7, for George) such
that the tuple has the most current and consistent attribute values for her (resp. his) status, job, the
number of kids, city, AC (area code), zip, and county in E; (resp. E2). However, the values in E; (E2)
have conflicts, and carry no timestamps. They do not tell us, for instance, whether Edith still lives
in NY, or even whether she is still alive. O

The situation is not hopeless. As we have seen in Chapter 6, we can often deduce certain
currency orders from the semantics of the data. In addition, Chapter 2 tells us that CFDs can be used
to improve data consistency. When these are taken together, we can often infer some true values
from inconsistent tuples, even in the absence of timestamps.

Example 7.32  From the semantics of the data of Figure 7.6, we can deduce the currency constraints

(Chapter 6) and constant CFDs (Chapter 2) shown in Figure 7.7.

(1) Currency constraints. We know that for each person, status only changes from working to retired
and from retired to deceased, but not from deceased to working or retired. These can be expressed as
currency constraints ¢ and ¢ given in Figure 7.7. Similarly, we know that job can only change from
sailor to veteran but not the other way around. We can express this as ¢3. Moreover, the number of
kids typically increases monotonically. This is expressed as ¢4, assuring that #; is more current than
11 in attribute kids if #; [kids] < > [kids].
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In addition, we know that for each person, if | <status 2, then 1, is also more current than #;
in job, AC and zip. Furthermore, if #; is more current than | in city and zip, it also has more current
county than 1. These are expressed as ¢5—¢g.

(2) Constant CFDs. In the U.S, if the AC is 213 (resp. 212), then the city must be LA (resp. NY).
These are expressed as CFDs vy and ¥ in Figure 7.7.

We can enforce these constraints on Ef, given in Figure 7.6, to improve the currency and
consistency of the data. By inserleaving the inferences of data currency and consistency, we can
actually identify the true values of entity Edith, as follows:

(a) from the currency constraints ¢ and @2, we find that her latest status is deceased;

(b) by ¢4, we find that her true kids value is 3 (assuming null < k for any number k);

(c) from the outcome of step (a) above and ¢s5—¢7, we can conclude that her latest job, AC and zip
are n/a, 213 and 90 058, respectively;

(d) after the currency inference steps (a) and (c), we can apply the CFD 1y and find her latest city
as LA; and

(e) after the consistency inference step (d), from the outcome of steps (c) and (d) we get her latest
county as Vermont, by applying ¢s.

Now we have identified a single tuple 7| = (Edith Shain, deceased, n/a, 3, LA, 213, 90085, Vermont)
as the true values of Edith in E (the address is for her cemetery). O

This example suggests the following. (1) Data currency and data consistency interact with each
other, and should be taken together when resolving conflicts. Indeed, not only deducing currency
orders helps us improve the consistency (e.g., from steps (a), (¢) to (d)), but data consistency inferences
also help us identify the most current values (e.g., step (e) is doable only after (d)). (2) By specifying
data currency and consistency in terms of constraints, we can deal with both issues in a uniform
logical framework.

7.3.2 A MODEL FOR CONFLICT RESOLUTION

We now introduce a model for conflict resolution based on both data currency and data consistency.
WEe resolve conflicts by reasoning about available currency information (partial currency orders and
currency constraints) and about data consistency (CFDs).

Data currency. Recall the notions of normal instances, temporal instances with currency orders,
completions of temporal instances, currency constraints and current instances from Section 6.2. We
revise some of these notions for conflict resolution.

Consider a relation schema R = (A1, ..., A,). We focus on entity instances I, of R, which
are sets of tuples of R a// pertaining to the same real-world entity as identified by data deduplication
(Chapter 4). For example, two entity instances are given in Figure 7.6: E1 = {ry, r2, r3} for entity
“Edith,” and Ey = {r4, rs, r¢} for “George.”
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We revise currency orders <4, of Section 6.2 to represent available temporal information
about an entity instance. We define a partial order <4, on I, referred to as currency order for attribute
A;, such that for all tuples t1, 1> € I, 1] <4, 12 if and only if either 11[A;] = ©[A;] or 1] <4, t2.In
contrast to the currency order <4, defined in Chapter 6 that is a strict partial order, here <4, is
reflexive: if 1 and 1, share the same A; -attribute value then f; is as current as f» in their A;-attribute.
In particular, 1] <4, 72 if 11[A;] is null, i.e., an attribute with value missing is ranked the lowest in
the currency order.

Using currency orders <4,, a temporal instance 1; of I, is given as (Io, <4, ..., <4,). We
remark that each <4, is partial and can be even empty. For example, for E| above, we only know
that r3 <kigs 71 and 73 <kigs 12 since r3[kids] is null, which are in <{yjgs, while the currency orders
for other attributes are empty excluding the case when #1[A] = 12[A]. For E», we assume that no
temporal information is available, and hence all currency orders are ezpty in its temporal instance
excluding the case when tuples carry the same attribute value.

We define completions If of I; and the current tuple LST(If) of If as in Section 6.2.

For conflict resolution we use a simple form of currency constraints defined on I

Vi, 0 (o — 11 <a, 1).

In contrast to their general form given in Section 6.2, a currency constraint here is defined on
two tuples in I7. We find that this simple form of currency constraints suffices to specify currency
information commonly found in practice, and can be automatically discovered along the same lines as
CFD discovery (Section 3.1). Furthermore, as will be seen in Section 7.3.4, such currency constraints
simplify the analyses of data currency.

Example 7.33  Recall the entity instances Ej and E; from Figure 7.6. Currency constraints on
these instances include ¢1—¢g as specified in Figure 7.7 and interpreted in Example 7.32.

It is readily verified that for any completion E{ of Ej, if it satisfies these constraints, it yields
LST(EY) of the form (Edith, deceased, n/a, 3, xcity, 213, 90 058, xcounty) for Edith, in which the
most current values for attributes name, status, job, kids, AC, and zip are deduced from the constraints
and remain unchanged, while x¢jty and xcounty are values determined by the total currency order
given in E{. Observe that the values of the current tuple are taken from different tuples in Ey, kids =
3 from rp and AC = 213 from r3. Similarly, for any completion of E> that satisfy these constraints,
their current tuple has the form (George, xstatus, Xjobs 2, Xcity> XAC, Xzip» Xcounty)- These tell us
that currency constraints help us find the most current values of entities for some but not necessarily
all of its attributes. O

Data consistency. To express when current data are consistent we use constant CFDs ¢ = R(X —
A, t,), where pattern tuple 7, consists of constants only (see Section 2.1). Such a CFD is defined on
the current tuple t, = LST(If) of a completion If. It assures if 7,[ X] = 1,[X] and if #,[ X] contains
the consistent and most current X -attribute values, then the most current value for #.[B] is t,,[ B] in
the pattern.
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Observe that a constant CFD is defined on a single fuple t, = LST(If). In light of this, we do
not need general CFDs here, which are typically defined on zwo fuples.

Example 7.34  Consider the constant CFDs v/ and v given in Figure 7.7. From the analysis of
Example 7.33 it follows that for all completions of E; that satisfy y/1, they yield the same current
tuple (Edith, deceased, n/a, 3, LA, 213, 90 058, Vermont), in which xcity is instantiated as LA by
V1, and as a result, Xcounty can in turn be instantiated as Vermont by the currency constraint ¢g of
Figure 7.7. O

Conflict resolution. We are now ready to specify entities by taking currency and consistency together.
Extending Definition 6.3 by incorporating constant CFDs, we define a specification of an entity
as S, = (I;, X, T'), where I; = (I, <4A,» ..., <4a,) is a temporal instance, ¥ is a set of currency
constraints, and I" is a set of constant CFDs. A completion I/ = (I, 421 R 45;‘”) of I; is called a
valid completion of S, if If |= ¥ and If |= I'. We say that S, is va/id if there exists a valid completion
If of S,. For example, the specification consisting of E| (or E2) and the constraints given in Figure 7.7
is valid.

Conflicts and true values. There may exist many valid completions I for a specification S,, each
leading to a possibly different current tuple LST(/f). When two current tuples differ in some
attribute, there is a conflict. We aim to resolve such conflicts by identifying the true values of the
entity. If all such current tuples agree in a// attributes then the specification is conflict-free, and a
unigue current tuple exists for the entity specified by S,. In this case, we say that this tuple is the
true value of the entity derived from S,, defined as follows.

The true value of S,, denoted by T(S,), is the single tuple t. such that for a// valid completions
If of Se, tc = LST(S,), if such a tuple exists. For each attribute A; of R, t.[A;] is called the true
value of A; in S,.

In other words, S, is deterministic if T(S,) exists, in the terms of Section 6.3.

The conflict resolution problem. Given a specification S, of an entity, conflict resolution is to find the
minimum amount of additional information such that T(S,) exists.

The additional currency information is specified in terms of a currency order O; = (I', 4:41
e, 424") defined in Section 6.3. We use S, @ O; to denote the extension S, = (I/, £, ') of S, by
enriching I; with O;, where I/ = (I, U I, 54, U 4241, cee, =S U 414”). We consider such currency
orders O; that <4, U 4141. is a partial order for all i € [1, n]. We use |O;| to denote the size of Oy,
defined by Zj¢[1,) |;<f4i|, i.e., the sum of the sizes of all the partial orders in O;, where | "</Ai| is the

cardinality of binary relation <, .

Given a valid specification S, = (I;, X, I'), the conflict resolution problem is to find a partial
currency order O; such that (a) T(S, @ O;) exists and (b) |O;| is minimum.

Example 7.35 Recall from Example 7.33 the current tuples for George. Except for name and kids,

we do not have a unique current value for its attributes. However, if a currency order O; with, e.g.,



168 7. INTERACTIONS BETWEEN DATA QUALITY ISSUES
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Figure 7.8: A framework for conflict resolution.

re <status I's, is provided by the users (i.e., status changes from unemployed to retired), then the
true value of George in E> can be derived as (George, retired, veteran, 2, NY, 212, 12 404, Accord)
from the currency constraints and CFDs of Figure 7.7. a

7.3.3 A FRAMEWORKFOR CONFLICT RESOLUTION

We now outline a framework for finding the true value of an entity. As depicted in Figure 7.8, given
a specification S, = (I;, X, I') of an entity, the framework is to find T(S,) by interacting with the
users. Along the same lines as the framework for finding certain fixes (Section 7.1.4), the framework
provides the users with suggestions. A suggestion is a minimum set A of attributes of the entity such
that as long as the true values of these attributes are provided by the users, T(S,) is automatically
deduced from the user input, X, I and the partial currency information in I;. The true values for A
are represented as a currency order O;. More specifically, the framework deduces T(S,) as follows.

(1) Validity checking. It inspects whether S, @ O; is valid, via automated reasoning, where O; is a
currency order provided by the users (see step (4) below), initially empty. If so, it follows the “Yes”
branch. Otherwise the users need to revise O, by following the “No” branch.

(2) True value deducing. After S, @ O is validated, it derives the true values for as many attributes
as possible, again via automated reasoning.

(3) Finding the true value. 1f T(S, @ O;) exists, it returns the true value and terminates, by following
the “Yes” branch. Otherwise, it follows the “No” branch and goes to step (4).

(4) Generating suggestions. It computes a suggestion A along with their candidate values from the
active domain of S, such that if the users pick and validate the true values for A, then T(S, & O;)
is warranted. The users are expected to provide V, the true values of some attributes in A, either by
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taking candidate values for the attributes or choosing some zew values not in the active domains.
Note that the users do not have to enter values for all attributes in A. These true values in V are
automatically converted to a currency order O;. Given Oy, S, @ O; is constructed and the process

goes back to step (1).

The process proceeds until T(S, @ O;) is found, or when the users opt to settle with true
values for a subset of the attributes of the entity in question.

As will be seen in Section 7.3.4, each step of the analysis is nontrivial, from NP-complete
and coNP-complete to 25 -complete. Nevertheless, efficient heuristic algorithms underlying the
framework have been developed (see [Fan et al., 2012a] for details).

7.3.4 FUNDAMENTAL PROBLEMS FOR CONFLICT RESOLUTION

To understand the challenges introduced by the interaction between data currency and data consis-
tency, we revise some fundamental problems for data currency and consistency we have seen earlier,
in the context of conflict resolution. We provide their complexity bounds, and refer the interested
reader to [Fan et al., 2012a] for the proofs of the results.

Consistency. We start with the consistency problem for entity specifications.
* INPUT: A specification S, = (I;, £, I') of an entity.
* QUESTION: Is S, valid? That is, does there exist a valid completion of S,?

This problem extends the satisfiability problem for constant CFDs (Corollary 2.15) and the consis-
tency problem for data currency (Theorem 6.10) by asking whether currency constraints, constant
CFDs and partial currency orders, when put together, have conflicts with each other. This problem
is important to conflict resolution: step (1) of the framework given in Section 7.3.3 checks the
consistency of entity specifications.

Recall from Theorem 6.10 that the consistency problem for data currency is % -complete for
currency constraints defined on an unbounded number of tuples. The result below tells us that for
simple currency constraints defined on two tuples (Section 7.3.2), the problem becomes NP-complete
even when constant CFDs are present. We have seen from Corollary 2.15 that the satisfiability
problem for constant CFDs is NP-complete. The result is rather robust: it remains in NP when
simple currency constraints are taken into account.

Theorem 7.36  The consistency problem for entity specifications is NP-complete. It remains NP-
complete for valid specifications S, = (I;, X, I') of an entity when:

(1) both ¥ and I" are fixed, i.e., its data complexity;
(2) T =0, 1i.e., when only currency constraints are present; or

(3) X =0, i.e., when only constant CFDs are present.

Crux. The upper bound is verified by giving an NP decision algorithm for the consistency analysis.

The lower bounds are shown by reductions from 3SAT when X is a fixed set of currency constraints
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and the set I' of CFDs is empty (for (1) and (2) above), and by reduction from the non-tautology
problem [Garey and Johnson, 1979] when £ = # (for (3)). O

Certain currency orders. Recall the certain ordering problem from Section 6.3. We revisit the problem
for entity specification, when constant CFDs are present and when we adopt a simple form of currency
constraints. The analysis of certain ordering is conducted at step (2) of the framework of Section 7.3.3,
tor deducing true values of attributes.

Recall from Theorem 6.13 that for general currency constraints, the problem is IT5 -complete.
We show below that for simple currency constraints, the analysis becomes easier.

Theorem 7.37 The certain ordering problem is coNP-complete for valid specifications S, =
(I;, £, T') of an entity. It remains coNP-hard when:

(1) both ¥ and I are fixed;
(2) T =, 1.e., with only currency constraints; or
(3) ¥ =0, i.e., when only constant CFDs are present.

Crux. The upper bound is shown by providing an NP decision algorithm for the complement of
the certain ordering problem. The lower bounds are verified by reductions to the complement of
the problem, from 3SAT when I' = # and X is fixed (for (1) and (2)), and from the non-tautology
problem when ¥ = @ (for (3)). O

True value deduction. Recall the deterministic current instance problem from Section 6.3. We revise
this problem to determine, given a valid specification S, = (I;, £, I') of an entity, whether T(S,)
exists. Thatis, whether there exists a tuple 7. such that for all valid completions I of S, LST(If) = t..
This analysis is needed by step (3) of the conflict resolution framework of Section 7.3.3, to decide
whether S, has sufficient information to deduce T(S,).

Theorem 6.13 shows that for data currency specifications, the problem is Hg -complete.
Nonetheless, the result below shows that simple currency constraints make our lives easier. The
proof is similar to the one for Theorem 7.37 sketched above.

Theorem 7.38  The deterministic current instance problem is coNP-complete for valid specifica-
tions S, = (I;, ¥, I') of an entity. It remains coNP-hard when

(1) both X and I are fixed;
(2) T =0, 1.e., with only currency constraints; or

(3) ¥ =0, i.e., when only constant CFDs are present.

Coverage analysis. The last problem is referred to as the minimum coverage problem.
* INPUT: A valid specification S, = (I;, X, I') of an entity and a positive integer k.

* QUESTION: Does there exist a currency order O; such that (1) T(S, @ O;) exists, and (2)
|0 < k?
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This is to check whether one can add a partial currency order of a bounded size to S, such that the
enriched specification has sufficient information to deduce all the true values of the entity. The ability
to solve this problem helps us identify what minimum additional currency information is needed to
deduce the true value. The analysis is required by step (4) of the framework of Section 7.3.3. This
problem has not been studied for currency analysis in Chapter 6.

This problem is, unfortunately, £ -complete. Unless P = NP, there exist no PTIME exact
algorithms that compute a minimum currency order O; such that T(S, @& O;) exists.

Theorem 7.39  The minimum coverage problem is ©-complete. It remains ©/'-hard for valid
specifications S, = (I;, X, I') of an entity even when:

(1) both X and I are fixed;
(2) T =0, 1.e., with only currency constraints; or

(3) X =0, 1i.e., when only constant CFDs are present.

Crux. The upper bound is verified by giving an NPNP algorithm for deciding whether there exists a
partial currency order O, of size |O;| < k such that T(S, @ O;) exists. The lower bounds are proven
by reductions from the 3*V*3DNF problem [Stockmeyer, 1976] when X is fixed and I' = ¢ (for (1)
and (2)), and when ¥ = @ (for (3)). O
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We have seen that there are intimate connections between data consistency and data deduplication,
and between data consistency and data currency. Capitalizing on these we can substantially improve
the quality of our data. Nevertheless, the interactions between various data quality issues are an area
that has been largely overlooked. Among other things, there are strong connections between the
tollowing issues, which have not been explored.

(1) Information completeness and data currency. This is obvious: the challenges introduced by data
currency stem from missing temporal information. On the other hand, to determine relative infor-
mation completeness it is a must to keep our master data current.

(2) Information completeness and data consistency. On one hand, to repair the values of an entity we
have to make sure that its true values are not missing from our database. On the other hand, for
information completeness we have to maintain consistent master data.

(3) Data deduplication and data currency. As remarked earlier, to find the true values of an entity
we need to identify all tuples that pertain to the entity. This requires data deduplication. On the
other hand, currency information helps us effectively detect duplicates, as demonstrated by Li et al.
[2012b]. Therefore, no matter whether we want to improve data currency or detect duplications, we
have to take both into account.
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Putting things together, a data quality management system should aim to improve all five
aspects of data quality: data consistency, data accuracy, data deduplication, information completeness
and data currency, by making maximum use of their interactions.

Data quality is widely perceived as one of the most important issues for data management.
The need for studying data quality cannot be overstated. In particular, the emergence of big data
has placed increased demand on techniques for improving the quality of the data, which are as
important as techniques for coping with the sheer size of the data.

Data quality is a rich source of questions and vitality for researchers. Indeed, the study of data
quality management has raised as many questions as it has answered. Among the five central aspects
of data quality, while there has been extensive work on data consistency and data deduplication,
the study of the other issues is still rather preliminary, let alone their interactions. Even for data
consistency and deduplication, a number of questions still need to be settled. Below we address some
open issues in connection with data quality.

Data consistency. As examples, we highlight two open issues in connection with data consistency.
One concerns CFD discovery. As shown in Section 3.1, algorithms have been developed for automat-
ically discovering CFDs. These methods, however, often find an excessive amount of CFDs for users
to inspect and investigate for classifying data errors. This calls for the development of a metric for
ranking representative CFDs, and top-k algorithms for discovering high-quality representative CFDs.
The other issue is about the quest for effective and efficient methods to find certain fixes to large
collections of critical data. As remarked in Section 7.1, this is very important yet very challenging.

Data deduplication. This remains by far the most popular topic of data quality. A long-standing
issue is object identification, for identifying data with complex structures that refer to the same
real-world entity. There is tremendous need for this in Web page clustering, schema matching,
pattern recognition, and spam detection, among other things, and recently social network analysis
has generated a renewed interest in the topic for graph structured data. While there has been a host
of work on the topic (see, e.g., [Bhattacharya and Getoor, 2006] for a survey), effective algorithms
are yet to be developed.

Data accuracy. In contrast to data consistency and deduplication, the study of data accuracy is still
in its infancy, from theory to practical methods. One of the most pressing issues concerns how to
determine whether one value is more accurate than another. As remarked in Chapter 1, this issue is
quite challenging when reference data are not available. This calls for the development of models,
quantitative metrics, and effective algorithms for assessing the relative accuracy of data, in the absence
of reference data. We believe that appropriate dependencies can be developed for specifying relative
accuracy, and hence, data accuracy can be handled in the same rule-based logical framework as the
other issues.

Information completeness. The study of this issue is still preliminary. The model of relative informa-
tion completeness (Chapter 5) allows us to determine whether a database has complete information
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to answer our queries. However, quantitative metrics and practical algorithms are not yet in place
for us to conduct the evaluation in practice.

Data currency. Similar remarks apply to the study of data currency. The results in this area are
mostly theoretical (Chapter 6). Effective algorithms for evaluating the currency of our data and for
deriving current values from a database are yet to be developed.

Quality of distributed data. Already hard to improve the quality of data in a centralized database,
it is far more challenging to efficiently detect and fix errors in distributed data. For instance, as we
have seen in Chapter 3, error detection is straightforward in a centralized database, but the problem
becomes intractable for distributed data when either minimum data shipment or minimum response
time is requested [Fan et al., 2010a, 2012d]. When it comes to data repairing, effective and scalable
methods have not been studied for distributed data. The quality of distributed data is, however, a
topic of great interest to big data, which are typically partitioned and distributed. This requires that
we revisit the five central data quality issues for distributed data, and give them a full treatment in
that context.

The quality of Web data. The study of data quality has mostly focused relational data. However,
data quality issues are on an even larger scale for data on the Web, e.g., XML data and social graphs.
Needless to say, these issues are far more intricate than their relational counterparts. These open up
a new frontier for data quality research.

BIBLIOGRAPHIC NOTES

The editing rules, methods, framework, and complexity results for finding certain fixes (Section 7.1)
are taken from [Fan et al., 2010b, 2012c]. A prototype system, CerFix [Fan et al., 2011d], has been
developed to find certain fixes based on the methods of Section 7.1, and has proven effective and
efficient in data monitoring. The need for finding such fixes has long been recognized [Giles, 1988;
Herzog et al., 2009]. Indeed, prior repairing methods (Chapter 3) do not always guarantee that
repairs (fixes) are correct, and moreover, new errors may be introduced while attempting to fix
existing ones in the repairing process.

While the dynamic semantics of editing rules (eRs) resembles that of matching dependencies
(MDs) (Chapter 4), they are quite different: MDs are for record matching, not for data repairing.
Furthermore, in the absence of matching functions, MDs only specify what attributes should be
identified, but do not tell us how to update them. Even when matching functions are present, it is
not clear how such functions could be represented or obtained. Instead of using matching functions,
we leverage consistent and reliable master data to find correct values. Indeed, both editing rules
(Section 7.1) and data cleaning rules (Section 7.2) are defined in terms of master data and dynamic
semantics.

A method for matching input tuples with master data was presented by Chaudhuri et al.

[2003], without repairing the tuples. It should also be remarked that editing rules and data cleaning
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rules are quite different from edits studied for census data repair [Fellegi and Holt, 1976; Giles,
1988; Herzog et al., 2009]. Indeed, edits are conditions defined on single records in a single relation,
and are used to localize errors rather than to fix errors. In other words, edits do not have a dynamic
semantics. For the same reason, editing rules and data cleaning rules are also different from CFDs.
A dynamic (or active) semantics of rules has been considered in the more general setting of active
databases (see [Widom and Ceri, 1996] for a survey). In that setting, rules are far more general than
the editing rules and cleaning rules considered here: they are used to specify events, conditions and
actions. As a result, even the termination problem for those rules is undecidable, as opposed to the
coNP and PSPACE bounds for editing rules and data cleaning rules, respectively.

The approach to cleaning data by integrating data repairing and record matching (Section 7.2)
is taken from [Fan et al., 2011e], in which the system UniClean was also proposed. One of the main
differences between the framework for finding the certain fixes and the system UniClean is whether
they clean data one tuple at a time (data monitoring), or clean sets of tuples all together (data
cleaning). It was noted by Sauter et al. [2007] that it is far less costly to correct a tuple at the point of
entry than to fix it afterward. This kind of data monitoring was advocated by Chaudhuri et al. [2003],
Faruquie et al. [2010], Sauter et al. [2007] and Chen et al. [2010], and is considered in Section 7.1.
In contrast, the system UniClean described in Section 7.2 aims to repair a database rather than
individual tuples. This is often needed when we have to clean a database that has already been used
for years, and has collected a large amount of (possibly dirty) data.

Another difference between the two approaches is that certain fixes are based on one kind of
constraints, namely, editing rules, whereas UniClean attempts to unify CFDs for repairing and MDs
for matching. Similar efforts to combine merge and match operations were made by Dong et al.
[2005], Whang et al. [2009] and Weis and Naumann [2005]. The previous work focused on record
matching but advocated the need for data repairing to match records. The merge/fusion operations
adopted there were more restrictive than updates (value modifications) suggested by cleaning rules
in UniClean. Furthermore, when no matches are found, no merge or fusion can be conducted there,
whereas UniClean still repairs data by using CFDs. There has also been a host of work on ETL tools
(see [Herzog et al., 2009] for a survey), which support data transformations, and can be employed
to merge and fix data [Naumann et al., 2006], although they are typically not based on a constraint
theory and are specific to a particular application domain [Rahm and Do, 2000].

One of the distinguishing features of the repairing methods for certain, deterministic, re-
liable and possible fixes is the incorporation of confidence and reliability information. Most re-
pairing methods return candidate repairs without any information about their validity, confidence
or accuracy (Chapter 3). The system UniClean uses confidence to derive deterministic fixes, and
employs master data and entropy to improve the accuracy of repairs. Entropy has been proved
effective in, e.g., database design, schema matching, data anonymization, and data clustering
[Srivastava and Venkatasubramanian, 2010]. As explained in Chapter 3, the methods of Cong et al.
[2007] and Bohannon et al. [2005] employ confidence to guide a repairing process. These confi-
dences, however, are placed by users. A general statistical method was studied by Mayfield et al.
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[2010] to derive missing values. Decision theory was used to rank possible repairs (a.4.a. preferred
repairs [Greco et al., 2003b]) by Yakout et al. [2010b]. To ensure the accuracy of repairs generated,
the methods of Mayfield et al. [2010] and Yakout et al. [2010b] require to consult users.

Conflict resolution (data fusion) has been studied in data integration, starting with Dayal
[1983]. The problem studied there is to combine and fuse data from different data sources into
a single representation (see [Bleiholder and Naumann, 2008; Dong and Naumann, 2009] for sur-
veys). In that context, inconsistencies are typically resolved by selecting the max, min, avg, any
value [Bleiholder and Naumann, 2008], giving higher priority to data from reliable data
sources [Papakonstantinou et al., 1996]. In that line of work, including the system UniClean, the
currency of data was not considered. The need for current values is, however, widely recog-
nized [Dong and Naumann, 2009; Motro and Anokhin, 2006; Subrahmanian et al., 1995]. As re-
marked earlier, prior work on data currency is based on timestamps. However, reliable timestamps
may not be available in practice. Indeed, we have seen that timestamps are often missing, among

other things [Zhang et al., 2010].

To make use of data currency in the absence of reliable timestamps, we present the conflict
resolution method (Section 7.3) based on the currency model of Chapter 6. This allows us to infer
true values needed to resolve conflicts from available information, by unifying data currency and
data consistency, and by employing automated reasoning. This method and its complexity results for
conflict resolution are taken from [Fan et al., 2012a].

There have been different approaches to discovering true values from data sources, based on
the following: vote counting and probabilistic computation [Blanco et al., 2010; Galland et al., 2010;
Wu and Marian, 2011; Yin et al., 2008]; source dependencies to find copy relationships and reliable
sources [Dong et al., 2009a,b]; and lineage information and probabilistic methods [Widom, 2005].
No information about the reliability of data sources is assumed in the conflict resolution framework
presented in this chapter, but the information can be readily incorporated into the framework upon its
availability. Guo et al. [2010] proposed using uniqueness constraints to cluster objects from multiple
data sources, and to employ machine learning techniques to discover the true values of the objects.
They considered different kinds of rules, however, and did not support data repairing in the clustering
process. Record linkage techniques were recently proposed by Li et al. [2012b], by using temporal
information to identify records that refer to the same entity. These techniques again assume the
availability of timestamps, and focus on record matching only. In other words, the consistency of the
matches found is not guaranteed there.
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