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ABSTRACT

• Test Case 1: The user wants to borrow a book with a particular ISBN that is
already borrowed by another user.
• Test Case 2: The user wants to borrow a book with a particular ISBN but the
book belongs to the closed stack.
• Test Case 3: The user wants to borrow a book with a particular ISBN and
enters a wrong username or password.
• Test Case 4: The user wants to borrow a book with a particular ISBN but there
are charges on her account that exceed a certain limit.
• Test Case 5: The user borrows a book with a particular ISBN successfully.

OLTP applications usually implement use cases which execute a
sequence of actions whereas each action usually reads or updates
only a small set of tuples in the database. In order to automatically
test the correctness of the different execution paths of the use cases
implemented by an OLTP application, a set of test cases and test
databases needs to be created.
In this paper, we suggest that a tester specifies a test database individually for each test case using SQL as a declarative test database
specification language. Moreover, we also discuss the design of
a database generator which creates a test database based on such
a specification. Consequently, our approach allows to generate a
tailor-made test database for each test case and to bundle them together for the test case execution phase.

In order to execute all these test cases, one or more test databases
need to be created which comprise different types of books and
different user accounts. For example, in order to execute Test Case
2 the database should include a book which belongs to the closed
stack.
Currently, there are a number of commercial and academic tools
available (e.g., [2, 1, 7, 13, 10, 12, 8]) which generate test databases
for a given database schema. Beside the database schema, some
tools also support the input of the table sizes, data repositories
and additional constraints used for data instantiation (e.g., statistical distributions of individual attributes, value ranges). Unfortunately, all these tools suffer from the problem that the generated test
databases often do not comprise the data characteristics sufficient
to execute a given set of test cases. The reason is that these tools
take constraints on the complete database state as input (e.g., table
sizes and value distributions of individual attributes) which are not
suitable to express the needs of the individual test cases.

1. INTRODUCTION
OLTP applications usually implement use cases which execute a
sequence of actions whereas each action usually reads or updates
only a small set of tuples in the database. As an example, think of
an online library. One potential use case of such an application is
that a user wants to borrow a book. The sequence of actions which
is implemented by that use case could be as follows:
1. The user enters the ISBN of the book (where the ISBN is unique).
2. The system shows the details of that book.
• Exception 1: The book is borrowed by another user. The system denies
the request.
• Exception 2: The book belongs to the closed stack of the library. The
system denies the request.
3. The user enters personal data (username, password) and confirms that she
wants to borrow the book.
4. The system checks the user data and updates the database.
• Exception 3: The user has entered a wrong username or password. The
system denies the request.
• Exception 4: There are charges on the user account that exceed a certain
limit. The system denies the request.

In this paper, we suggest that a tester specifies the test database for
each test case individually using declarative test database specification language. For example, in order to specify a test database
for Test Case 4 above, the test database needs to comprise a book
with a particular ISBN which does not belong to the closed stack
(i.e., the attribute b closedstack must have the value ‘f alse‘) and a
user whose charges exceed a certain limit (e.g. $20). The desirable
database state, can be specified by multiple queries and the corresponding expected query results (e.g., the queries and expected
results shown in the following example). A database generator
then creates a test database for a given database schema 1 which
returns the given expected result for each query of the specification. Consequently, this approach allows to generate a tailor-made
test database for each test case and to bundle them together for the
test case execution phase. Moreover, the tester can focus on the
data that is relevant for Test Case 4 (e.g., the values for b isbn and
b closedstack specified by Q1 and R1 ) and she does not have to
take care of the irrelevant data (e.g., the values for b price and
b title).

Functional testing the implementation of such a use case means
that we have to check the conformance of the implementation with
the specification of the functionality [3] (i.e., the use case). Consequently, we need to create a set of test cases to test the correctness
of the different execution paths of a use case. In the following we
show a possible set of test cases:
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1
The database schema for all examples in this paper is shown in
Figure 3 (a) on Page 6.
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Q1 :
R1 :
Q2 :
R2 :

MRQP decision problem becomes decidable. The basic restriction
is that MRQP supports only those query classes as input such that
RQP becomes decidable for each individual query [4].

SELECT b_closedstack FROM book
WHERE b_isbn=’0130402648’
{<’false’>}
SELECT u_pasword, u_charges FROM user
WHERE u_name=’test’
{<test, 20.0>}

Moreover, we introduce a further restriction on the query set Q
which requires that Q must be RQP-disjoint. Under that restriction
MRQP can be solved efficiently by first generating one individual
test database for each query Qi ∈ Q using RQP and then taking
the union over all these individual test databases. However, in some
cases it is cumbersome to specify the intended test database by only
using an RQP-disjoint query set Q. Therefore, we introduce a relaxation of that restriction which enables a tester to specify the test
database in a more elegant way by creating query refinements for
the individual queries Qi ∈ Q.

The contributions of this paper can be summarized as follows: (1)
In order to generate a test database for such a specification, we
study the problem of Multi-RQP (or MRQP for short). MRQP is an
extension to RQP [4]: While RQP takes as input one SQL SELECT
query and the corresponding expected query results, and generates
a test database that returns the expected results for that given query,
MRQP supports a more general case and takes as input a set of SQL
SELECT queries and the corresponding expected query results and
generates a test database that returns the expected results for all the
given queries. However, MRQP is undecidable for arbitrary SQL
SELECT queries. (2) Thus, in order to generate test databases for
a test case of an OTLP application, we propose a new database
specification language called MSQL. MSQL is a pure subset of
SQL. Using MSQL the tester can easily formulate queries for the
test database specification that satisfy certain restrictions so that
MRQP becomes decidable and can be solved efficiently while the
tester can still specify any test database for a given schema. (3)
Using the specified queries and expected results, we discuss how
a test database can be automatically generated by MRQP which is
adequate to support the execution of a particular test case.

2.2.1

RQP-disjoint Queries

In order to solve MRQP efficiently, we require that the input query
set Q is RQP-disjoint.
D EFINITION 2.1. (RQP-disjoint Queries:) A set of queries Q
is RQP-disjoint iff all possible pairs (Qj , Qk ) with j 6= k are
RQP-disjoint. Two queries Qj and Qk in Q with j 6= k are RQPdisjoint, iff the view specified by query Qj is update independent
from any update (i.e., INSERT statement) that could be generated
by RQP for the query Qk and any possible expected result Rk of
that query and vice versa.

The remainder of this paper is organized as follows: Section 2 discusses the problem statement of MRQP and defines the general restrictions on the input queries of MRQP . Section 3 then introduces
the test database specification language MSQL. Moreover, we also
show a complete example of MRQP using MSQL. Finally, Section
4 presents the related work and Section 5 contains conclusions and
suggestions for future work.

As an example, look at the following two SQL queries Q1 and Q2
and the corresponding expected results R1 and R2 which specify
the test database for Test Case 3 in Section 1. This test case requires
a test database which comprises a book with a particular ISBN that
does not belong to the closed stack and a user with a distinct user
name and a password which is different from a given password (that
is used as input value for the test case). The two queries Q1 and
Q2 are RQP-disjoint because Q2 is update independent from any
INSERT statement that could be generated by an RQP processor
for Q1 any expected result of that query (e.g., Q1 is update independent from the INSERT statement I1 which is generated for Q1
and R1 by an RQP processor) and vice versa (e.g., the view defined
by Q1 is update independent from I2 ).

2. MRQP OVERVIEW
In this section we first study the decidability of MRQP. Therefore,
we present the general problem statement of MRQP and show that
MRQP is undecidable for arbitrary SQL queries. Afterwards, we
introduce some restrictions on the input queries of MRQP such that
MRQP becomes decidable and can be solved efficiently. Finally,
we illustrate a procedure which solves MRQP under these restrictions.

Q1 :
R1 :
I1 :

2.1 Problem Statement and Decidability
As mentioned before, this paper addresses the following problem:
Given a set of arbitrary SQL SELECT queries Q = {Q1 , ..., Qn },
a set of expected results R = {R1 , ..., Rn } of these queries, and
the database schema S of a relational database (including integrity
constraints), find a database instance D so that Ri = Qi (D) is
valid for all 1 ≤ i ≤ n and D is compliant with S and its integrity
constraints. There may exist many different database instances D
that satisfy these criteria. In this paper, it is the goal to find one
viable database instance.

Q2 :
R2 :
I2 :

SELECT b_closedstack FROM book
WHERE b_isbn=’0201485419’
{<’false’>}
INSERT INTO book
(b_id, b_title, b_price, b_isbn, b_closedstack)
VALUES (1, ’TitleB’, 100.0, ’0201485419’, ’false’)
SELECT COUNT(*) FROM user
WHERE u_name=’test’ AND u_password!=’test’
{<1>}
INSERT INTO user
(u_id, u_name, u_password, u_charges)
VALUES (1, ’test’, ’test1’, 0.0)

If the queries in Q are RQP-disjoint, we can generate a test database
by calling the RQP processor separately for each query and the
corresponding expected result (i.e., RQP (Q1 , R1 , S) = D1 , ...,
RQP (Qn , Rn , S) = Dn )2 . Afterwards, we take the union of all
the individual test databases to create the final test database (i.e.,
D = D1 ∪ ... ∪ Dn )3 . Continuing the example above: In order to
generate a test database for the two RQP-disjoint queries Q1 and
Q2 and the two expected results R1 and R2 , we first generate two

The decision problem (based on the problem statement above) which
asks whether a database instance D exists or not that satisfies the
schema S and returns Ri = Qi (D) for all 1 ≤ i ≤ n is thus called
the MRQP decision problem. Obviously, the MRQP decision problem cannot be decidable because RQP is not decidable for arbitrary
SQL queries.

2
In this paper we call the RQP processor as an external function
which takes a query Q, an expected result R, and a database schema
S as input and generates a database D which satisfies S and returns
Q(D) = R.
3
The ∪ operator here creates the union over all tables of the
database schema S.

2.2 MRQP Restrictions
As we have shown before, MRQP is undecidable for arbitrary SQL
queries. Consequently, we restrict the input queries in Q so that the
2

D EFINITION 2.2. (Query Refinement:) A query refinement Fi
for one query Qi ∈ Q is a set of RQP-disjoint queries Fi =
{Fi1 , . . . , Fin } plus the expected results RFi for each query in
Fi ; i.e., RFi = {RFi1 , . . . , RFin } where Qi is update dependent (=opposite of update independent) of all INSERT statements
that could be generated by RQP for any query Fij ∈ Fi and an
arbitrary expected result RFij ∈ RFi of that query. Moreover,
baseAttr(Ri ) ⊆ baseAttr(RFij ) must hold for all RFij ∈ RFi
(Ri is the expected result of Qi and baseAttr(Ri ) is a function
that extracts the names of the attributes in the database schema S
that participate in the expected result Ri ). Furthermore, for each
query Fij ∈ Fi the user can recursively specify further query refinements.

individual databases D1 and D2 . Consequently, the test database
D1 comprises one book with the given ISBN and the value specified for the attribute b closedstack (i.e., D1 is created by I1 ) and
test database D2 comprises the user account with the given username and a password which is not equal to the input value ‘test‘
(i.e., D2 is created by I2 ). Subsequently, the final test database D
is D = D1 ∪ D2 .
In order to make sure that the final database D which is generated
for an RQP-disjoint query set fulfills the primary-key and unique
constraints in the database schema S, MRQP has to make sure that
the individual RQP calls assign unique values to the attributes in
S that are bound by such a constraint for all queries in Q and the
corresponding expected results in R.

A simple query refinement for the example above is shown by the
following query Q1 and the refinement given by F1 = {F11 }.
While Q1 specifies the total sum of prices for all books, F1 specifies the price and the title of one book with a particular ISBN number. Obviously, Q1 is update dependent from any INSERT statement that could be generated by RQP for each query in F1 and
some arbitrary expected results (e.g., Q1 is update dependent from
the INSERT statement IF11 which is generated by RQP for the expected result RF11 and the query F11 ). Moreover, baseAttr(R1 ) =
{b price} is a subset of baseAttr(RF11 ) = {b price, b title}.
Thus, F1 = {F11 } is a query refinement for query Q1 .

Using an RQP-disjoint query set as input of MRQP, the user can
specify any database instance for a given schema S. In order to
show that this is possible, we assume that a tester creates one query
per table which reads all tuples (e.g., SELECT * FROM orders)
and the expected results of these queries. Using these queries and
the expected results the tester can obviously control all attribute
values individually for each tuple in every table of the database
schema S and thus specify any database instance.

2.2.2

Query Refinements

Q1 :
R1 :
F11 :

Using only an RQP-disjoint query set to specify the intended test
database for a test case can sometimes be cumbersome for the tester.
For example, assume the tester wants to specify a test database
which should comprise five books with a total sum of prices which
is $1000 while one of these books should have the price $100 and
the title ‘T itleA‘.

RF11 :
IF11 :

In the following we illustrate how MRQP can generate a test database
for a query Qi of an RQP-disjoint query set Q which is refined by
a query refinement Fi and its expected results RFi . A general solution how to generate a test database for a RQP-disjoint query set
Q where some queries Qi ∈ Q can be recursively refined by a
query refinement is shown in the next Section 2.3. The idea presented here is similar to the one shown for an RQP-disjoint query
set. MRQP first generates one test database for Qi and another one
for Fi by calling an RQP processor individually for Qi and Fi and
taking the union of both test databases. However, before the test
database for the query Qi and its expected result Ri can be generated by an RQP processor, MRQP has to adjust Qi and Ri w.r.t.
the query refinement Fi and its expected results RFi . The details
of this process are described in the sequel.

Unfortunately, there is no elegant way to specify such a test database
by using only an RQP-disjoint query set: (1) The first possibility is that the tester specifies one query (i.e, SELECT b price,
b title FROM book) and defines an expected result which holds
the values for the attributes b price and b title of all books (while
the tester has to manually take care that the total sum is $1000 and
she also has to define the titles for four out of five books that are not
relevant for the test case). (2) Another possibility is that the tester
specifies two individual SQL queries while one query specifies the
one book which has the price of $100 and the title ‘T itleA‘ (as
shown by the query Q1 and the expected result R1 in the following
example) and the other query specifies the remaining four books
(as shown by query Q2 and the expected result R2 in the following
example). However, in that case the tester has to manually adjust
the query Q2 and the expected result R2 so that the total sum for
the four remaining books is $900 and none of these books uses the
same ISBN as the book with the price of $100 (i.e., the selection
predicate of Q2 must be b isbn! = ‘0130402648‘).
Q1 :
R1 :
Q2 :
R2 :

SELECT SUM(b_price), COUNT(*) FROM book
{<1000.0, 5>}
SELECT b_price, b_title FROM book
WHERE b_isbn=’0130402648’
{<100, ’TitleA’>}
INSERT INTO book
(b_id, b_title, b_price, b_isbn, b_closedstack)
VALUES (1, ’TitleA’, 100.0, ’0130402648’, ’false’)

Firstly, MRQP generates a test database DFi for the query refinement Fi of query Qi and the expected results RFi of the refinement Fi as described in Section 2.2.1 for any RQP-disjoint set of
queries. Afterwards, MRQP adjusts the expected result Ri of the
query Qi which is refined by Fi with respect to the generated test
database DFi by executing Ri′ = Ri ⊖ Qi (DFi ). The operator
⊖ is called the Adjust operator and its implementation depends on
the type of query Qi . In general, the ⊖ operator “removes” those
tuples from the expected result Ri that are already specified by the
queries in the refinement Fi and the expected results RFi and thus
do not have to be generated for the query Qi and the expected result Ri anymore. Moreover, in addition to the expected result Ri ,
we also have to adjust the query Qi (which results in Q′i ) so that
RQP generates no tuples for Q′i and the adjusted expected result
Ri′ that would be returned by any query in the refinement Fi . A detailed description of the implementation of the Adjust operator and
the function which adjusts the query Qi will be given in Section 3

SELECT b_price, b_title FROM book
WHERE b_isbn=’0130402648’
{<100.0, ’TitleA’>}
SELECT SUM(b_price), COUNT(*) FROM book
WHERE b_isbn!=’0130402648’
{<900.0, 4>}

A more elegant solution is that in addition to the RQP-disjoint set
of queries Q and the expected results R we allow the user to define
a query refinement for each query Qi ∈ Q. The intuition is that a
query refinement Fi for a query Qi defines more attribute values
for a subset of tuples that are specified by Qi and Ri . That is, a
query refinement Fi refines a query Qi . In the following we give a
more formal definition and show how MRQP can generate the test
database if some queries Qi ∈ Q are refined by a query refinement.
3

MRQP(Queries Q, Results R, Schema S, Refinements (Fi , RFi ))

formulating an RQP-disjoint query set Q and some query refinements, we have to decide whether Q is RQP-disjoint or not and
whether a query refinement Fi refines a query Qi ∈ Q or not.

Output: database D
(1) D=∅ //Generate an empty DB
(2) FOR EACH Query Qi in Q
(3) Ri = R.get(i) //Extract expected result
(4) DFi =∅
(5) IF(Qi has a Query Refinement (Fi , RFi ))
(6)
DFi =MRQP(Fi , RFi , S) //Generate DB for Fi
(7)
Ri =Ri ⊖ Qi (DFi ) //Adjust result
(8)
Qi =AdjustQuery(Qi , Fi ) //Adjust query
(9) END IF
(10) IF(D=D∪RQP(Qi ,Ri ,S)∪DFi returns ERROR)
(11)
RETURN ERROR
(12) END IF
(13) END FOR
(14) RETURN D

Consequently, in this section we define a database specification language called MSQL (based on SQL) and a Reverse Relational Algebra called MRRA which is used in MRQP to generate the test
database (based on the Reverse Relational Algebra RRA of RQP in
[4])4 . For a query set Q and some query refinements for the queries
Qi ∈ Q that are formulated in MSQL, we can easily check whether
the query set Q is RQP-disjoint and if a query refinement Fi refines
a query Qi ∈ Q (if the MRRA is used to reverse process these
queries). However, we did not prove that there does not exist a
more powerful language than MSQL that has the same properties.

Figure 1: Function MRQP
for all query classes supported in in the database specification language MSQL. Subsequently, MRQP generates a test database Di′
for the adjusted query Q′i and the adjusted expected result Ri′ by
calling the RQP processor. The final test database Di for the query
Qi and the query refinement Fi is created by taking the union of
Di′ and DFi ; i.e., Di = Di′ ∪ DFi .

Moreover, in this Section we illustrate an efficient solution for the
AdjustQuery function and the Adjust operator ⊖ which are used to
reverse process queries that are refined by a query refinement (as
discussed in the section before) for all query classes of MSQL.

3.1

For instance, in order to generate a test database D1 for Q1 and F1
in the example above, MRQP first generates a test database DF for
the query refinement F1 = {F11 } and the expected results RF1 =
{RF11 } as discussed in Section 2.2.1; e.g., a minimal test database
DF1 comprises one book with the given values (i.e., one book with
the values specified for the attributes b price, b title and b isbn
by F11 and RF11 ). Afterwards, the expected result R1 is adjusted
by executing R1′ = R1 ⊖ Q1 (DF1 ) = {< 900.0, 4 >} and the
query Q1 is adjusted, too, which returns the adjusted query Q′1 :
Q1 :

Query Classes and Algebra

In MSQL, a tester can formulate SQL SELECT queries with and
without aggregations in the SELECT clause. Moreover, the queries
supported by MSQL are not allowed to include join statements or
subqueries and the predicate in the WHERE clause must be a conjunctive predicate in propositional logic that satisfies certain restrictions. More precisely, the supported query classes in MSQL are:
(1) Non-Aggregation queries which can be mapped to the following relational algebra expression:
πA (σp (T ))

SELECT SUM(b_price), COUNT(*)
FROM book WHERE b_isbn!=’0130402648’

where A represents the attributes and arithmetic functions in
the SELECT clause, p is the selection predicate in the WHERE
clause, and T is an arbitrary relation of the schema S.

Subsequently, we generate the test database D1′ for the adjusted
query Q′1 and the adjusted result R1′ (i.e., four books with the total
sum $900 that have an ISBN value other than ‘0130402648‘). The
final test database D1 that returns R1 for Q1 and RF11 for F11 is
created as the union of D1′ and DF1 ; i.e., D1 = D1′ ∪ DF1 .

(2) Aggregation queries which can be mapped to the following
relational algebra expression:

2.3 MRQP Procedure

σq (χB,COU N T (∗) as c,AGG(D) (σp (T )))

The function MRQP which is shown in Figure 1 implements a general procedure for MRQP which generates a test database for a
RQP-disjoint query set Q where some queries Qi ∈ Q can be recursively refined by a query refinement. The function MRQP first
creates an empty database D for the query set Q (Line 1). Afterwards, the function checks for each query Qi ∈ Q if there exists a
query refinement Fi for that query (Line 5). If yes, then this function generates a test database DFi for that query refinement and the
expected results RFi by calling MRQP recursively (Line 6). Subsequently, the function adjusts the expected result Ri and the query
Qi w.r.t. DFi (Line 7-8). Afterwards, the function MRQP creates
the new test database D as a union of the existing test database D,
the test database that is created for the adjusted query Qi and the
adjusted expected result Ri , and the test database DFi generated
for a potential query refinement Fi (Line 10). If the union does not
satisfy the database schema S, then an error is returned (Line 11).
If all queries in Q are processed the final test database D for Q and
R is returned.

where q is the selection predicate in the HAVING clause,
B represents the GROUP-BY attributes, COU N T (∗) is the
non-distinct count function, AGG(D) are the aggregation
functions (AV G, M IN , M AX, SU M ) in the SELECT
clause on the attributes and arithmetic functions D, p is the
selection predicate in the WHERE clause, and T is an arbitrary
relation of the schema S.
The COU N T (∗) function is obligatory for aggregation queries
(query class (2) above) because the Adjust operator ⊖ which is
used in the MRQP function to process query refinements relies on
that value (see Section 3.2). Moreover, for both query classes the
selection predicate p must be a conjunctive predicate formulated
in propositional logic. If a clause pi in the conjunctive selection
predicate p comprises an attribute a with a primary-key constraint,
or a unique constraint, or a foreign-key constraint in the database
schema S then pi is only allowed to be a simple predicate expressing the equality of the attribute a and a constant value v (i.e.,
a = v).

3. THE SPECIFICATION LANGUAGE MSQL
As discussed in the Section 2.2, we allow a tester to specify a test
database which is adequate to execute a particular test case by manually creating a set of RQP-disjoint queries Q and a query refinement Fi for each query Qi ∈ Q. In order to support the tester in

4

The RRA of RQP is the reverse variant of the relational algebra
which pushes the expected query result from the root of a query
tree down to the leaves in order to generate the test database.
4

⊖(Relation R, Relation S)

The reverse relational algebra which is used to reverse process these
query classes in MRQP is called MRRA. MRRA is similar to the
RRA defined in [4]. The only difference is that the reverse selection
operator (i.e., σ −1 ) and the reverse join operator (i.e., 1−1 ) are not
allowed to generate additional tuples that satisfy the negation of the
selection predicate or the negation of the join predicate. Provided,
that we use MRRA to generate a test database, then the following
two theorems hold.

Output: Relation R′
(1) R′ = ∅ //Create an empty result
(2) FOR EACH tuple r in R
(3) r ′ = ∅ //Create empty tuple r ′
(4) //Extract tuple s from S
(5) s = S.get(B, R.B)
(6) IF(s==∅) r ′ =r
(7) ELSE
(8) if(B!=∅) r ′ (B) = r(B) //set B
(9) r ′ (c) = r(c)-s(c) //set c
(10) //Init results of agg. functions
(11) FOR EACH attribute agg(D) in AGG(D)
(12)
IF(agg==SUM)
(13)
r ′ (agg(D))=r(agg(D))-s(agg(D))
(14)
ELSE IF(agg==AVG)
(15)
r ′ (agg(D))=(r(agg(D))*r(c)-s(agg(D))*s(c))/r ′ (c)
(16)
ELSE IF(agg==MIN || agg==MAX)
(17)
IF(r(agg(D))!=s(agg(D))) r ′ (agg(D))=r(agg(D))
(18) END FOR
(19) END IF
(20) R′ .add(r ′ ) //add new tuple r ′ to R′
(21) END FOR
(22) RETURN R′ //return result

T HEOREM 3.1. Two arbitrary MSQL queries Qj and Qk are
RQP-disjoint iff Qj and Qk specify tuples for different relations
or pj ∧ pk is not satisfiable which is decidable for the selection
predicates in MSQL (pj is the selection predicate representing the
WHERE clause of Qj and pk is the selection predicate representing
the WHERE clause of Qk ).
P ROOF (S KETCH ) 3.2. It is obvious that Qj and Qk are RQPdisjoint if Qj and Qk specify tuples in different relations because
Qk will be update independent from any INSERT statement which
is generated by RQP for Qj and an arbitrary expected result Rj of
that query and vice versa. It immediately follows from [6] that Qj
and Qk are RQP-disjoint if Qj and Qk read tuples from the same
relation T and pj ∧ pk is not satisfiable because all INSERT statements that could be generated for Qj and an arbitrary expected
result Rj by RQP satisfy pj and thus will not be returned by Qk
which has the selection predicate pk and vice versa.

Figure 2: Adjust operator ⊖
For an aggregation query Qi (query class (2) of MSQL) the implementation of the Adjust operator is given in Figure 2. In that
algorithm we refer to the group-by attributes B, the count value c,
and the aggregation functions AGG(D) that are defined by the expected result of an aggregation query. An example for that operator
will be discussed in the next Section 3.3. The Adjust operator in
Figure 2 is a binary operator which takes two relations R and S as
input: R is the expected result of the query Qi and S is the actual
result of executing the query Qi over the test database DFi that
was generated for the query refinement Fi (i.e., S = Qi (DFi )).
The output of this operator is the adjusted result R′ .

T HEOREM 3.3. An arbitrary MSQL query Qj refines another
arbitrary MSQL query Qk iff the queries Qj and Qk read tuples
from the same relation T and (pj ⇒ pk ) is valid which means that
we have to show that (!pj ∨ pk) is valid or the negation (pj∧!pk)
is not satisfiable which is decidable for the selection predicates in
MSQL (again, pj is the selection predicate representing the WHERE
clause of Qj and pk is the selection predicate representing the
WHERE clause of Qk ).

The implementation of the Adjust operator is as follows: The operator first creates an empty result R′ (Line 1) and then iterates over
all tuples in the expected result R (Line 2-21). For each tuple r in
R an empty result tuple r′ is created that should hold the adjusted
values from r (Line 3). Afterwards, the tuple s is extracted from
S that has the same values for the group-by attributes B in r. If
query Qi does not define a group-by attribute (i.e., B = ∅) then the
only tuple in result S is returned (Line 5). If there does not exist
such a tuple s, then the ⊖ operator uses r as the adjusted tuple r′
and adds r′ to R′ . Otherwise, the ⊖ operator adjusts the expected
query result (Line 7-19) as follows: First, the group by attributes B
of r′ are initialized with the attribute values r(B) (Line 8). Then,
the new count value is calculated as the difference of the original
count value r(c) and the count value s(c) (Line 9). Finally, the adjusted expected results r′ (agg(D)) for each aggregation function
agg(D) ∈ AGG(D) is created according to the type of the aggregation function (Line 10-18). Finally, the adjusted tuple r′ is added
to the result R′ (Line 20). If all tuples r in R are processed the adjusted result R′ is returned (Line 22). An example of that algorithm
is given in the next subsection.

P ROOF (S KETCH ) 3.4. It immediately follows from [6] that Qj
refines Qk iff (pj ⇒ pk ) is valid, because all INSERT statements
that could be generated for Qj and an arbitrary expected result Rj
by RQP satisfy pj and thus will be returned by Qk which has the
selection predicate pk .

3.2 Adjust Operation for Query Refinements
The AdjustQuery function is used in the MRQP function (see Figure 1) to adjust the query Qi so that calling RQP for Qi does not
generate any data for the expected result Ri which is returned by
any query in the query refinement Fi = {Fi1 , . . . , Fin } for the
query Qi . The implementation of this function is the same for both
query classes of MSQL. We simply extract the selection predicate
pi of the query Qi and the selection predicates pF ij of each query
Fij ∈ Fi and create a new selection predicate p′i for the adjusted
query Q′i as p′i = pi ∧ ¬pF i1 ∧ · · · ∧ ¬pF in . An example for the
AdjustQuery function was shown at the end of Section 2.2.2.
The Adjust operator ⊖ is used in the MRQP function (see Figure 1) to adjust the expected result Ri of a query Qi w.r.t. the
database DFi generated for the query refinement Fi . The implementation of ⊖ for a non-aggregation query Qi (query class (1)
of MSQL) is a standard relational minus operator for bags. Additionally, the Adjust operator for non-aggregation queries checks
if Qi (DF ) − Ri = ∅ holds. Otherwise the expected result is not
adjustable because the queries in the refinement Fi specify more
tuples than the query Qi which is not allowed by the definition. In
that case the Adjust operator returns an error.

3.3

MSQL Example

Figure 3 gives a complete example of MRQP: Figure 3 (a) shows
the database schema and Figure 3 (b) shows the RQP-disjoint query
set Q and a query refinement F1 which specify the test database for
Test Case 5 of the online library (see Section 1). The query Q1 ∈ Q
specifies the total number of all books in the test database. The
other query Q2 ∈ Q specifies the password and the charges of a
particular user with a certain password. The queries Q1 and Q2 are
RQP-disjoint because they specify tuples for different tables. The
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CREATE TABLE user (
u_id INTEGER PRIMARY KEY,
u_name VARCHAR(20) UNIQUE,
u_password VARCHAR(20),
u_charges FLOAT NOT NULL
CHECK(u_charges>=0));
CREATE TABLE book (
b_id INTEGER PRIMARY KEY,
b_title VARCHAR (20) NOT NULL,
b_price FLOAT NOT NULL,
b_isbn VARCHAR(20) UNIQUE,
b_closedstack BOOLEAN NOT NULL
b_aid INTEGER FOREIGN KEY
REFERENCES author(a_id));
CREATE TABLE author (
a_id INTEGER PRIMARY KEY,
a_name VARCHAR(20) UNIQUE,
a_fname VARCHAR(20));

Q1 :
R1 :

SELECT COUNT(*)
FROM book

D1 :

<5>

b_id

b_isbn

1

0130402648 false

1

2

0130402649 true

1

3

0130402650 false

1

4

0130402651 true

1

0130402652 true
book
a_fname

1
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Q2 :

R2 :

SELECT u_password
FROM user
WHERE u_name='test'
AND u_charges<=20
<'test'>

D2 :

F11: SELECT b_closedstack
FROM book
WHERE b_isbn='0130402648'

DF1:

a_id

a_name

1
u_id

a_name1
a_fname1
author
u_name u_password u_charges

1

test

b_id

b_isbn

1

0130402648 false
book
a_name
a_fname

a_id

RF11: <false>

1

(a) Database Schema

(b) Example Query Set Q={Q1, Q2}
and Query Refinement F1={F11}

b_closedstack b_aid

test
user

0.0
b_closedstack b_aid
1

a_name1
a_fname1
author

(c) Generated Test Database D = D1 ∪ D2

Figure 3: MSQL Example
query Q1 is refined by a query refinement F1 = {F11 } and its expected results RF1 = {RF11 }. The query F11 and the result R11
specify the value of the attribute b closedstack of one book in the
test database with a particular ISBN (i.e., b isbn = ‘0130402648‘).

used as input of MRQP so that MRQP can be solved efficiently.
Moreover, we also defined a database specification language called
MSQL (based on SQL) for which the user can easily check whether
these restrictions are satisfied or not.
MRQP initially generates one test database per test case. However, in some cases it might be helpful to reduce the number of
test databases. For this case we devised a trivial algorithm which
merges individual test databases such that many test cases can use
the same test database [5]. One avenue of future work is to find
more efficient algorithms to reduce the total number of test databases
which guarantee certain properties (e.g., minimality). Another avenue is to study the usability of MRQP in an industrial environment.

If we call the function MRQP in Figure 1 for the RQP-disjoint
query set Q, then the test database DF1 for the query refinement
F1 is generated first (DF1 is shown in Figure 3 (c)). Due to the
foreign-key handling in RQP [4] a tuple for the author with a id =
1 is created, too. As a next step, the adjusted expected result for
query Q1 is calculated as R1′ = R1 ⊖ Q1 (DF1 ): The query Q1
is an aggregation query and Q1 (DF1 ) returns a count value of 1.
According to the algorithm of ⊖ for aggregation queries (see Figure 2) the adjusted result R1′ has one tuple with the count value of
4. Afterwards, the query Q1 is adjusted which results in Q′1 :
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