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ABSTRACT

Several studies have been made in database systems to provide good integrity management, how-
ever, it still is difficult to implement all kinds of integrity constraints and enforce them especially
in the presence of complex constraints. Not much is done in the field of functional design of
databases unlike the structural database design. The purpose of this paper is to present an ap-
proach of functional database design to provide a non-constraint violating transaction, by encap-
sulating the database with a suite of functions that are safe from violating constraints, assuming the
database was kept at a consistent state initially, and allowing users to access the database through
those functions only.

The methods that are to encapsulate the database are developed in three steps, initially by
creating a solid and robust object method, then lift it to become a table method or develop a
table method by directly coding it using the object methods, and finally create a solid and robust
database method using the table methods. There are four lifting operators developed, three of
which are to lift object methods to become table method while one is from table to database
method. Each of the methods listed is responsible for controlling constraint maintenance at its
own granularity level.

Initially the conceptual design was made using end-user-oriented expressions that are defined
using fundamental building blocks of semantics designed to express that intuition of “take the
whole dataset leave it intact except for some intended changes”. Next a methodology on how
to implement the conceptually designed methods in PostgreSQL, using PL/pgSQL is provided.
With some of the limitations present in PostgreSQL we have provided some implementation
tricks in the methodology. At the end a case study was develop to show how to use the method-
ology in action.

Keywords

Database methods, lifting operators, encapsulation, constraint maintenance, set returning function
(SRE)
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Chapter 1
Introduction

1.1 MOTIVATION AND PROBLEM STATEMENT

Database designing is a very complex and dynamic process that require wide ranging knowledge
and understanding [5]. Database is a well-organized collection of data that is related in a meaning-
ful way to represent some segment of the real world. It is used for acquiring timely and relevant
information to draw decisions. Therefore it is important that it is protected from any redundant
or wrong inputs or updates [14], that can be achieved by using semantic integrity assertions[17].
There are two ways to implement these integrity constraints, by enforcing them during execu-
tion time or by developing transaction programs that preserve constraints, assuming the database
was consistent initially. Constraints are used for specifying the kind of data that is allowed to be
present in the database [22]. Moreover, These integrity constraints are useful in implementing
data check, ensuring database consistency, protecting the data from causing ambiguous outcome,
and making database applications development easier and more reliable.

The first method, i.e., enforcing the constraints during execution time is a well realized ap-
proach [6, 20], however, it has some disadvantages, it consumes considerably high execution time,
and it only applies to a small class of integrity constraints. The second method is an approach by
which all the constraint checking are made in the transaction program, provided that the database
was originally kept consistent, by definition transaction programs should maintain the integrity
constraints imposed on a database. The main advantage of this method is only the necessary con-
straints are cheeked, reducing the overhead compile-time to the least possible and it supports a
large group of constraints.

It has been the greatest promise of database systems to provide good integrity management,
and several studies have been made, however, it still is difficult to implement all kinds of integrity
constraints and enforce them in a database especially in the presence of complex constraints. Sev-
eral approaches were made to generate integrity preserving transaction methods, among which
one was to identify if any integrity constraints were violated in run time before transaction takes
place [12]. Another approach was reducing runtime by using a transaction proved not to cause in-
tegrity conflict by using a theorem prover [18], and many more approaches were considered too,
however, they were either very costly or with the complexity of the constraints and the transac-
tions it was very difficult to acquire a safe transactions. Safe transactions are transactions that does
not violate constraints.

The structural design of spatial databases is a fairly well-understood domain [15, 16], but this is
not true of functional design of databases. Encapsulating a database with suits of functions which
are designed in such a way they don’t violate integrity constraints and limiting access of users to
be only through those functions is one way to keep the database secure See fig 1.1. Making these
functions safe from violating integrity constraints could be achieved by proper design method,
in a sense of addressing all constraints these are attribute, object, table, and database constraints
respectively. This could be through database structure, triggers of other functional means, explicit
privileges, special coding of functional call hierarchy, in which functions are characterized in a




special way. Users access the database for various reasons, granting the appropriate privilege keeps
the database safe from errors. The final expected output is to develop a well-documented database

DB Encapsulation
layer

Database

Figure 1.1: Encapsulating a database with functions

design case study as an illustration of correct method to design an encapsulated database. The
design should be in the sense defined above, which will precisely describe the method to design
functions which will not violet integrity constraints. These methods will grow from attribute
method to object method then to table method and finally to database method respectively. In
addition the project will work on identifying the method for designing the above process at a
conceptual level and a method to transform it to platform-specific functioning, in our case the
platform of choice is PostgreSQL.

1.2 RESEARCH IDENTIFICATION

The following issues will be discussed in this research project.

1.2.1 Research objectives

The main objective of this research is to formulate a design approach that allows encapsulating
a database in suites of functions which are designed in such a way they preserve integrity con-
straints. And allow users to access and update the database through those functions or database
methods only.

e To understand integrity constraint implementation technique.
e To develop a theory of robust attribute, object, table, and database methods.

e To develop a theory of designing conceptual database functions and their transformation to
executable code.




1.2.2 Research questions

1. How are attribute, object, table and database constraints implemented in postgres?
2. what are the methods to develop robust object, table and database methods?
3. Is there a higher level language to conceptually design functions?

4. If there is a higher level language how do we transform this in to platform specific function-
ing.

1.2.3 Innovation aimed at

The novelty of this research is to design a methodology that will enable users to encapsulate their
database in suites of function which are safe from violating integrity constraints. Furthermore,
to restrict users to update using those functions only and secure the database from updates that
violate the integrity constraints. Our platform of choice for implementing the research is Post-
gresSQL. Moreover conceptually designing the functions and finding a method to transform them
to PSM which will allow interoperability among platforms will be dealt.

1.2.4 Related works

Several studies were carried out to solve the problem in maintaining database integrity and several
methods were proposed as well. However, it has become very difficult to solve the issue with the
increasing complexity of constraints. Aiming to reduce the amount of compile-time spent due
to integrity constraint checking during transaction, Sheard and Stemple [18] used a procedure by
which databases are updated using a transaction that does not violate the integrity constraints pro-
vided that the database was consistent initially. The transaction was checked by a theorem prover,
Isabelle to make sure no integrity conflict arose in the meantime. We can acquire some knowledge
from the method they used for producing a safe transaction. Spelt and Balsters [19] outlined a
framework of generalizing the idea of automatic verification done by Sheard and Stemple [18], in
order to extend it to object-oriented databases using modern theorem proving technology. This
has also helped in reducing the need for extensive proof because it is based on the natural deduc-
tion method which is build up on Isabelle/HOL package.To create the functions which will be
encapsulating the database in the conceptual state we need to uplift the database operators this has
already been recommended by [8] to extend the generation of function code in the transforma-
tion process for reflecting the conceptual level functions in function code generation, and we can
take some transformation procedures from this paper. And a good documentation can be found
in the websites for Enterprise architect in [4] and for PostgreSQL in [3].

1.2.5 Methodology

The methodology that we shall follow to design a step by step procedure for users to use to
encapsulate their database in PostgreSQL with suite of function which do not violate integrity
constraints could be as follows.

1. Study the different options that database technology specifically our platform of choice
PostgreSQL has on board that allows us to implement constraints by developing a complete
understanding of how constraints can be implemented in this platform.

2. Analyze the database function functionality method, understand the hierarchical layering
of designing object method, table method, and then database method respectively.




3. Find a way to design a robust object methods that can be defined and implemented, and
develop the object method into table method and the table method to database method all
in PostgreSQL coding template.

4. Execute a small but illustrative case study for a database application that demonstrates the
feasibility of the methodology produced.

5. Finally try to do it in a conceptual level without resorting to real database programming
language, find out if there is a higher level language in which to express this, if that language
exist try to identify if we can define transformation that takes that high level language to
platform specific coding PL/pgSQL. Although we want to do it in a highly transformational
mode but for the sake of implementing it in this project we will work this out in PostgreSQL
platform only and we are not looking at other database-platforms.

1.2.6 Structure of the thesis

The coming chapters are structured as follows:

e Chapter 2 this chapter discusses about how integrity constraints are expressed, and the dif-
ferent level at which they are implemented in database. Followed by the conceptual design
of the database methods, that encapsulate the database. The basic expressions used to de-
velop the conceptual design are also present in this chapter.

e Chapter 3 introduces the basic statements needed for building those conceptually designed
functions in PostgreSQL. Then the methodology on how to implement those database
methods using those PL/pgSQL statements is provided.

e chapter 4 is a database design case study, that illustrates the use of our methodology dis-
cussed in the previous chapters.

e chapter 5 presents the research achievement in the discussion and conclusion part, and it
also provides some recommendations for future work.
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Chapter 2

Integrity constraints and conceptual design of the
functional database design

A database is a representation of some part of the real world, and how well it represents the real
world depends on its fitness for the intended application and its capacity to encompass the contin-
uous change in the world without violating the integrity of the datasets. The logical consistency
of data in a database is identified by defining consistent database states. Several research efforts
have been made to study the basic logic, architecture and implementation of constraints, and it is
stated that an improved data consistency is accomplished by specifying the constraints that must
hold in the database using integrity constraints [21]. Furthermore database consistency is kept
by performing updates only through transactions that do not violate constraints assuming the
database was consistent initially.

In this chapter we will look at how constraints are expressed and the different levels at which
they are implemented in a database. This will guide us into developing simple functions (or meth-
ods) for producing non-constraint violating transactions. Based on the constraint implementation
those functions are further decomposed into smaller parts of object, table and database methods.
In addition we will look at the class universe for each granularity level and provide the conceptual
design of those methods as well.

2.1 INTEGRITY CONSTRAINTS

Integrity constraints are logical statements that limit the set of allowable relations in a database.
They are specified either in the schema and are checked automatically or they are expressed in
the application program using a constraint language, and are checked during the creation of the
database upon data entry or during transactions, i.e., when the database changes from one state
to the next [21]. Depending on this at an abstract level constraints are classified into: 1) inherent
constraints and ii) explicit constraints [13]. However according to [10] depending on where
the integrity constraints are applied they are classified into: 1) inherent constraints, ii) implicit
constraints and iii) explicit constraints See Figure 2.1. Both classifications by the two authors [13]
and [10] are the same in the explicit constraint definition except the class inherent constraint by
[13] is divided in to implicit and inherent constraint by [10] definition.

2.1.1 Levels of Integrity constraints

e Inherent (or structural) constraints are rules that define the data model constructs and are
enforced by the system automatically. For instance since a relational model is based on
mathematical set theory it has the inherent constraint that state no duplicate tuples are
allowed in a relation, hence primary key constraints are valid. In the same way not null,
foreign key and referential integrity are all examples of this kind [13]. This information
need not be written in the schema as there definition will be inherited from the data model.
To make it more clear for example a string attribute field can not be used for geometry
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Figure 2.1: Constraints classification based on where they are applied, (Adopted from [10]).

calculation this information need not be written in the schema as it will also be inherited
from the data model.

e Implicit constraints are constraints that are specified during the creation of the database
schema using the Data Definition Language (DDL). They are stored in the DBMS catalog
to be enforced automatically every time there is an update [7]. These constraints should be
specified on individual relations. Primary key, not null, foreign key and referential integrity
are examples of this kind [9]. This is more like specifying the constraints to be enforced
using the inherent constraints.

e Explicit (behavioral) constraints are those constraints tangential to the data model. They are
managed by the database designer or the application programs; they are beyond the scope
of the DDL [13]. Further action needs to be taken to ensure their non-violation, which
is specified in a procedural approach or declarative approach. The procedural approach
is a method that involves specifying the checks for the updates on the database, whereas
declarative approach is a formal method of storing constraints in a suitably encoded form.
These could be achieved through roll-back, triggers, or explicit transaction checks [10, 21].

2.1.2 Integrity constraints classification

Explicit integrity constraints can also be further classified into 1) Static or state constraints and i)
Transitional constraints .

1. Static integrity constraints are rules that the database must satisfy in every single state of
the database. They express a valid state of the database. [7] stated that static constraints can
further be brokedown into domains, entity integrity rules, attribute structural constraints,
referential integrities, superclass/subclass and other user-defined constraints.

2. Transitional constraints are rules that apply to sequences of database states, and are mainly
concerned on the implementation domain. These constraints are rules that the database
enforces to restrict the data from entering an impossible state due to its previous states. [11]
introduced dynamic constraints as another group of integrity constraint, however, there is
an overlap with the definition of the transitional constraints therefore are considered in a
single group. An example of transitional constraint can be if a person’s state was married,
the valid transaction should be to change its state to “divorced” or “widowed” but not to
“single or never married” [10].




2.1.3 Integrity constraint taxonomies

There are two useful integrity constraint taxonomies.

Based on support level by the DBMS :

Implicit/ user-defined constraints.

1. User-defined integrity constraints are constraints usually involving arithmetic operators,
and are mainly used to enforce company regulations; e.g. the constraint for some employee
database that the sum of the salary plus the commission an employee receives should not be
greater than the salary of that employee’s manager is a user defined constraint [13].

2. Implicit constraints are defined by the concept of the underlying database model implicitly
and need not be specified explicitly [11]. They are made during the need analysis state,
L.e., a discovering process wherein designers discover critical insights into the design task,
and they are very important and difficult to recognize [13]. They are found by making a
life-cycle environment study and making the order of magnitude calculations.

Based on data structure granularity :

Attribute/ tuple/ relation/ database constraints [11]

1. Attribute or domain constraint specifies the domain of possible values an attribute can have
independently of other attribute values of the tuple. It can further be restricted by condi-
tional or existence constraints. Not-null is a typical example.

2. Object or tuple constraint applies to a tuple in a relation without reference to other tuples
in the relation. It restricts the combinations of attribute values in the same tuple.

3. Relational or table constraint limits the value that a set of tuples can have. It applies to
a single table without referencing to other tables in a database. Functional dependencies,
multivalued dependencies, key constraints, aggregate constraints are examples of this type.

4. Inter-relational or database constraints apply to a table in reference to other tables in the
same database. It restricts the content of the table in relation to other tables in the database.
Well known representatives are referential integrity (foreign key), inclusion dependencies,
and redundancies.

2.2 FORMAL SEMANTICS DESCRIBED INTUITIVELY

This subsection was provided by my Supervisor (Dr.Ir.R.a.(Rolf) de By) as a formal language
basis to start from. The formal semantics of the expression forms that we propose is defined in
such a way that it allows us to express the intuition “take the whole dataset,make the indicated
local change, and return the dataset thus obtained.” We follow the classical set-up of type theory.
Our language has expressions, members of a set F, and types, members of a set 7. Examples
of expressions are: SD, 2, 25 4+ 12, SD.T; and so forth. Examples of types are: integer, real,
(a : integer, b : real), and so forth. Observe that record types are explicitly included, as we need
them to formally describe datasets and tables in datasets.

There is an important relationship between E and T', known as the well-typedness relation-

ship, and denoted as “:”. When we write 44 : integer, we are saying that the expression 44 is




well-typed, and has type integer. We thus know that : C E x T'. Obviously, not all expressions
have all types, but some expressions may have multiple types. No examples given here.

Any formal language that uses type theory for its precise definition does not only define E,
T and the well-typedness relation : between them, but also defines a formal semantics, often
expressed as [[...]] of expressions e € E and types 7 € T. So, [[e]] is the formal semantics of e,
and [[7]] is the formal semantics of 7. An expression semantics is normally a value, while a type
semantics is normally a set of values. Whenever the rules of our language say that e : 7 holds, one
is assured that we also have [[e]] € [[7]], i.e., the semantics of an expression is a member of the
semantics of its type.

Important is to understand that a type, like integer, has a formal semantics written as [[integer]].
In this case, that [[...]] semantics of the type is a set of values. With integer, that set of values is
{...,=2,-1,0,1,2,...}. One can assume that all basic types have such semantics.

We need to say something specific about the semantics of records and record types. Above,
we used as an example record type

(a : integer, b : real),

a type that identifies two attributes a and b, with respective types integer and real. An example
record of that type is the following record r:

r & (0 = 44,b = 3.14159265).

Observe that these are valid statements in our formal language.

What now is the semantics of that record 7, and what is the semantics of its type? We assume
that the attribute names for records and their types are drawn from a previously defined name set
A, and so in the example case we have a € Aand b € A. the trick to look at records semantically, is
by considering them functions that map attribute names nicely onto values. In the case of record
r, that function is [[r]], for which we know the domain:

dom[[r]] = {a, b},

which is a subset of A, obviously. The function maps to the semantics of expressions associated
with the attribute names:

[[r]](a) = [[44]] and [[r]](b) = [[3.14159265]].

This discussion leads us intuitively to the semantics of record types. Such a semantics can only
be a collection of functions of the nature of [[r]]. And we can thus define the semantics of r’s type
as follows:

f | fisafunction A
: integer, b : real)]] & dom(f) = {a.b} A
[[{a : integer, b : real)]] f(a) € [[integer]] A
f(b) € [[real]]

These examples naturally generalize to arbitrary records and record types. We needed to discuss

this because below we are going to define additional expression formats that can only be precisely
defined once we understand the set-up sketched above.




2.2.1 Basic expressions needed

This section lists a number of expressions that are needed to define schema transformation ex-
pressions. They provide the fundamental ‘building blocks’ to construct larger, end-user-oriented
expressions. Assume 7 : (a1 : Ti,...apn : Ty) 1s a record, assume that Ry and Ry are tables of
type IP(a1 : T1,...ay : T,) with primary key {a;,,...,a;,}, and that S, T and U are union-
compatible value sets. We will use the notation keys(R;) to denote the set of primary key values
present in table R;.

1. The expression
rexcept a; = e€j,...,ar = e, where {aj,...,ar} C dom[[r]] 2.1)

denotes a record 7’ obtained by copying r and replacing its attribute value for a; by the
value of e;, and so on, until the attribute value for ay, which value is replaced by the value
of ej.. The except expression allows local attribute value overwriting. The formal semantics
of this expression is a function shaped like [[r]] that maps onto different semantic values for
the listed attributes.

2. The expression
rdropatt a;,...,a; where {a;,...,ar} C dom|[[r]] (2.2)

denotes a record r’ obtained by copying r and removing from it the listed attributes. The
formal semantics of this expression is a function shaped like [[7]] but with a reduced domain,
mapping onto the same values for remaining attributes.

3. The expression
raddatta; =ej,...,ar = e where {a;,...,ap} Ndom[[r]] =0 (2.3)
denotes a record 7’ obtained by copying r and adding to the record the named attributes

with associated values. The formal semantics extends that or r by adding to the domain of
the function, and mapping onto the values of the respective expressions.

4. The expressions
S union 7', S setminus 7', S intersection 7’ (2.4)

denote the regular and well-known set-theoretic expressions.

5. The expression
Ry exceptset Ry where keys(R2) C keys(R1) 2.5)

denotes a set R’ obtained by copying R; and replacing those records that have a key in
keys(R2) by the corresponding records in Ry. Observe the similarity with the except ex-
pression, and the fundamentally different semantics.




6. The expression
Ry addset Ry  where keys(R;) Nkeys(Rg) = () (2.6)

denotes a set R’ obtained by copying R; and adding to it the records in Ry. Observe that
the addset expression has a semantics similar to that of union, however, that its use comes
with a precondition of non-overlapping key sets.

7. The expression
R dropset Ry where keys(R2) C keys(R;) 2.7)

denotes a set R’ obtained by copying R; and removing from it those records that have
a record in Ry with matching primary key. Observe that the dropset expression has a
semantics similar to that of setminus, however, that its use comes with a precondition of
key set inclusion.

8. Assume U denotes a set, u is a variable, ¢ is a predicate and p an arbitrary expression. The
predicative set expression

{ueUlp(u) e p(u) }, 2.8)

denotes the set obtained from U, letting u range over its members, and producing those
p(u) values for which ¢(u) tests true. This expression is a combination of a filter (¢) and a
map (i), both of which are only optional parts of the expression.

The filtermap expression naturally generalizes to the use of multiple sets, as follows:

{uel,...|o(u,...)ouu,...)}. 2.9

We may be needing more forms later, but we will leave it here for now. What we might
be needing is a bag extension to the above where we have only provided notation and
expressions for handling sets.

The reader should observe that many of the above expression forms have an approach of
copying the original 7 or R, and leaving it as much intact as possible, applying only local change.

2.3 FORMAL STRUCTURE OF THE DATABASE IN FUNCTIONAL DATABASE DESIGNING

The structural design of databases is a well-known science and several researches have already been
done about it; however, about the functional design approach, which is a very useful method for
producing a non-constraint violating transactions, no much has been done yet. In this and the
coming sections of this chapter we will try to look at the conceptual design, i.e., the concept
of functional database design without considering the available technologies. We will start by
defining the class universes and next we will continue to look at the concepts of the encapsulating
methods design.

Conceptual design of a database specifies the classes of objects, the relationships among them,
the database rules, 1.e., the database integrity constraints amongst the datasets, and the intended
application, i.e., the description of intended query and transactions. The way to get a consistent
database is by first defining the consistent database states and ensuring the initial state of the
database to be consistent and finally ensuring no transaction violates it.

In principle, to find a constraint violation minimally the following checks need to be made
based on their granularity:




For attribute constraint violation a single attribute needs to be checked.

For object constraint violation a single object needs to be checked.

For table constraint violation only a single table needs to be checked.

For database constraint violation a collection of tables or all the tables in the database needs

to be checked.

Based on this principle a functional design approach to develop functions that encapsulate the
database that perform transactions that will not violate integrity constraints can be formulated.
This design approach would be a method that has one big function composed of several other
small methods. Each method will be at different granularity level and will control constraint
violation on its level.

Building the structure of the database from ground up: a class universe states all the datasets
that are eligible to be in that class. The logical expression that states the class universes at each
granularity level contains, the data type of each class and the constraints they should obey at each
level. The levels are object, table and database, and their class universes are defined as follows:

2.3.1 Attribute universe

Attribute universe U, states all the values that can be a member of the values of an attribute,
it is defined by stating the datatype of the attribute and the constraints associated with it. It is
formulated as :

U, ={e:7|5(e)},

where e represents an attribute state of attribute a. It is read as, for all attribute e member of
attribute a, a’s attribute universe Uy, is defines as those attributes having datatype of 7/ and obey

the rule §(e).

2.3.2 Object universe

Knowing the attribute universe, an object class universe U contains all those objects that can
be a member of the class,it is defined by stating the datatype of the object class and the object
constraints associated with it in a similar way as the attribute universe. An object datatype 7 is
defined as the list of all attributes in an object along with their datatypes:

T=(a1:T1,...,0n : Tp)

Object constraints are constraints that are applied between attributes of the same objects, they are
represented by ¢. Assuming availability of some logic to express constraints, it will be discussed
in later section. Therefore U¢ is defined as:

Uc = {t:7]o(t)},

where t (for tuple) represents an object state of class C'.
The expression is read as for each object t member of class C, C’s class universe U is defined as
those objects of type 7 that obey the rule ¢(¢).
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2.3.3 Table universe

Knowing the attribute and object class universes, the table universe T¢ for each class can be de-
fined by providing the table’s data type and the constraints available, and its formulated as follows:
tbl for table, which represents a table state, is a collection of object or class C, having a datatype
set of objects, represented as:

tol : IP,

where IP is a power type operator and 7 is object datatype See Section 2.3.2.

The criteria for an object ¢ to be a member of the table universe T¢ is ¢ should be a member of
the class universe Uc, and the table tbl should still obey the table constraint ®(¢bl) after ¢ is being
added to it. U 1s defined in Section 2.3.2.

Te = {tbl : IPT|thl C Uc A D(tbl)}

The table constraint ®(tbl), which might be needed in addition to the object constraints such as
key uniqueness, primary key or any other set constraint on the table are given in ®(¢bl).

2.3.4 Database universe

A database state is a consistent collection of table states that obey the database constraint. Know-
ing the object and the table universes, the database universe DB for each object t can be defined
by adding a check on the inter-relational or database constraint on the list of tables which are
members of there own table universes:

DB = {tbly : IPry, ... thly : IPry| thly € Tey, A ... Atbly € Te, ATU(tbly, ... thly)}

tbl; represents a table state for class C; for all 7. It is a member of the table universe T and its
datatype is IP7;. The database constraint ¥ is a predicate that takes all the tables in the database as
an argument W (tbly, ..., tbl,) and make database constraint checks. Assuming there is a logical
expression for W, it is used to express across-table rules such as referential integrity and more.

T1 T3

O] O
OO

O
O

|

Table consistency Database consistency

Object
consistency

000

Figure 2.2: Database consistency at different granularity level




2.4 DEVELOPING THE METHODS THAT ENCAPSULATE THE DATABASE

Database consistency is built up at different level of granularity and it can also be destroyed at
different level of granularity (see Figure : 2.2). A set of consistent objects is not necessarily a con-
sistent set; a collection of consistent tables is also not necessarily a consistent database. To make
an update on a single object, a properly designed transaction would be one that checks object
constraint, table constraint, and database constraint before the transaction takes place. Assume
we change

t1: Cy €thly to ty : Cy
Which is read as: change object ¢; which is an element of table tbl; and has datatype C with an
object t; having the same datatype C;. The required checks before committing this transaction
are:

. . . 4
1. Object constraint checks if t; € Ucy.
Where Ue; is object t’s class universe.

2. Table constraint ® checks if the table after updation will remain consistent, we call the table
with the new object values tbl;. The table constrain will be ®(tbl;); however, the value of
thl} varies in cases of update, insert and delete. See each cases below:

e Update tbl) = tbl; exceptset {t; =t}
e Insert tbl; = tbl; addset {t;}
e Delete tbl; = tbly dropset {t; =t;}

3. Database constraint checks if ¢ (¢bl}, tbla, ...tbl,,) holds. Where tbl] is the table whose ob-
ject is changed and still ®(¢bl}) holds, and tbly, ...tbl,, are list of all the tables in the database.

Here we look at a more complex case by which we have several updates in a single transaction. For
example, lets say we have a database with 5 tables tbl; to tbl5, and we want to make the following
transactions:

o tbly exceptset Ry

o tbly addset Ro

e tbls dropset R

e tbly exceptset {r = r except a; = €j,...,a = €}
The required checks before committing this transaction are:

1. Object constraint check it is the same predicate for all objects with in the same table. It
is needed for the update and the insert functions only, not useful for the delete function.
It checks whether the new values to be inserted are elements of the class universe Uc of
the table they are going to be inserted in. In our example it checks whether R;’s and R’s
records are all members of tables ¢bl;’s and tbly’s object class universes respectively, and
in the case of tbly it checks if the record r after its attribute values are changed to a; =
€j,...,ar = e, would still remain to be a member of the class universe of the table tbl4.
For the dropset function the only criteria is if the primary key of Rj3 is element of the
primary key set of tbl3. There is no need of object constraint check.
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2. Table constraint @ is different for all tables in a single database. It checks whether the tables
after the transaction would still remain consistent. The tables tbl, tbls, tbls and tbly “after
the transactions are made” are represented by tbl}, tbl), tbls and tbls respectively. The table
constrain checks if @1 (tbl}), Po(tblsy), P3(tbly) and P4 (tbl)) holds. Here when we say
“after the transaction”, it does not mean it is already committed in the database, however
we get the result from the table method on the fly, we will see how we can get the values at
run time in Section 2.4.1.

3. Database constraint checks if 1) (tbl], tbly, tbls, tbl}, tbls) holds, where v is a predicate that
specifies the database constraints. It checks whether the updated tables when brought in
to one database still obey all the inter relational constraints. The list of expressions with
primes represent the tables with the new updated values. This is also done at run time. After
the three levels of constraints check, then all the transactions can be committed depending
on the outcome of the checks.

2.4.1 Methods without constraint checking

The following section discuss how to build database methods that encapsulate the whole database
and check the overall consistency before committing the transaction. A database method is com-
posed of object method, table method, and database method that are responsible for constraint
checking their own level. The methods to be composed are chosen based on constraint data struc-
ture granularity (as discussed in Section 2.1.3) and the principle of the minimum amount of data
needed to be checked for constraint violation check (discussed in Section 2.3). This brings effi-
ciency in the development and maintenance of transaction programs while working with large
programs having complex transactions with complex constraints. Though our logic is based
on the availability of constraints the following sections addresses the pseudocode for the vari-
ous methods as if there are no integrity constraints to be verified. The pseudocode for methods
with constraint checking will be addressed in Section 2.4.2.

Object methods without constraint checking

An object method M is a function that takes an object as an argument and returns the object with
some or all of its attribute values changed. It will take a record ¢ type 7, and return the object

intact, except for the attributes a;, . . ., a; replaced by the respective given valuesof e;, . . . , ¢;. The
algorithm would be as follows:
M@Et:7): 7
begin
return t except a; = €;,...,0; = €;
end

Object datatype 7 is defined by listing the attributes with their datatype, for which See Sec-
tion 2.3.2. Object methods are protected functions, i.e., a function that will not be affecting the
database. It will only be used for modularity purpose to return a value which can be used later for
object constraint checking and to develop the table method by being lifted up to table method.
To develop the table methods first we need lifting operators. Some lifting operators and their
mechanisms will be defined and discuss in the next section.

Lifting operators

Lifting operators are meta-functions that allow us to apply or map other functions to all or some
members of a list. Object methods cannot do anything by themselves, they need to be lifted to




became a table method and eventually a database method. Table methods cannot do anything by
themselves either, as a result they too need to be lifted to become a database method. Database
methods are the only methods that can be executed to have impact, i.e., change, of the database
state.

We define four kinds of lifting operators, three object method lifting operators and one table
method lifting operator. The first three that are used to lift object methods to table methods
are explained as follows while the last one, i.e., the table lifting operator will be discussed in the
coming sections.

Singular lifting operator (S) : It is applicable for lifting an object method to table method to
define the case of a single object value change with in a table. It is an operator that takes as
an argument an object method M, an object ¢ of type 7 and a table tbl of type IP1, where
we will normally assume that ¢ € tbl. The return value of S is the table bl itself unchanged
except the value of t changed to ¢’ that is obtained by mapping the function M to ¢.

S(M,t,tbl) &f 4pl exceptset { M (t)}

The algorithm of the lifting operator S that would lift the object method M stated above
to a table method is formulated as:

S (M,t,tbl) : IPt
begin
return tbl exceptset { M (t)}

end

S(M,t,tbl) gives an anonymous table method that takes a table tbl of type IP7 as a param-
eter and returns the table bl intact except one object changed. The algorithm is as follows:

tblmethod (tbl : P, t:7) : IPT
begin
return thl exceptset {M(t)}

end

If an object method M that takes an object ¢ : 7 need additional parameterse; : 7, ..., ¢; :
7; then lifting it to a table method using S would look like:

has code body

S(M,t,thl,e;, ..., e5) tbl exceptset {M (t, e, ...,€j)},

has code body

where M (t,e;,...,€;) texcept a; = €;,...,a; = €;

Universal lifting operator (A) : this operator is useful to lift object method to become table
method in time of updating all the objects of a table using a single object method. The
intention of A is to map the object method M on all objects of the table tbl. A is an
operator having the following as an argument, an object method M (¢ : 7), an object ¢ of
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type 7 and a table tbl of type IPT where we assume ¢ € tbl, and it returns the table tbl with
all its objects ¢ changed by ¢’ by mapping M to all ¢ € ¢bl.

def

AM,t,thl) % (¢ e thle M(t)}

The algorithm of the lifting operator A that would lift the object method M to become a
table method is:

A (M,t, tbl): IPt
begin
return {t € tbl e M(t)}

end

If an object method M that takes an object ¢ : 7 need additional parameterse; : 77,...,€; :
7 then lifting it to a table method using A would be almost the same as those with just ¢ : 7
argument, it is formulated as follows:

has code body

A(M, t,thl,e;, ..., e;5) {tctble M(t, e;, ...,e5)},

has code bod
where M (t,e;, ..., €j) = ytexceptai =€,...,0; = ¢€j

Filtered lifting operator (F) : this is used to lift an object method to become a table method

in times of updating selective objects from a table based on some criteria expressed as a
predicate (t). The intention of F is to lift M to become a table method by mapping the
object method M on some objects ¢ of the table bl for which the predicate () holds where
©(t) 1s the selection criterion.

F (M, t, @, tbl) returns tbl exceptset {t € tbl | p(t) @ M(t)}

The algorithm of the lifting operator F is as follows:

F (M, t,p,tbl): IPt
begin
return tbl exceptset {t € tbl | p(t) @ M(t)}

end

If the Object method M that takes an object ¢ : 7 need additional parameterse; : 7/,.. ., ¢; :
7 then lifting it to a table method using the filtered lifting operator I would also be more
or less similar to those with just ¢ : 7 argument, it is formulated as follows:

has code body

F(M,t,tbl, e, ..., e5) tbl exceptset {t € tbl @ M(t,e;,...,¢e;)},

has code body

where M (t,e;, ..., €e;5) t except a; = €;,...,a; = €;




Table methods without constraint checking

We have seen how table methods are developed from object methods using the lifting operators
above it can also be produced by direcly codding it without the lifting operators. A table method is
a function that takes a table and either returns the table with some of its objects changed, removed
or some new objects added to it. We will look at those three cases independently, where R is a set
of objects and r is a single record.

e Anupdate table method (tblmethod,,) takes table tbl : IPT, and it returns the table tbl intact
except some of its objects changed by another set of objects R having the same identity, and
the same data type set of objects R : IPT.

hasc
tblmethod, (tbl : IPT, R : IPT) odebody 4y exceptset R

h
tblmethod,, (tbl : IPT,7 : T) as code body

tbl exceptset {t = r}

e Delete table method tblmethod, takes table tbl with data type set of objects (bl : IPT), and
it returns the table ¢bl intact except one or more objects deleted. The values to be deleted
could be based on some criteria or some listed set of values.

has code body

tblmethody(tbl : IPT, R : IPT) tbl dropset R

has code bod!
tblmethody(tbl : Pr,r:7) = "

tbl dropset {t =}

e Insert table method tblmethod; takes table tbl with data type set of objects (tbl : IPT), and
it returns the table bl intact except some objects added to it. The values to be added could
be either single object r or set of objects R provided they have the same primery keys.

has code body

tblmethod;(tbl : IPT, R : IPT) tbl addset R

has code body

tblmethod; (tbl : IP7,7 : T) tbl addset {t = r}

All the above mentioned kinds of updates can be developed using the three lifting operators or
by directly coding them. The pseudocodes for the various table methods in cases of updating,
deletion and insertion of single or several objects can be formulated according to the mathematic
expressions stated above. The table methods also need to be lifted to become a database method
or be called inside a directly coded database method, otherwise it can not make any change to the
database, because it only returns table or set of objects.

Database methods without constraint checking

Database method is the only externally public function, and is is responsible for committing the
transactions and guaranteeing overall consistency. It takes the whole database as an argument,
i.e., the set of tables, and execute updates, insertions or deletions depending on the various cases,
and return a message that inform the success or failure of the transaction. It provides the whole
database with the updated values at runtime in order to feed it into the database constraint pred-
icates, then the transaction in the database will be committed, depending on the result of the
predicate. We will look at the constraint checking in detail in the next section.
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Database methods are developed either by directly writing the code or by lifting a table
method to become a database method using a table lifting operator. When directly coding a
database method the table methods are called on the tables whose values need to be changed, in-
side the function code. The algorithm for a database method D that takes a database of type A,
and that commit the transaction and return a message of confirmation of either a success or fail-
ure of the transaction would be as follows. The function also includes producing in run-time the
database intact except for some of its tables tbl changed, for constraint checking purpose.

D (db, tbl) : text
begin
db := db except tbl = tblmethod(tbl)
update tbl set...
if found then
return ’transaction completed successfully’;
else raise exception ’transaction failed’
end if;

end

The other approach by which database methods are developed is using lifting operator. Here
only one kind of table lifting operator is needed to lift a table method to become a database
method unlike the object lifting operators. This is due to the variation of table universes among
tables of a database while object universes are the same for all objects in a table. As a result
one table method can be applied only to a single table in a database, i.e., different tables require
different table methods. Therefore universal or filtering operators are irrelevant at this stage.

Table lifting operator (T) : It is useful to lift a table method to become a database method. It is
similar to the singular lifting operator (S) in a way since both are applied to map a function
on a single value from the set of inputs provided. T is an operator that takes a table method
tblmethod, a table tbl and a database db as an argument where we assume tbl € db and it
returns the database intact except for the table tbl changed by tbl’ obtained by mapping the
table method to ¢bl.

has code body

T (tblmethod, tbl, db) db exceptset {tbl = tblmethod(tbl)}

The database method could also need additional input parameters, the algorithm of T is
formulated as:

D (db,tbl;, ... thlj, t;, ... tj, €5, ... €5): text
begin
db := db exceptset {tblmethod(tbl;,t;,e;), ..., (tblmethod(tbl;,t;,e;)}
update tbl set...
if found then
return ‘transaction completed successfully’;
else raise exception ‘transaction failed’
end if;

end




The final database method responsible for all the constraint checking and committing the
transaction is formulated in such a way that it uses the return values of the object method, table
method and the database produced by the database methods in run-time to check for integrity
constraint violation. These return values will be an input for the predicates defined to check
integrity constraints.

2.4.2 Methods with constraint checks

In the above sections we looked how the methods are grouped in three different levels, one call-
ing the other and at the end the the database method committing the transaction. However, in
addition to this at each level computing the conditions that must hold prior to updating must be
considered, to ensure no constraint violations occur. Generally speaking this is done by calling a
predicate in the if clause for checking the list of criteria. The predicate would take attribute, ob-
ject, table or database as an argument, depending on the constraint level, and return boolean(true
or false). To minimize run time spent for constraint checking due to unnecessary repetition, the
object methods that has been called on the same objects should be organize in to a single group
and must be provided with only one constraint check for all of them, the same holds for the table
and database methods too.

The methods, provided above in cases of no constraint check (Section 2.4.1) depicts that the
return values of the methods are object, table and text message for the object, table and database
methods respectively, furthermore, the database method returns the whole database at run time.
These return values are the means for the constraint checking predicates to have access to the
whole database indirectly. Here the whole updated database is returned to be an input for the
predicates therefore the predicates will check if the database will remain consistent after the trans-
action took place. If a positive result is found from the predicates then the transaction will be
committed, However if there is a violation it give an error message and exits the transaction. This
can be done in two ways.

Method one is to report the error one at a time i.e., at the first violation it exits the transaction.
Error could be from the object method, table method or database method, at any of these levels
when violation occurs it report the error message and exits the transaction. While the second
approach is to attach an error message to each predicates and raise notice each time there is a viola-
tion till the end of the transaction program and finally abort the transaction without committing.
The second method is better in most of the cases because it enables mass correction to the trans-
action program. However, sometimes the errors might be merging due to the first violation that
by just editing only the first the other might be solved, i.e., violation in object methods can be
propagated to the table method and then to database methods. Thus depending on the scenario it
is good to consider both approaches.

Example lets say we have an object method M, that takes an object ¢ type 7 and returns an
object of type 7 with changed attributes, inside the function there are predicates that take an
object and checks for object constraint violations the algorithm for this will be.

e According to the first method, it will be coded with raise exception. When a violation

occurs it will exit the transaction and send an error message.
M@:7): 7
Begin
t:=1except ap = v1,...an = Uy

if predicate_1(t) A ... A predicate_n(t) then

return t
else
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raise exception ‘constraint_1 violated'

end if
End

e According to the second method, it will be coded with raise notice. It will not exit the
transaction but it produce the error messages.
M) : 7
Begin
t:=1except a; = v1,...an, = Uy,

if predicate_1(t) A ... A predicate_n(t) then
return t
else
if predicate, (t) = false then
raise notice ‘predicate_lviolated'
if predicate,, (t) = false then
raise notice ‘predicate_nviolated’
end if
end if

Using our methodology both static and transition constraints can be checked, by cod-
ing the right predicate for all. The predicates are programmed following the standard
programming language, to define them we can use arithmetic operators, comparison op-
erators, aggregate functions, and logical connectors etc depending on the implementa-
tion platform. They take attribute, object, table of database as an argument and return
boolean, after checking the consistency of the database. Error messages can be attached
to them when they return false otherwise a message which include the successful check-
ing could be generated. In the next sections we will see what the methods look like when
the predicates are included.

Object methods with constraint checking

As discussed in Section 2.4.1 an object method takes an object and additional optional
parameters as an argument and it returns an object. This return value will be an input for
the predicates defined for checking the object consistency. Attribute constraints are also
checked using this return value. Furthermore, to check transitional constraints we can
have both the previous object value and the updated object value, therefor with a proper
predicate definition this also can be checked. If the IC predicates hold, then the object
method will return the new object with the new values, however, if it does not hold then
we can choose between the two error message discussed above. We can choose to exit the
transaction, or we can send an error message and still return the new object.
An object method M takes a record ¢ type 7, and return the object intact, except for the
attributes a;, . . ., a; replaced by the respective given values of e, . . ., e; when the object
constrain ¢ returns true and it returns an error message when false. The algorithm would
be as follows:
M(:7): 7
Begin

t =1t except ay = vy, ...ap = Up,

if ¢(t) then

return t




else
raise exception ‘object constraint ¢ violated'

end if

End

For example, if we have object t with tuples of (id : int, pid : int, geom : geometry)
and constraint that states pid should be greater than id then our object constraint check-
ing function (¢) is formulated as a function that takes an object and return boolean.

- The pseudocode for object IC predicate ¢.
¢(t : 7) : boolean
begin
t.id >t.pid

end

- Then the pseudocode for an object method that update the value of pid by twice
its value would be:

M(:7): 7
begin
t:= t except t.pid = 2*t.pid
if ¢(t) then
return ¢

else
raise exception '¢ is violated'

end if

end

Table methods with constraint checking

The approach is more or less similar to the object method with constraint checking ex-
cept the predicates here take a table as an argument and check for the table consistency.
The design include the table method without constraint checking as described in Section
2.4.1, with a table constraint checking predicate added to it. The table that is to be an
argument for the predicate is the return value of the various lifting operators, just before
the value is returned it will be used as an argument for the predicate defined for checking
a table constraint. Depending on the result from the predicate the return value of the ta-
ble method will be either a table or a message that inform that a constraint violation has
occurred, in a similar manner to the object method. The algorithm of a table method pro-
duced by lifting the object method M to become a table method using a universal lifting
operator A and that would use a predicate ® to check table consistency is as follows:
A (M, t,tbl): Pt
Begin
tbl == {t € tbl e M(t)}
if ®(tbl) then
tbl
else
raise exception ‘® is violated'

end if
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End
Example on how table constraints checking predicate (®) generally look like: If we have
a table tbl type set of objects t where t is type
(id : int, pid : int, geom : geometry), and have table constraint where it states the sum
of all the area of the geom must be less that 1000km? then The pseudocode for the table
IC predicate ® would be:
(¢ : IP) : boolean
Begin

> area(T.geom) > 1000
End

Database methods with constraint checking

When it comes to the constraint checking process this is also similar to the above object and
table methods except that the predicate takes a database as a parameter and the database that
is to be an input for the database constraint checking predicate is produced at run time. The
database method is responsible for checking overall database consistency and committing
the transaction. The predicate at this stage takes all the tables both those whose values are
changed by the table methods and those left intact. The table and the object constraints
been checked already by the object and the table methods therefore, here it only checks for
database level consistency. The algorithm is as follows:
D(db:)) : text
Begin

db := db exceptset tblmethod(tbl;, ..., tblmethod(tbl;)

if 1 (db) then
updatetblset...
return message ‘transaction committed success fully’

else
raiseexception ‘database constraint 1) violated'

end if
End
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ENCAPSULATING A DATABASE WITH SAFE DATABASE METHODS

Chapter 3

Functional database design on PostgreSQL using
PL/pgSQL

As stated in the introduction part of this paper, in this project our main emphasis is in
implementing the functional design of databases in PostgreSQL database system only. We
will be using PL/pgSQL, a loadable procedural language for PostgreSQL database systems

as our programming language.

3.1 BASIC PL/PGSQL STATEMENTS FOR BUILDING THE METHODS

In this section we will describe the tools that Postgres has for designing functional database.
We will also state some statement types that are explicitly understood by PL/pgSQL neces-
sary for our design. Statements not explicitly understood by the PL/pgSQL are presumed
to be an SQL command and thus are sent to the main database to execute. Most of the
document below is summarized from [2]

3.1.1  Supported arguments and result data types

PL/pgSQL functions can take as an argument any scalar or array data type supported by
the server, and they can return a result of any of these types as well. They can also take
or return any composite type. Furthermore they can return record types and setof all the
above mentioned types. However a setof some type cannot be an argument to PL/pgSQL
functions.

3.1.2 Object Types (Row-Types)

Definition As stated in PosgreSQL server documentation, an object type represents the
structure of a row; it is composed of a list of field values and their datatypes. A row
variable or a row-type variable is also called a variable of a composite type. Defining
a composite type is similar to creating table, except for the absence of constraints and
the AS keyword. Composite types are used in PostgreSQL the same way as all other
types are used. For instance they can be used to declare a column of a table. Moreover,
it can be used to declare a variable, and this variable will be called a row-type variable
and it can hold a row of a for loop or select query results. Here is an example on how
to define a composite type:

CREATE TYPE parcel-owner AS (
first-name text,
last-name text )
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Row-type Declaration There is no predefined datatype in PL/pgSQL for row-type vari-
ables, because each field has a unique name and datatype. Therefore, declaring a com-
posite type can be done either by creating a composite type or using an already ex-
isting table name, since a composite type having the same name and row type as the
table is created automatically when a table is created. Then a variable can be declared
to be of that composite type using composite_type_name or
composite_type_name%ROWTY PE notations, but it is more portable when declar-
ing with % ROWTY PE. In a similar way a row variable can be declared to have the
same type as table or view, using table_name%ROWTY PE notation. As a result
the fields of the row-type inherits the table’s field size or precision and data types as
well. Example

name table name%ROWTY PE;
name composite type name;

Accessing a row-type In a row type variable the OID or other system columns cannot
be accessed because the row could be from a view, therefore, only the user-defined
columns of a table row are accessible. To access a field of a composite type (complete
table row) the syntax is written using a dot and then the field name, for example
the first_name field in name type is referenced as name. first_name. However, to
access a field in a column declared as composite type we need to parenthesize the
table and the column name separated by a dot then the field can be written separated
by another dot outside the parentheses otherwise, it can’t be accessed. Since it is
much like selecting a field from a table a parentheses is needed to save the parser from
confusion. For example,

select name.last_name from employee where name.last_name = Josh

Does not work because the name name is considered as a table while its just a column.
It must be written as follows:

select (name).last_name from employee where (name).last_name = Josh

Executing a query with single row result The result from a single row returning func-
tion, can be assigned to a target of type record variable, row-type variable, or list of
scalar variables by writing the code and adding an INTO clause.

Select sqglcommand INTO [strict ] target from ...;

This can be used for select, insert, update or delete functions. It is written the same
way SQL command is written except for the INTO clause.

The into clause can be placed anywhere in the select statement. But mostly it appears
just before FROM or just after or before the sqlcommand. If the query assigned to
the record variable has zero rows, null values will be assigned to the variable, but if
it has several rows only the first row will be assigned and the rest will be deleted, but
the first row is not well defined unless ORDER BY is used. When we want to restrict
the query result to be only one row we can write into strict target this will give an
error message if the query results many rows or no rows at all.




Functions on row-type Composite types can also be an argument to a function, in this
case they are accessed by the identifier $n dot the field name, example $1.first_name.
Furthermore, to select a field from a composite value returned from a function it
should be specified as follows, the function in parentheses dot the field name.

select (func(...)).field from ...

Example on how to use row-types in functions. tbl1 and tbl2 are existing tables having
at least the mentioned fields:

CREATE FUNCTION merge_fields(t_row tbl1l) RETURNS text AS $$
DECLARE
t2_row tbl2%ROWTYPE;
BEGIN
SELECT * INTO t2_row FROM tbl2 WHERE ... ;
RETURN t_row.f1l || t2_row.f3 ;
END;
$$ LANGUAGE plpgsql;

SELECT merge_fields(t.*) FROM tbll t WHERE ... ;

Comparison between row-types For two composite type instances to be equal their type
name must be equal and their items’ name and type must also be equal. It is coded
using the .S DISTINCT FROM function, it can be used with NULL but if the

value is empty it cannot be used, it generates syntax error. For example

SELECT ROW(1, 2) IS DISTINCT FROM ROW(3, 5); RETURNS TRUE

3.1.3 Assignment
Assignment of a value to a variable or row/record field is written as:
variable := expression;

To evaluate the expression statement, an SQL select command needs to be sent to the main
database engine. It is important to remember that the expression should yield a single value
and the returned value’s datatype should match the variable’s datatype, furthermore, the
variable’s specific size or precision, if it has, should also match. Otherwise the result value
would be implicitly converted by the PL/pgSQL interpreter which can cause the input
function to generate a run-time error. Example of an assignment:

color:= blue;

3.1.4 Set returning functions (SRF)

Set returning functions are functions that return a set of rows, by which the rows could be
made of either scalar types or composite data types. They are also sometimes called table
functions. These functions are mainly used in the From clause of a query, like a table, view
or subquery. Example

SELECT * FROM some SRfunc();
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They can also be called in the select list of a query, and for each row that the query generates
by itself, the SRF produce a row for each element of the function’s result set. However, its
capability is deprecated that it might be removed in future releases[1].

They are mainly useful in functions returning composite types. If a function is defined to
return a composite type, the SRF produces a column for each column of the composite type,
and the resulting columns get the same names as the individual attributes of the composite
type. But if the table function is defined for a scalar type, then one column table will be
produced and the name of the column will be the name of the function.

Return, Return next and Return QueryTable functions are achieved by declaring a func-
tion to return setofsometype, and each row returned by the function becomes an
element of a set, set of rows if it is a composite SRF. In PL/pgSQL to create an
SRF, a bit different procedure is followed from the normal functions. Here the in-
dividual items to return are appended to the result set using RETURN NEXT or
RETURN QUERY commands, and the completion of the execution is specified by
final RETURN command with no argument. Both RETURN NEXT and RETURN

QUERY can be used in one function and their results will be concatenated.

In cases of working with dynamic queries the RETURN QUERY can be changed
by RETURN QUERY EXECUTE, and the parameter expressions can be provided
through USING into the computed query string, in a similar way to an Execute com-
mand See Section 3.1.4. The returned result sets are stored until the entire result is
generated before they are returned, this causes poor performance. The result will be
written to disc to reduce memory exhaustion, and this limitation is expected to be
removed in the coming versions [2, 1]. Example to create a simple PL/pgSQL func-
tion that returns setof an existing table’s row with some changes, you could use the
following:

CREATE OR REPLACE FUNCTION parcels() RETURNS SETOF parcels AS $$
DECLARE

myrec parcelsirowtype;

BEGIN

FOR myrec IN SELECT id, pid+10, p.geom FROM parcels LOOP

RETURN NEXT myrec;

END LOOP;

RETURN;

END;

$SLANGUAGE ’plpgsql’;

Executing dynamic commands

There are cases that a command might need different tables or datatypes, every time it is
executed. To cope with this problem we can use the execute statement.

EXECUTE command_string [ INTO [STRICT] target ] [ USING expression [,
where command_string is an expression providing a string that holds the command to

be executed, and it is of type text. T'arget is optional and is used for storing the result of
the executed command. T'arget could be of the following types, a row variable, a record
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variable, or a comma-separated list of simple variables and record/row fields. USING is
also an optional expression, it provides the values to be inserted into the command.

When using the Execute statement for executing commands, the command is prepared
every time the statement is run. Therefore it can be used to perform actions in different
tables or columns within one function, since the command string is dynamically created.
The result of the execution is assigned to the target using the /NT'O command, but since
select into is not supported inside Execute the INTO is specified as part of Execute itself.
When passing column or table names to a dynamic query the parameter symbols, i.e., $1,
$2, etc, cannot be used, therefore they must be inserted textually. However, in cases of
passing data values the parameter symbols can be used. Example,

EXECUTE ‘SELECT * FROM’

|| table_name::regclass

|| ‘WHERE inserted_by = $1 AND inserted <= $2’
INTO c

USING checked_user, checked_date;

Quoting values in dynamic queries

Often times when working with dynamic queries there are cases that we might want to
escape single quotes. Such issues could be solved by using dollar quotes in cases of having
fixed text in the function body although it is not always possible. Care needs to be taken
when quoting values as they might already contain quote marks. For this reason, to insert
expressions containing column or table names in a dynamic query, they should be passed
through quote_ident. While those expressions that have values that should be literal strings
in the constructed command should be passed through quote_literal before insertion. The
final out put will be the input text enclosed in double or single quotes as needed and any
embedded special characters properly escaped. Using the function quote_literal when hav-
ing null value causes the whole dynamic query to be nullified and cause an error message,
therefore, in such cases its better to use quote_nullable, that is the same as quote_literal
except when null values are passed to it, it returns NU LL.

3.2 CONSTRAINTS

Here constraints are predicates that will be placed in the if clause of a function. In general
we will divide them into four groups, attribute, object, table, and database constraint. At-
tribute and object constraints will be placed in the if clause of the object method, while
the table constraints will be placed in the table methods and the database constraints in the
database method. Attribute constraints are defined in such a way they take an attribute
and additional optional parameters and return boolean. In the same way object, table, and
database constraint predicates will take object, table and database respectively and some
optional parameters as an argument.

PostgreSQL has several tools to facilitate coding of those predicates, as a result diverse kinds
of constraints can be coded. We will look at the operators available to construct the con-
straints.
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3.2.1

Arithmetic operators

Constraints having arithmetic expressions can be handled using the built-in arithmetic op-
erators in PostgreSQL. For such cases PostgreSQL, which has a large number of built-in
operators, gives you the privilege of using all sorts of mathematical, spatial, and relational
operators. The operators are summarized as follows, detailed information can be found in
Postgres manual [2].

-General Operators these are operators which are useful for comparison and descrip-
tion of the native data types, ranging from numeric types to data/time types. Less
than, greater than, equal, concatenate string, not in which are indicated by the sym-
bols <, >, =, ||,!! = respectively are few examples of this class.

-Numerical operators are operators useful for making mathematical computation on
different numerical values. To mention some examples, factorial, modulo, multiplica-
tion, addition, subtraction, and absolute value which are symbolized by !, %, *, +, —,

Q, .

-Geometric operators are operators useful to make geometric analysis on spatial ob-
jects. Like is below, is above and same as, are few examples. Furthermore currently
there are 681 built-in functions on Postgres for computing all sort of geometric calcu-
lations.

-Time interval operators are operators which are used for making calculations with
time datasets. Interval less than, Interval not equal, Interval equal, Interval greater
than or equal to, Start of interval, Same as, and time inside interval which are sym-
bolized as# <, # <>, # =, # >=,|, = and <7 > are few examples of this class.

However, care must be taken when putting the operators in order as there is a hardcoded
Lexical precedence in the parser. However most operators have the same precedence and are
left associative. This may cause non-intuitive behavior; for instance the Boolean operators
“ <= "7and“ >= " have a different precedence than the Boolean operators “ < ”and “ > ”.
Sample example for creating a predicate that use arithmetic operator, in table ensparcel, pid
must be greater than id.

CREATE OR REPLACE FUNCTION Ar_pred(p ensparcels)
RETURNS boolean AS

$BODY$

declare c boolean;

begin
select p.id > p.pid into c;
return c;

end;

$BODY$
LANGUAGE ’plpgsql’

3.2.2

Aggregate operators

Aggregate functions are functions that provide a single output from several row inputs.
Constraints having computations based on these aggregate functions are called aggregate
constraints.
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To code aggregate constraint checking functions PostgreSQL provides the following aggre-
gate functions. These are count, sum, avg (average), max (maximum), min (minimum),
sort ascending/ descending (order by ASC/DESC) etc. Furthermore in the spatial domain
there are several operators such as St_polygonize, collect etc., they are covered in the section
above under the geometric operators.

3.3 OBJECT METHODS

Object methods are functions that take an object and some optional parameters as an argu-
ment and return the same object with some or all of its values changed.

M(t,e;, ... €j) has code body texcept a; = €;,...,a; = ¢;

Object methods are created the same way normal functions are created in PostgreSQL,
except its argument and return values are both of type row-type. It is similar to creating
functions using row-type as explained in Section 3.1.2. Object methods are responsible
for checking object constraint violations. They contain predicates that check constraint
violation in their if clause within there code. They return a row with its values changed if
the predicate returns true, otherwise it raises some error message and exits the transaction.

There are cases that we might want to call several object methods on a single row, and
checking the object constraint every time, is both time consuming and error prone, since
possible violations might be repaired by the proceeding object methods. Therefore, all the
object methods except for the one which is to be lifted to become table method, should be
coded without constraint checking predicates.

Example of creating an object method, ensparcels is an existing table having

(id : int, pid : int, geom : geometry) fields:

CREATE OR REPLACE FUNCTION funcl(p ensparcels)
RETURNS ensparcels AS
$BODY$
declare pp ensparcelsjrowtype;
begin
select p.id, p.pid+10, p.geom into pp;
if Ar_pred(pp) then
return pp;
else
raise exception ’object constraint Ar_pred violated’;
end if;
end;
$BODY$
LANGUAGE ’plpgsql’ VOLATILE

Juncl takes p as an argument, p is a single row having a datatype of table ensparcels%rowtype.
funcl returns p with some or all of its values changed if the predicate Ar_pred(pp) return
true, i.e., if there is no constraint violation. However, if there is a violation it will send the
error message ‘object constraint Ar_pred violated’. This predicate Ar_pred(e ensparcels)
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is coded in Section 3.2.1. To look at their return value, object methods are called as either
of the two ways, it is discussed in Section 3.1.2.

SELECT(funcl(ensparcels.x)). * FROM ensparcels where id = 20300

SELECT(funcl(p.x)). * FROM ensparcels p where id = 20300

id pid geom
20300 || 31788 || 010600020407

CREATE OR REPLACE FUNCTION func2(p ensparcels)
RETURNS ensparcels AS

$BODY$

declare pp ensparcelslrowtype;

begin

select p.id, p.pid+7, p.geom into pp;

return pp

end;

$BODY$

LANGUAGE ’plpgsql’ VOLATILE

Func2 does not have constraint checking predicate in its code, however, the constraint
checking could be handled by calling func2 inside funcl, i.e., funcl(func2(p ensparcels)).

3.4 TABLE METHODS

Table methods are created in two ways by lifting object methods using lifting operators
or by directly coding them. They can do nothing on the database except to return setof
rows, which will be used in the database method at the next stage. They also check the
table constraint before returning, we will see how the checking is done in section 3.4.4 they
follow similar steps, therefore, can be applied to all in a similar manner for simplicity we
will begin with the three lifting operators without table constraint check:

3.4.1 Singular lifting operator S

In theory this operator takes an object method M, an object ¢, and a table tbl where t € tbl
and some additional parameters e, ..., e; as argument and it maps the object method M
on ¢ and returns the table ¢bl intact except for the value of ¢ changed by M (¢).

has code body

S(M,t,tble;, ..., e5) tbl exceptset {M (t, €;, ..., €j)},

. has code body
where in most cases M(t,e;, ..., €;) = t except a; = €;,...,a; = e;. M can be
inserted as an argument which is declared with the same datatype as its return value, and

since it return the same datatype as the object t then the function will be as follows:

S (t_m : rowtype, t : rowtype, thl : setof rowtype)
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As discussed in Section 3.1.4, in PL/pgSQL a set returning function SRF should be con-
sidered as table and therefore, is placed in the from clause 3.1.4, and to see its return value it
can be called as

SELECT FROM tablemethod,

thus it cannot take a from clause for its arguments since it is in the from clause by itself,
therefore the object method with its from and where clause should be placed as an argument
in text form. Furthermore the object ¢ needs a from clause as well, and need to be treated
the same way as the object method is treated, i.e., putting it in text form. The last argument
is the table tbl which is of type setof row-type. PL/pgSQL capability to support setof type
as an argument for a function is depreciated, see Section 3.1.4, therefore tbl will too need
to be input as text. To illustrate the code for Singular lifting operator we will look at the
following example,

CREATE OR REPLACE FUNCTION funcs2(M_arg text, t_arg text, tbl text)
RETURNS SETOF enscadeparcels AS

$BODY$

declare

pp enscadeparcelsyrowtype;

ob enscadeparcelsyrowtype;

tt enscadeparcelsyrowtype;

sqlcommand text;

begin

execute M_arg into ob;

execute t_arg into tt;

sqlcommand := ’select * from ’ || quote_ident(tbl);
for pp in execute sqlcommand
loop

if pp.id is distinct from tt.id
then return next pp ;
else return next ob ;
end if;
end loop ;
return ;
end;
$BODY$
LANGUAGE ’plpgsql’ VOLATILE

This function loops over all the rows of the table tbl and stores the row using return next in
the disc until it finds the row, which is equal to t, then it store m(t) and continues with the
rest of the rows when it reach at the end of the row then the value will be returned using the
return command. Therefore, we have the whole table with a single row changed by m(t).
The return value of the function can be seen using the following syntax

SELECT * FROM funcS('M _arg','t_arg’, 'tbl")

Where 'M _arg’ is the object method with all its from and where clause in text form, and
t_arg is an object with its from and where clause in text form, produced by a simple select
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function that return one row from a table in text form and tbl is the name of the table in
text.

funcS2 returns the whole table after it substitutes one row by the return value of the
object method obm1 and returns the remaining rows as they initially were. For example
the function can be called as follows to see its return value,

SELECT * from funcS2($$select (obml(p.*, line2)).* from
enscadeparcels p, (select ’srid = 28992; linestring
(254922.64892 474499.963925, 255324.4419 473012.9989)°
::geometry as line2) as b where id=52372$$, ’select *
from enscadeparcels where id = 52372’, ’enscadeparcels’)

order by id

[ id | pid | geom |
52371 || 21733 || "0106000020407100000100
52372 | 48110 || "0103000020407100000A00
52373 || 34708 || 010600002040710000010000
52373 || 14775 || 010600002040710000010000

3.4.2 Universal lifting operator A

A maps a single object method over the whole set of rows. It takes an object method M, an
object ¢ and a table tbl where we assume ¢ € tbl as an argument, and it returns the table ¢l
with all its objects ¢ changed by ¢’ by mapping M to all ¢ € tbl.

S 1t e thl e M(1))

A(M, ¢, tbl)
To implement this in PostgreSQL the type of the arguments of A has to be changed to text,
due to the limitations of SRE as discussed in Section 3.4.1 and Section 3.1.4. Therefore,
the trick we used here is to insert just the name of the object method M in text and its
arguments will be built inside the function using an execute clause.

CREATE OR REPLACE FUNCTION funcA4(M_n text, tblname text)
RETURNS SETOF enscadeparcels AS

$BODY$

declare

pp enscadeparcelsirowtype;

ob enscadeparcelsyrowtype;

sqlcommandt text;

sqlcommandp text;

q text;

begin

sqlcommandt := ’select * from ’ || quote_ident(tblname) ;
for pp in execute sqlcommandt loop

sqlcommandp:= ’select * from ’ |IM_nll >Cllppll?.%)’;

execute sqlcommandp into ob;
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return next ob;
end loop ;
return ;
end;

$BODY$
LANGUAGE ’plpgsql’ VOLATILE

select * from funcsA4('funcl’, ’enscadeparcels’) Here the function loop over the rows of the
table tblname and maps the object method M on each row. M is developed in the execute
statement by concatenating the name of M with the brackets. Then it stores the the m(¢)
where ¢ € thlname in the disc using the return next command until it reaches the end of
the row. Finally the setof rows can be returned using the return command. To see its return
value it can be called as follows:

select x fromfuncsad(' funcl’, 'enscadeparcels’)

3.4.3 Filtered lifting operator F

It maps a single object method over some set of rows selected from the whole table. It
takes an object method M, setof objects 7" and a table tbl where we assume T' € tbl as an
argument, and it returns the table tbl with all its set of objects T changed by 7" by mapping
M to all the elements of T' € tbl.

h. de bod
F(M,T,thl,e;,....e5) ="~

tbl exceptset {T" € thl Nt € T @ M(t,e;,...,¢€5)},
To implement this in PostgreSQL the argument type of the function has to be changed to
text, due to the same limitations occurred in the other lifting operators above, that a set

of objects cannot be an argument and an SRF is considered as table, therefore the object
method with its from and where clause cannot be parametrized. Here T" could be expressed

as a criteria W imposed on ¢ to be an element of the subgroup T'. This group has to pass
through the object method while the rest of the table will be returned unchanged. There-
fore, this predicate can be placed in the if clause of the function body and decides which one
goes where.

The same trick as the universal lifting operator can be used here i.e., to insert just the name
of the object method M and the criteria as a function W in text and its arguments will be
built inside the function using an execute clause and the table name as text as well.

CREATE OR REPLACE FUNCTION funcf2(p text, w text, tblname text)
RETURNS SETOF enscadeparcels AS

$BODY$

declare

pp enscadeparcelsyrowtype;

ob enscadeparcelsyrowtype;

sqlcommandt text;

sqlcommandp text;

sqlcommandw text;
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q text;

wt text;
begin
sqlcommandt := ’select * from ’ || tblname ;
for pp in execute sqlcommandt loop
q:= PP;
sqlcommandw:= ’select * from ’ |lwl||’>(’|lqll’) WHERE id = q.id’ ;
if execute sqlcommandw then--boolean
then
sqlcommandp:= ’select * from ’ |Ipl|°(’|lql|’) WHERE id = q.id’ ;

execute sqlcommandp into ob;
return next ob;

else
return next pp;

end if;

end loop ;

return;

end;

$BODY$

LANGUAGE ’plpgsql’ VOLATILE

3.44 Table method directly coded

The last option to create a table method is by directly coding it. Here the object methods are
not passed as an argument but will be called fron inside the code. The arguments are a table
tbl, a row t and a linestring line all in text. This function is adopted from the next chapter
from the case study it will be discussed in detail there but, we will use it for illustration.
Here we will also look at how table constraints are implemented

The table method tblm loops over the rows of the table tbl and stores the row in a temporary
table tb created inside the the function, and when it finds rows meeting some criteria they
will pass through the object method and be inserted in ¢b and the loop continues until it
reaches the last row. A table constraint will use the dataset stored in the temporary table tb
to check for any table constraint violation. In this function the constraint was the id and
pid of the new row to be inserted has to be distinct. Therefore, the row to be inserted was
created as follows using the values of tb

maz(th.pid) + 1, (obm2(ce, linel)).geom from tb;

The same technique could be used in all the table methods discussed above, those created
using the lifting operators could do the same by inserting the return value in a temporary
table and access it later. The code is as follows:

CREATE OR REPLACE FUNCTION tblm(tbl text, t text, line text)
RETURNS SETOF enscadeparcels AS

$BODY$

declare

pp enscadeparcelsyrowtype;

tt enscadeparcels)rowtype;
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cc enscadeparcelsyrowtype;
sqlcommand text;
linel geometry;
begin
drop table if exists tb;
create temporary table tb(id int, pid int, geom geometry);
sqlcommand := ’select * from ’ || tbl;
execute line into linel;
execute t into tt;
for pp in execute sqlcommand
loop
if pp.id is distinct from tt.id then
insert into tb values (pp.*);
elseif pp.id is not distinct from tt.id then
select pp.* into cc;
insert into tb values ((obmi(cc, linel)).x*);
else
return next pp ;
end if;
end loop ;
insert into tb (id, pid, geom) select max(tb.id)+1,
max(tb.pid)+1, (obm2(cc, linel)).geom from tb;
return query select * from tb;
end;
$BODY$
LANGUAGE ’plpgsql’ VOLATILE

3.4.5 The database method D

This is the only externally public function, it will be responsible for checking database
constraints and making the transaction. It makes use of the table methods by calling them
inside its code. It will take the tables that are to be changed and additional parameters that
are needed for the table method’s argument. It checks the database constraints using the
returned dataset from the table methods and the tables that are to be left intact, but have
relation to the other tables, depending on the required argument for the constraints they
will be called. The following database method dbm is also adopted from the case study made
in the next chapter. This function takes two table names tbl_bu and tbl_pa, an object and
additional parameter linestring. Three of the arguments are needed by the table method
called inside the function. Here the predicate cross checks between the two tables and if
there is no violation, then the transaction will be committed.

It loops over table tbl_bu rows and checks against the table that is returned from the table
method, for constraint checking. If no violation occurs then the transaction will be com-
mitted. A save point is set inside in case there exist a constraint violation so that it can
role-back to the save point and exit the transaction.

CREATE OR REPLACE FUNCTION dbm(tbl_bu text, tbl_pa text, t text, line text)
RETURNS text AS

$BODY$

declare

pp enscadeparcelsrowtype;

tt enscadeparcelsyrowtype;

zz enscadeparcelsy,rowtype;
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sqlcommand text;
sqlcommand2 text;

begin

savepoint si;

sqlcommand := ’select * from ’ || tbl_bu;

sqlcommand2 := ’select * from tblm(tbl_pa, t, line ) where id = ’|| cast(tt.id as text);

execute t into tt;
for pp in execute sqlcommand
loop
execute sqlcommand2 into zz ;
if st_intersect (pp.geom, zz.geom)
--zz.geom is the first half of the geometry of the parcel that is divided into two
then
execute ’delete from tbl_pa where id=’|| cast(tt.id as text);
execute ’insert into tbl_pa values (zz.*)’;
execute ’insert into tbl_pa values tblm(tbl_pa, t, line ) where id = (select max(id)
from tblm(tbl_pa, t, line))’;
execute ’update tbl_bu set pid = (select max(id) from tblm(tbl_pa, t, line))as d’;
-- updates the value of building pid by the pid of the table returned from the table
--method where id is max
elseif (st_intersect (pp.geom, zz.geom)) = false then
rollback to si;
raise exception ’building in more than one parcel found’;
end if;
end loop;
return ’transaction completed successfully’;
end;
$BODY$
Language plpgsql
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ENCAPSULATING A DATABASE WITH SAFE DATABASE METHODS

Chapter 4
Sample case study

4.1 INTRODUCTION

As it has already been mentioned our objective is to create a solid method of database design that
allows to make an updates on databases by taking into account both the expressible and inexpressible
constraints in the UML diagram Figure 4.1. The general philosophy we are going to follow is as
discussed in the previous two chapters, to develop a solid database method that are constructed from
solid, robust table methods where the tables are made from solid and robust object methods.

In order to illustrate the use of our methodology we now introduce a simple spatial database having
just two tables, enscadebuildings and enscadeparcels. The database describes how the buildings
are associated with the parcels for documenting it in the city administration. Entities in the database
include buildings and parcels and their geometry. Their relationship is described as follows

-There is primary key in both tables as a table cannot be created without it. Attribute name
enscadebuildings.id and enscadeparcels.id are the primary keys of the two tables.

-The buildings are located inside the parcels, and the parcels have distinct id numbers. The
buildings in the enscadebuildings table have associated parcel id values from enscadeparcels
table. Therefore, the two tables are referentially integrated on enscadebuildings.pid and
enscadeparcels.pid, 1.e., for all pid in enscadebuildings table there exists pid in enscadeparcels

table.

Vb € enscadebuildings dp € parcels :
b.pid = p.pid

-Furthermore, the two tables can be spatially interrelated by their geometry, however, we
cannot express it by the existing technology of constraints writing in the database. To do this
we need a check constraint that can work between two tables, 1.e., we need a database check
constraint which will enforce the geometry of the building to be within the geometry of the
parcel.

-There are also two tables where the spatial properties of the geometries are registered and
they are referentially related to the enscadebuildings and enscadeparcels tables.

We also constrain the database with constraints which are not expressible in UML class diagram
Figure 4.1. For the sake of illustration we have put it in the stars in the diagram. We would like the
system to enforce the following constraints in the database also. These are

1.A building should be only in a single parcel spatially.
Vb € enscadebuildings Vp € enscadeparcels
b.pid = p.pid = within(b.geom, p.geom)

This implies that we have to be careful when dividing a parcel in to pieces that the buildings
should remain in a single parcel. For example if we are cutting a parcel by passing a line
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UML diagram for Database schema

srid : Integer
auth_name : Char
auth_srid : Integer
srtext : Char
projdtext : Char

{enscadeparcels geom not null} ﬁ

enscadebuildings : Class A building .
TR should only be _enscadeparcels . Class6
=y g in a single id : Integer
b!d -Integer rcel spatially pid : Integer
g:;io;ﬁr: nteger geom
{foreign key(enscadeparcels.pid,
enscadebuilding.pid)}
{enscadebuilding geom not null} ﬁ {the area of enscadeparcels.geom
should be >2m*"2}

Geometry columns : Class
+f _table catalog : Char
+f table_schema : Char
-f_table_name : Char
-f_geometry_column : Char
~coord_dimention : Integer
srid : Integer

Figure 4.1: UML diagram for the administration database




through it then, a constraint that states the line should not pass through the buildings should
be enforced.

2.The area of a parcel cannot be less than 2m?.

Vg € parcels :
St_area(g.geom) < 2m?

3.We also have a dynamic constraint that says that we can cut a parcel in to two only at a time.

4.2 SAMPLE TRANSACTION

Here we will look at a sample transaction: The city administration wants to divide a parcel in
enscadeparcels table where id=52372 in to two and register them as two separate parcels. The steps
to follow are, initially cut the parcel in to two by passing a linestring through it, and make sure all the
integrity constraints are maintained. Then update the parcel geometry by the new parcel segment,
and insert the remaining half as a new record. Finally edit the buildings’ pid value accordingly.

-The PL/pgSQL code for splitting the parcel in to two by a linestring without considering
any constraints is as follows. split_geom(geometry, geometry) takes the parcel geometry and
a line string by which the parcel will be subdivided as an argument.

CREATE TYPE holderl AS (geom geometry, line geometry);

CREATE OR REPLACE FUNCTION split_geom(geometry, geometry)
RETURNS holderl AS $$
select st_intersection(st_buildarea(st_setsrid(st_linemerge(st_collect(
splitl_geom, astext($2))), 28992)),$1) as parcell,
st_intersection(st_buildarea(st_setsrid(st_linemerge(st_collect
(split2_geom, astext($2))), 28992)),$1)as parcel2
from
(
select astext(st_line_substring(loc.ex_geom, locationl, location2))AS splitl_geom,
astext(st_linemerge(st_collect(st_line_substring(loc.ex_geom, location2,1),
(st_line_substring(loc.ex_geom,0, locationl))))) AS split2_geom
from
«(
SELECT ST_Line_Locate_Point(ex_geom, pt.point0) AS locationl,
ST_Line_Locate_Point(ex_geom, pt.pointl) as location2, ex_geom
FROM
((
select astext(ST_ExteriorRing(ST_GeometryN($1,1))) as ex_geom) as ex,
(select astext( st_geometryN(st_intersection(st_exteriorring(
astext(st_geometryN($1,1))), astext($2)),1)) as pointO,
astext (st_geometryN(st_intersection(st_exteriorring(
astext (st_geometryN($1,1))), astext($2)),2)) as pointl
))) as pt
)) as loc -- gives the location of the intersection points of the line
-- and the boundary of the parcle

) as e —- gives the two split sides of the exterior of the geom
$BODY$
LANGUAGE ’SQL’ IMMUTABLE STRICT

The two geometries created by using the above function can be called as follows and
the resulting parcels are shown below.
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select (split_geom(p.geom, linel)).*

From enscadeparcels as p, (select ’srid= 28992; linestring(
254922.64892 474499.963925, 255324.4419 473012.9989)°
geometry as linel) as b

Where id=52372

parcell parcel2
"0103000020407100000A0 || "01030000204071000021

The above function split_geom(geometry, geometry) will be called to divide the
parcel into two if the following criteria are all met. The criteria are coded as a predi-
cate returning boolean for checking constraint violations. The criteria to be meet are
listed as follows:

1.The line should only cut the parcel in to two, The predicate checks whether the
linestring touches or intersects, the external boundary of the parcel only twice.

CREATE OR REPLACE FUNCTION inters2(geometry, geometry)
RETURNS boolean AS

$BODY$

Select st_npoints(st_intersection(st_exteriorring(astext

(st_geometryN($1,1))), astext($2)))= 2

$BODY$

LANGUAGE ’sql’ IMMUTABLE STRICT

2.The resulting parcels after the splitting take place should have areas greater
than 2m?, the predicate checks if the areas of the two sub parcels are greater
than 2m?. This is an attribute constraint and will be checked inside the object
method.

St_area(subdividedparcel.geom) > 2m?.

3.The linestring must not cut the geometry of the buildings, i.e., to ensure build-
ings remain in a single parcel after the parcel is divided. The predicate below
checks whether the linestring intersects with any of the buildings that exist
inside the parcel. This is a database constraint and will be checked inside the
object method

St _intersects(building.geom, linestring)

-Then one half will update the existing geometry while the remaining half will be
inserted as a new record. When inserting the remaining parcel segment in to the
enscadeparcels table the parcel should be given a distinct id and pid values where id
is the table’s primary key while pid is a distinct representative value for the parcels
in the table. Both are table constraints and will be handled by the table method in a
similar way to the following.

INSERT INTO enscadeparcels values
(max(p.id)+1, max(p.pid)+1, split_geom(p.geom, line).parcel2)
FROM enscadeparcels as p where p.id=52372
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-Finally move the buildings to the parcels they belong to by editing the pid of the
buildings accordingly. This is done by the database method because it involves two
tables. It select all the buildings that are within the second half of the parcel, i.e.,
parcel2 and update their pid value to the pid value of parcel2.

UPDATE enscadebuildings

SET b.pid = p.pid

FROM enscadebuildings as b, enscadeparcels as p

WHERE st_within(b.geom, split_geom(p.geom, line).parcel2)

4.3 DEVELOPING THE DATABASE METHOD

To get the desired transaction our methodology is a 3 step process, that involve producing object,
table, and database methods.

4.3.1 Object method

As it has been discussed in the previous chapters, object method is a function that takes an object and
additional parameters as an argument and it return the object with a changed value. Furthermore all
the object methods discussed above will be checked here. In our case two object methods are needed
obm1 and obm?2 one is for updating the value of the row while the other is for preparing the row to
be inserted.

Both of the object methods take the whole row of which the parcel that we want to split belongs to,
and the geometry of the linestring with which the parcel’s geometry will be split as an argument.
The return value of obm1 is an object with the parcel geometry changed by one half of the previous
geometry. While the obm2 returns the same object as the obm1 except the geometry is the other
half. For this row to be inserted in the database as a new entry it’s id and pid values should be
distinct from all the list of values in the table as discussed above. At this granularity level it is not
possible to get distinct value since object methods only take a single row as an argument, therefore,
table constraints cannot be checked. As a result the distinct values for the id and pid will be dealt in
the table method.

oCreating obm1

CREATE OR REPLACE FUNCTION obml(p enscadeparcels, line geometry)
RETURNS enscadeparcels AS

$BODY$

declare pp enscadeparcelsyrowtype;

Begin

select p.id, p.pid, (split_geom(p.geom, line)).parcell into strict pp;
IF inters2(p.geom, line)= false then -- constraint 1

Raise Exception ’the line should touch the parcel geom only twice’;
ELSEIF st_area((split_geom(p.geom, line)).parcell)<2 then
Raise Exception ’area of new geom cannot be less than 2’;
else
return pp;
END IF;
End
$BODY$ LANGUAGE ’plpgsql’ VOLATILE

The object method obm1 when called as follows check the object constraints placed in the
if clause, and returns the object with it geom value changed as shown below, if no constraint
violation is found.
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select (obml(p.*, line2)).x

From enscadeparcels p, (select ’srid= 28992; linestring (254922.64892
474499.963925, 255324.4419 473012.9989)° :: geometry as line2) as b
Where i1d=52372

id pid geom
52372 || 48110 || "0103000020407100000A0

However if there is constraint violation, either of the following error message will be returned.
ERROR: the line should touch the parcel geom only twice, or

ERROR: area of new geom cannot be less than 2

eThe second object method obm?2

CREATE OR REPLACE FUNCTION obm2(p enscadeparcels, line geometry)
RETURNS enscadeparcels AS

$BODY$

declare pp enscadeparcelsyrowtype;

Begin

select p.id, p.pid, (split_geom(p.geom, line)).parcel2 into strict pp;

IF inters2(p.geom, line)= false then

Raise Exception ’line must touch the geom twice’;

ELSEIF st_area((split_geom(p.geom, line)).parcel2)<2 then

Raise Exception ’area of new geom cannot be less than 2’;

else
return pp;

END IF;

End

$BODY$ LANGUAGE ’plpgsql’ VOLATILE

It return the same result as the object method obm1 except for the value of geom changed
by the other half of the subdivided parcel. Its input value is the same as the input for the
obm1.

id pid geom
52372 || 48110 || "0103000020407100002100

4.3.2 Table method

After creating the object method, we need a table method that does the following

tolm(T : IPenscadeparcels,p : enscadeparcels,l : geom)
== (Texceptsetobml(p,1))addsetobm?2(p,1)

An appropriate implementation of this abstract code should ensure that the second use of
p (in obm?2) is not reading the p updated in the first part of the code. This means our code
will do something like this:

42



ql := obm1(p,))

q2 := select max(p.id),max(p.pid), obm2(p,l) from enscadeparcels as p

T :=T exceptset q1

T := T addset q2

return T

For this case it is better to develop the table method by directly coding it, i.e., by calling the
object methods inside the codebody, instead of using the lifting operators. The following
table method tblm takes as an input table name tbl as text, an object ¢ as text and a line
geometry as text. All has to be passed as text because the function is a Set returning function
and by itself it will be in the from clause that its arguments cannot have additional from
clause see Section 3.1.4 and Section 3.4.

tblm creates a temporary table tb to store the return value of a loop statement that loops
over the rows of the input table ¢bl. Then when the row equal to ¢ is found that row will be
updated by the return value from the object method obm1(p enscadeparcels, line geom),
that is the row with half the parcel geometry. At the end the second half of the geom is
inserted into the temporary table tb as a new row with the following values (max(tb.id)+1,
max(tb.pid)+1, (obm2(cc, linel)).geom from tb). This provides the distinct values for id
and pid .

CREATE OR REPLACE FUNCTION tblm(tbl text, t text, line text)
RETURNS SETOF enscadeparcels AS
$BODY$
declare
pp enscadeparcelsyrowtype;
tt enscadeparcelsyrowtype;
cc enscadeparcelsyrowtype;
sqlcommand text;
linel geometry;
begin
drop table if exists tb;
create temporary table tb(id int, pid int, geom geometry);
sqlcommand := ’select * from ’ || tbl;
execute line into linel;
execute t into tt;
for pp in execute sqlcommand
loop
if pp.id is distinct from tt.id then
insert into tb values (pp.*);
elseif pp.id is not distinct from tt.id then
select pp.* into cc;
insert into tb values ((obmil(cc, linel)).x*);
else
return next pp ;
end if;
end loop ;
insert into tb (id, pid, geom) select max(tb.id)+1,
max(tb.pid)+1, (obm2(cc, linel)).geom from tb;
return query select * from tb;
end;
$BODY$
LANGUAGE ’plpgsql’ VOLATILE
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The table method tblm returns the whole table with one row updated and another row
inserted when given the following input, the two rows with new value are shown below.

select * from tblm2(’enscadeparcels’, ’select * from enscadeparcels
where id= 52372’, $$select ’srid = 28992; linestring
(254922.64892 474499.963925, 255324.4419 473012.9989)°

: :geometry$$) where order by id

id pid geom
52372 || 48110 || "0103000020407100000A0
52771 || 52771 || "0103000020407100002100

4.3.3 database method

Database method is the final stage where all the database constraint will be checked and the
transactions will be committed. We have one database constraint that involves both the two
tables. Constraint number 3, from the list above, it checks whether the buildings remain in
a single parcel i.e., check whether the line used to cut the parcel also cut any building. We
will check whether the subdivided parcels cut the any of the building’s geometry.

St _intersects (enscadebuildings.geom enscadeparcels.geom)

If this constraint is maintained the next step is to delete the row and insert the two new
rows from the temporary table created in the table method. Then move the buildings to
the parcels they belong to by editing the pid of the buildings accordingly. It selects all the
buildings that are within the second half of the parcel, and update their pid value accord-
ingly. If in the middle constraint violation is found it roll back to its save point and raise an
error message ERROR building in more than one parcel found

If the transaction is committed successfully a text message is returned
*transaction completed successfully’

It 1s coded as follows:

CREATE OR REPLACE FUNCTION dbm(tbl_bu text, tbl_pa text, t text, line text)
RETURNS text AS

$BODY$

declare

pp enscadeparcelsyrowtype;

tt enscadeparcels)rowtype;

zz enscadeparcels),rowtype;

sqlcommand text;

sqlcommand2 text;

begin

savepoint si;

sqlcommand := ’select * from ’ || tbl_bu;

sqlcommand2 := ’select * from tblm(tbl_pa, t, line ) where id = ’|| cast(tt.id as text);

execute t into tt;
for pp in execute sqlcommand
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loop
execute sqlcommand2 into zz ;
if st_intersect (pp.geom, zz.geom)
--zz.geom is the first half of the geometry of the parcel that is divided into two

then
execute ’delete from tbl_pa where id=’|| cast(tt.id as text);
execute ’insert into tbl_pa values (zz.*)’;
execute ’insert into tbl_pa values tblm(tbl_pa, t, line ) where id = (select max(id)

from tblm(tbl_pa, t, line))’;

execute ’update tbl_bu set pid = (select max(id) from tblm(tbl_pa, t, line))as d’;
-- updates the value of building pid by the pid of the table returned from the table
--method where id is max

elseif (st_intersect (pp.geom, zz.geom)) = false then

rollback to si;

raise exception ’building in more than one parcel found’;

end if;

end loop;

return ’transaction completed successfully’;

end;

$BODY$

Language plpgsql

The database method is called as follows,

select * from dbm(’enscadebuildings’ , ’enscadeparcels’, ’select * from enscadeparcels
where id= 52373’, $$select ’srid = 28992; linestring
(254922.64892 474499.963925, 255324.4419 473012.9989)’: :geometry$$)
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ENCAPSULATING A DATABASE WITH SAFE DATABASE METHODS

Chapter 5
Discussion, Conclusions and Recommendations

In this chapter, the results acquired, and the major dealings of this MSc thesis project relating it with
the research questions stated in Section 1.2.2 are outlined and discussed. Followed by a conclusion
part that contains the summing up of the points discussed and the findings. Finally, we will put
forward some recommendations for future work to invite other researchers for the development of
the science.

5.1 DISCUSSION

The main objective of this research is to formulate a methodology that allows encapsulating a
database in suite of functions that is designed in such a way that they preserve integrity constraints,
and allow users to access and update the database through those functions only. To meet this objec-
tive the following research questions were forwarded and were dealt as follows.

1.How are attribute, object, table and database constraints implemented in PostgreSQL?

Based on data structure granularity, constraints are divided into attribute, object, table and
database constraints. In PostgreSQL constraints are specified either in the schema and are
checked automatically or they are expressed in the application program using a constraint
language, and are checked during the creation of the database upon data entry or during
transactions, i.e., when the database changes from one state to the next [6]. Depending on this
at an abstract level constraints are classified into: 1) inherent constraints ii) implicit constraints
and iii) explicit constraints.

2.Is there a higher level language to conceptually design functions?

There was not an existing language, we had to create that from scratch with the help of my
supervisor, who provided the formal language basis to start from for making the conceptual
design. The formal semantics of the expression forms proposes is defined in such a way that
it allows us to express the intuition “take the whole dataset, make the indicated local change,
and return the dataset thus obtained”. The classical set-up of type theory was followed and
a number of expressions that are needed to define schema transformation expressions were
listed. They provide the fundamental ‘building blocks’ to construct larger, end-user-oriented
expressions.

The methods were designed conceptually following the hierarchy of data structure granular-
ity, from object to table then to database methods. Initially their class universes were defined,
to indicate the criteria an attribute values has to meet to be a member of that class by consider-
ing all the constraints imposed in the database. Then to create a solid and robust methodology
that leads to getting a final one database method that will check the overall consistency and
perform all the transaction was formulated.

The logic was based on building a solid and robust database method from solid and robust
object and table methods. The object methods are designed in such a way they return the
row intact except for some values changed, if the constraints will still be preserved even after
the changes are made. If constraints are violated then it will exit the transaction and send
an error message. The table methods are designed in a similar way, they return the whole
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table intact except for some rows changed, after checking whether the table constraints will
still be preserved even if the changes are made. Table method designing could be done either
directly, or by lifting object methods to become table methods. The lifting operators we
defined for addressing the various cases are singular, universal and filtered lifting operators.
Directly coding the table methods also use the object method in a different approach, i.e., by
calling them within the function. Database methods use all the tables to check for constraint
preservation, both the tables returned from the table methods and the once untouched, and
finally it commits the transaction.

3.What are the methods to develop robust object, table and database methods?

Our methodology provides a functional design to build those methods by developing the
methods following the hierarchy ladder based on the conceptual design answered in the first
question. We will look at each method one by one.

-Object methods are built as normal PostgreSQL functions except that it take an object
as an argument and return an object, M(t : rowtype) : rowtype. They are coded in
such a way they take an object and return the object intact except for some attribute val-
ues changed. These methods are responsible for both attribute and object constraints
checking. It is for simplicity case that the attribute changes and attribute constraints
checking are done under the object method. Object methods are later either lifted to
become table methods or are called in the table method. They have no impact on the
database by themselves. All object methods do not have constraint checking predicates
as it will cause repetition of work if several object methods are called in one row. There-
fore only the last object method that will be called on the row, i.e., the one which is to
be lifted, will have all the constrain checking predicates. If we have two object methods
M andMy; then M; can be called inside Ma, Mo (M;()) since the argument and the
return values are both the same rowtype. Therefore M, could serve as a constraint
checking method.

-Table methods are built in two ways, either by lifting the object methods, or by directly
coding them. For lifting object methods to table methods three lifting operators were
discussed. They are summarized as follows:

Singular lifting operators , these are used in times when we want to apply an object
method on a single row of a table. These operators take a table, an object method
and an object as an argument and it maps the object method on the object and return
the whole table intact except for the value of the row changed. To implement this in
PostgreSQL using PL/pgSQL some tricks had to be made for the following reasons.
PL/pgSQL functions capacity to take setof some type as an argument is depreciated,
therefore the table can only be passed as text and later be formulated and executed
using the execute statement. The same applies to the object method, functions can not
be passed where there argument is to be determined inside the function, therefore we
input the object method along with its arguments as text as an argument. Finally the
object where the object method is to be mapped is also passed as a text, for similar
reason that the from clause that the object needs can not be provided there. After
putting all the arguments in text form they will be built inside the function in an
execute statement to provide the result, an example is provided in the document.

Universal lifting operators , are useful to map a single object method over all objects
of a table. The concept is it takes an object method and a table as an argument and
it returns the table after mapping the object method on all rows of the table. It was
implemented in PL/pgSQL using similar trick as in the singular lifting operator for
similar reasons. The table is passed as text because it is a setof row type, and the object
method is passed by only putting its name without its argument and bracket as text.
Within the code there is a loop that provides the input rows one by one for the object
method. And the object method is constructed with in an execute statement. The code
we provided is not currently working, but similar other simple functions that take the
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name of the a function and concatenate its bracket inside an execute statement works
well so this has to work also but due to time constraint we are not able to show that in
practice.

Filtered lifting operator , can be used in times when we want to map an object
method only to selected rows of a table. The selection is made based on some crite-
ria, which we can build as a function, then those rows meeting that criteria will pass
through the object method while the rest of the rows of the table will be returned in-
tact. In PL/pgSQL this are coded as a function that take a table, an object method,
and a predicate that contain the criteria for filtering. In a similar way as the above two
operators the table will be passed as text, and the two functions name will be passes
as an argument and they will be formulated in an execute statement. There will be a
loop that provide the object method with rows that meet the criteria by passing them
through the predicate, and the rest of the rows will be returned unchanged.

Directly coding building the table method by directly coding it is also another option
that we discussed, it will be designed in such way it calls the object methods inside the
function rather than passing them as an argument. This is useful when having different
case from the three cases discussed above. The logic is the same it takes the whole
table and return it intact except for some values changed. We have also seen how the
constraints are implemented in table methods. The table methods create temporary
tables to store their return values and the constraint checking predicates check the
constraint by access the data form the temporary table.

-Database methods are conceptually designed as functions that take all the tables, both
of which has been through some changes and the others which did not. Then it check
for the database constraint preservation and allow the transaction to be committed. It
is important to have both the changed and unchanged tables since database constraint
checking require all the tables in the relation, to check for constraint violations. This
method takes all the required arguments needed for the table methods that it calls inside
its code body. There is no direct call to object methods from the database, but the table
method calls them and eventually they will be in the database.

4.1f there is a higher level language how do we transform this in to platform specific functioning.
We were only able to implement the conceptual design in PostgreSQL, due to time constraint
we were not able to look at the possible ways to produce a general transformation rules. This
question will be forwarded as a recommendation.

5.2 CONCLUSION

In this research project, a methodology that users can use to encapsulate there database with methods
for safe transaction, has been provided. The project was a two step process initially it was designed
conceptually and later it was discussed how it will be implemented in PostgreSQL using the proce-
dural language PL/pgSQL. Finally a simple case study was put forward that worked in Eneschede
spatial dataset, that deals with parcels and buildings relation.

5.3 RECOMMENDATION

The last research question of this research project has not been covered completely, the question
was, if there is a higher level language how do we transform this in to platform specific function-
ing. We have tried to make a general conceptual design of the methodology. We recommend the
transformation to platform specific functioning for future work.

In addition, when implementing the methods in PosgreSQL using PL/pgSQL there were some short
comings of the system, such as it does not accept functions argument and its capability to support
setof type as an argument is depreciated, therefore, if further development is made in this area the

49



task of functional designing would tremendously be simplified. PL/Python has the capability to
accept functions as an argument therefore, this work might be also effective and user friendly if
done with PL/Python as well.
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