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Abstract. One of the main characteristics of object-oriented database 
management systems is the explicit representation of relationships be-
tween objects. A simple example for a query addressing these relation-
ships arises, if we assume the object types Company, and Division with 
the relationship has_division from Company to Division. In this case a 
query might ask for the companies which have a division called "strat-
egy". The query might start with the companies and navigate to the 
divisions which can be reached via the has_division relationship. Finally 
the query has to check if the name attribute of the Division object is 
"strategy". Since there is no direct condition for the companies in the 
query, this query execution will be costly. If we assume that there is a 
reverse relationship division.of from Division to Company, an alterna-
tive execution plan might start with the "strategy" divisions and follow 
this reverse relationship. In this case an index structure for the name 
attribute of the Division objects can be exploited to speed up query 
processing. 
In the present paper we describe a query optimizer which exploits this po-
tential invertibility of navigational operations in queries. Our approach is 
based on, but not limited to the context of the ISO and ECMA standard 
PCTE and P-OQL. 

1 Introduction 

In contrast to relational database management systems object-oriented database 
management systems (ooDBMS) allow for the explicit representation of the re-
lationships between the maintained objects. The various ooDBMS differ mostly 
in the expressive power of their modeling facilities for these relationships. Some 
systems allow only special attributes which consist of a set of objects. Other 
systems provide the means of a link to represent a relationship between ob-
jects. Furthermore some systems provide different link categories to represent 
different types of relationships, or they allow for the application of key- and/or 
non-key-attributes to the relationships. 

Such relationships are often addressed in queries to the database. Assume 
for example an object base with the object types Student, Course and Lecturer 
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namename 
address address 
year officename 

holdsattended_by 
LecturerStudent Course 

attends held_by 

Fig. 1. Simple example schema with relationships 

and the relationships attends from Student to Course and held_by from Course 
to Lecturer. This schema is illustrated in figure 1. 

On this object base we could e.g. ask for the names of all students which at-
tend a course held by lecturer "Smith" together with the corresponding course 
names. The straight forward way to evaluate this query would be to address all 
Student objects stored in the database and to check for each student if there is 
a path consisting of an attends and a held_by link referencing a lecturer named 
"Smith". Under the natural assumption that there are far less lectures than 
courses, and far less courses than students, this is obviously an extremely costly 
operation. If there are, on the other hand, reverse relationships for the rela-
tionships attends and held_by - as in our example schema - another query 
processing plan might start with the lecturers. Only for those lecturers with the 
name "Smith" the students attending a course held by the lecturer would have 
to be addressed in this case. Especially in the case where an index for the name 
attribute of the lecturers exists this query processing plan would be much more 
efficient than the first one. 

To exploit this potential invertibility of navigational operations in queries 
the query optimizer should consider query execution plans based on such in-
verted navigational operations in addition to the conventional query optimiza-
tion techniques. To this end, the query optimizer has to determine invertible 
path expressions and to select the most beneficial inversion. Thereby the query 
optimizer should consider the available index structures and select the structure 
( or structures) which should be applied. 

We have developed such a query optimizer for the P-OQL query language. 
P-OQL [8, 9] is an OQL-oriented query language for the object management 
system of PCTE [19], which in turn is the ISO and ECMA standard for an 
open repository [17, 18]. The environment consisting of PCTE and P-OQL is ex-
tremely challenging for the sketched optimizer facility, because the data model 
of PCTE contains extremely powerful facilities for the representation of rela-
tionships. The relationships can have key and non-key attributes, and there are 
different categories of relationships. The query language P-OQL allows to define 
navigational operations by regular path expressions addressing the attributes 
and the categories of the relationships and providing various iteration facilities. 

In the following we first describe the essential concepts of PCTE and P-OQL 
(c.f. section 2). Thereafter we give various examples for the inversion of regular 
path expressions in P-OQL, which might allow for a more efficient query pro-
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cessing. In section 4 we present the architecture of our query optimizer. Section 5 
deals with the cost estimation techniques employed to choose from the different 
possible query formulations and in section 6 we present some experimental re-
sults. Finally section 7 gives a short discussion of related approaches and section 
8 concludes the paper. 

2 Example Environment 

2.1 PCTE 

As mentioned PCTE (Portable Common Tool Environment) is the ISO and 
ECMA standard for a public tool interface (PTI) for an open repository [17-19]. 
As one of its major components PCTE contains a structurally object-oriented 
object management system (OMS) designed to meet the special requirements of 
software engineering environments. 

The data model of PCTE can be seen as an extension of the binary Entity-
Relationship Model. The object base contains objects and relationships. Rela-
tionships are normally bi-directional. Each relationship is realized by a pair of 
directed links, which are reverse links of each other. The type of an object is 
given by its name, a set of applied attribute types, and a set of allowed outgoing 
link types. New object types are defined by inheritance. 

A link type is given by a name, an ordered set of attribute types called key 
attributes, a set of (non-key) attribute types, a set of allowed destination object 
types, and a category. PCTE offers five link categories: composition (defining 
the destination object as a component of the origin object), existence (keep-
ing the destination object in existence), reference (assuring referential integrity 
and representing a property of the origin object), implicit (assuring referential 
integrity) and designation (without referential integrity). 

Throughout this paper we will use the schema given in figure 2 as the basis 
for our examples. It consists of the object types Student, Course, Employee, 
Thesis and Project. The attribute types applied to each object type are given in 
the ovals at the upper left corner of the rectangle representing the object type. 

The link types are indicated by arrows. A double arrowhead at the end of a 
link indicates that the link has cardinality many. Links with cardinality many 
must have a key attribute. In the example the numeric attribute no and the 
string attribute problem are used for this purpose. For example the link type 
attends from Student to Course has such a key attribute and is hence described 
as "no.attends". Therefore an instance of this link type can be addressed by its 
link name which consists of the concrete value for the key attribute and the type 
name separated by a dot - e.g. "3.attends". Link types with cardinality one do 
not need a key attribute and are given in the schema by a dot followed by the link 
type name. An 'E' or 'R' in the triangles at the center of the line representing 
a pair of links, indicates that the link has category existence or reference. 

Finally the schema contains the link type has_advisor as an example for a 
link type with a non-key attribute. In our case this is the attribute meeting. 
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no.works_for 

no.subproject_of problem.under_ dev _ by 

name 
no.attends no.holds 

name 

Student 

no.attended_by 
address 
year 

no.advisor_of .has_ advisor 

meeting 

.written_by duration .has_advisor 
subject 

.writes no.advisor_of 

.held_by 

name 
address 
office 

Employee 

Fig. 2. Example schema 

With respect to the query optimizer presented in this paper some further 
characteristics of the PCTE data model have to be stressed: (1) The reverse link 
type of a link type is non-ambiguous. I.e. each link type has exactly one reverse 
link type and a link type can be the reverse link type for only one link type 
- except for designation links. (2) A link type may have multiple destination 
object types which may or may not be leaves of the inheritance hierarchy. (3) 
Since links with category designation are an exception of the rule that each link 
has a reverse link a navigation traversing a designation link cannot be inverted. 

2.2 P-OQL 

P-OQL [8] is an OQL-oriented query language for PCTE, and OQL (Object 
Query Language) [2] is the ODl\1G proposal for a query language for object-
oriented database management systems. The main differences between P-OQL 
and standard OQL are due to the adaptation to the data model of PCTE. Hence, 
especially the treatment of links is specific to P-OQL. 

A query in P-OQL is either a select-statement, or the application of an op-
erator (like sum). 

Assume that ,ve search for pairs with the name of a student and the name of 
an employee, where the student attends a course held by the employee and the 
student is in the fourth year. The following query in P-OQL yields these pairs: 
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select A:name, B:name 
from A in Student, B in (A:_.attends/.held_by/->.) 
where A:year = 4 

In the from-clause of this query two base sets are defined: Base set A ad-
dressing all students in the object base and base set B addressing all objects 
which can be reached from the actual object of base set A via a path matching 
the regular path expression "A:_.attendsj.held_by/->.". In this path expression 
the prefix "A:" means that the actual element of base set A is used as the start-
ing point of the definition. "_.attends/ .held_by" means that exactly one link of 
type attends and one link of type held_by must be traversed. The underscore 
"_" is used as a wildcard for numerical key attributes denoting that arbitrary 
key values are allowed. In addition intervals can be specified for numerical key 
attributes and regular expressions can be used for string key attributes. Since 
there is no key attribute defined for the link type held_by, the notation ".held_by" 
is used to specify that a held_by link has to be traversed. The notation "/->" 
is used in the regular path expression "A:_.attends/.held_by/->." to address the 
destination object of the path. In addition "->" can be used to address the last 
link of the path. The dot "." at the end of the regular path expression means 
that the object under concern is addressed. It is also possible, to address an 
attribute or a tuple of values (see [8] for more details). 

Due to the definition of an independent base set (base set A) and a dependent 
base set (base set B), each student is combined with each employee, which can 
be reached from the object representing the student via a path matching the 
regular path expression. 

Altogether, a base set can be defined in P-OQL in five different ways: (1) 
giving an object type name or an object type name suffixed by a "-" meaning 
that objects of all subtypes are addressed as well; (2) using a link type name 
to address all links of a given type; (3) defining a set of objects or links using a 
regular path expression, as with base set Bin our example; (4) defining a set of 
objects or links via a sub-select; or (5) passing a set of objects or links via the 
API (application programming interface) when submitting a query. 

In the where-clause of our example query the considered combinations of 
students and employees are restricted to those for which the year attribute of the 
student has the value "4 ". Besides such simple conditions P-OQL for example 
allows the use of quantifiers and subqueries in the where-clause. 

The select-clause of the example query states that a multiset of pairs is 
requested. Each pair consists of the name of the student and the name of an 
employee who holds the course the student attends. 

An additional facility of P-OQL - which is relevant to our optimization 
problem - allows for the iteration over one or more links of the same type. 
Assume for example that we are interested in the subprojects of a project with 
subject "Workfiow". These subprojects can be determined in P-OQL as follows: 

select A:subject, A:[_.has..subproject]+/->subject 
from A in Project 
where A:subject = "Workflow" 
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Here the regular path expression "A:[_.has_subproject]+/->subject" is used 
to create a (multi-)set with the subjects of all subprojects of the project ad-
dressed in base set A. The meaning of "[_.has_subproject]+" is that one or more 
links matching the link definition "_.has_subproject" have to be traversed. Al-
ternatively P-OQL knows the iteration facilities "[ path_definition ]*" to indi-
cate that zero or more paths matching path_definition have to be traversed and 
"[ path_definition ]" to indicate that a path matching path_definition is optional. 
After traversing an arbitrary number of has_subproject links, the subject at-
tribute of the destination object is addressed using "/->subject". 

In addition to the link definitions used in the above example, which have 
been based on a given link type name and a definition of the allowed values 
for the key attributes, P-OQL allows the specification of a set of link categories 
instead, meaning that all links having one of the given categories fulfill this 
link definition. E.g. the expression "[{c,e}]+/->." addresses all objects which 
can be reached via a path consisting only of links with category composition 
or existence. Furthermore, not only the category of the link itself, but also the 
category of its reverse link can be specified using "@" as a prefix for the category. 

Finally it has to be mentioned that the ODMG standard OQL also permits 
the definition of reverse links and the use of path expressions for the definition 
of base sets. However, since the ODMG data model does not include attributes 
for links or link categories, the path expressions in OQL can be seen as a special 
case of the regular path expressions in P-OQL. 

3 Inverting Regular Path Expressions 

3.1 Simple Cases 

First let us consider a slightly extended version of the example query given in 
section 2.2. In addition we require that the address of the employee is "Cologne": 

select A:name, B:name 
from A in Student, Bin (A:_.attends/.held_by/->.) 
where A:year = 4 and B:address = "Cologne" 

In the first base set this query addresses all students and in the second base 
set the corresponding employees are addressed starting from the student actually 
under concern via the regular path expression "A:_.attends/.held_by/->.". In this 
way each student is combined with each employee which can be reached via a 
path matching the path expression. Furthermore, due to the semantics of P-OQL, 
this means that when a student attends two courses held by the same employee, 
this student/employee pair is considered twice. However, the same result can be 
achieved as well when the query addresses all employees and inverts the regular 
path expression "A:_.attends/.held_by/->." in order to address the corresponding 
students in a second base set. In this way we yield the equivalent P-OQL query: 

select A:name, B:name 
from Bin Employee, A in (B:_.holds/_.attended_by/->.) 
where A:year = 4 and B:address = "Cologne" 
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To see that both queries are equivalent, first we have to note that the data 
model of PCTE assures that for each path matching the regular path expres-
sion "_.attends/.held_by/->." there is a reverse path matching the regular path 
expression "_.holds/ _.attended_by/->.". Hence, if an employee e is reached from 
a students via a path matching "_.attends/.held_by/->.", there is always a re-
verse path from e to s matching "_.holds/ _,attended_by /->.". If there are multiple 
paths from a student s to an employee e, we have exactly the same number of 
reverse paths. As a consequence, we have the same pairs in the base sets of both 
queries and each pair has exactly the same number of occurrences. 

If there is an index for the attribute address of the object type Employee 
which is more selective than the index for the attribute year of the object type 
Student, the second query will lead to a more efficient query execution plan. 

The above example might suggest that an inversion of a regular path ex-
pression used to define a base set can always be performed easily without any 
effects on the select-clause and the where-clause of the query. Unfortunately this 
is not true. The situation becomes much more complicated whenever one of the 
following cases occurs: (1) The values of the key attributes are restricted in the 
regular path expression. (2) One of the iteration facilities of P-OQL is used. (3) 
The destination object type of a link is ambiguous. (4) A link definition in the 
regular path expression is stated by the allowed link categories. In the following 
sections we describe how these more complicated cases can be handled. 

3.2 Conditions for Link Key Attributes 

As mentioned in section 2.2 there are different facilities to restrict the allowed 
key attribute values for traversed links. In the following query we use two of 
these facilities in order to navigate from the student addressed in base set A to 
some specific projects. Furthermore we require that the student should be in the 
fourth year and that the duration of the project should be at least 36 month: 

select A:name, B:subject 
from A in Student, Bin (A:[2 . .4].attends/.held_by/1.works_for/->.) 
where A:year = 4 and B:duration >= 36 

Due to the conditions for the link key attributes which are inte-
grated in the regular path expression we cannot invert the path expression 
"A:[2 . .4].attends/ .held_by/1.works_for /->." in one step. Rather we have to split 
up the expression when inverting it, in order to address the key attributes of 
the reverse links, for which the conditions have to be enforced. In consequence, 
this means that the conditions which are integrated in the original regular path 
expression are moved into the where-clause of the inverted query: 

select A:name, B:subject 
from Bin Project, Hl in (B:*.under_dev_by->.), 

H2 in (Hl:/.holds/ _.attended_by->.), A in (H2:/.) 
where A:year =4 and B:duration >= 36 

and Hl:@no = 1 and H2:@no >= 2 and H2:@no <= 4 
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In the inverted query we first navigate from the project under consideration 
to all outgoing under_dev_by links 1 . These links are addressed in the auxiliary 
base set H1. In the where-clause we have to assure that the key attribute value of 
the reverse link of the link addressed in base set Hl is "1 ". In P-OQL the "@"-
sign can be used to switch from a link to its reverse link. Hence, the condition 
"Hl:@no = l" assures that the value of the key attribute of the reverse link 
is "1 ". Starting with base set H 1 we then navigate to the attended_by links 
which are addressed in base set H2. The first "/" in the regular path expression 
"Hl:/.holds/ _.attended_by->." used for this purpose specifies that we navigate 
from the current link in base set H 1 to its destination object. Starting at this 
destination object we then traverse a holds links and reach the attended_by link. 
For the reverse links of these attended_by links the condition "H2:@no >= 2 
and H2:@no <= 4" assures that the key attribute value is in the interval (2 ..4]. 
Finally the base set definition "A in (H2:j.)" addresses the destination objects 
of these links in base set A. 

3.3 Iteration Facilities 

For each employee living in Cologne the following example query calculates a set 
with the subjects of the projects with a duration of at least 36 month he works 
for. To this end the query iteratively follows the subproject_of links: 

select A:name, B:subject 
from A in Employee, Bin (A:_.works_for/(_.subprojecLof]* /->.) 
where A:address = "Cologne" and B:duration >= 36 

The inversion of this regular path expression does not cause major problems, 
since we can use analog iteration facilities in the inverted version: 

select A:subject, B:name 
from B in Project, A in (B:(_.has_subproject]* /*.under_dev_by/->.) 
where A:address = "Cologne" and B:duration >= 36 

This alternative query formulation exploits that for each path P1 match-
ing the expression "_.works_for/(_.subprojecLof]* /-> ." there is a reverse path P2 
matching the expression "[_.has_subproject]* /* .under_dev_by/->.".Unfortunately 
the situation becomes much more complicated as soon as the iteration facilities 
are combined with conditions for the key attribute values. 

3.4 Iterations Facilities and Conditions on Link Keys 

The following query directly corresponds to the query considered in section 3.3 
except that we traverse only the first link of type subproject_of for each project 
- that means we traverse only links with the key attribute value "1 ": 
1 Recall that the notation "->." at the end of a regular path expression addresses the 

last link of the path, whereas the notation "/->." addresses the destination object. 
Further note that the "*" is used in "B:* .under _dev_by->." to allow arbitrary string 
key attribute values. 
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select A:name, B:subject 
from A in Employee, B in (A:_.worksJor /[l.subprojecLof]* /->.) 
where A:address = "Cologne" and B:duration >= 36 

If we combine the solutions presented in the previous sections for conditions 
on link keys and for iteration facilities in a straight forward manner to invert 
the regular path expression "A:_.works_for/[1.subprojecLof]*/->.", we yield: 

select A:name, B:subject 
from B in Project, Hl in (B:[_.has_subproject]*->.), 

A in (Hl:/*.under_dev_by/->.) 
where A:address = "Cologne" and B:duration >= 36 and Hl:@no = 1 

Unfortunately this query is not equivalent to the original query, because the 
condition "Hl:@no = l" is checked only for the last link of each path matching 
the regular path expression "B:[_.has_subproject]*->.". 

Therefore, we have to apply a different approach in situations where condi-
tions for the key attribute values occur inside an iteration. To this end, we recall 
the basic aim of the query inversion. This aim is to apply an index structure for 
the destination object type of the original path expression. Let us assume for 
example that there is no index for the address attribute of the employees. Then 
in the above example query the base set definition "A in Employee" means that 
we have to scan all employees. On the other hand, there might be an index struc-
ture for the duration attribute of the projects. If we assume that the condition 
"B:duration >= 36" is rather restrictive, there will be only few employees work-
ing in such projects. Therefore it might be useful to consider not all employees, 
but only the employees working in such projects. The objects representing these 
employees can be determined by the following select statement: 

select distinct H2:. 
from Hl in Project, H2 in (Hl:[_.has_subproject]*/*.under_dev_by/->.) 
where Hl:duration >= 36 

Two aspects have to mentioned with respect to this query: (1) We use a select 
distinct here to avoid duplicates in the result. (2) The query will in general return 
more employees than actually needed, because the conditions for the link key 
attributes given in the original query are not reflected here. 

Now we simply use this query instead of the object type Employee to define 
base set A in the original query: 

select A:name, B:subject 
from A in (select distinct H2:. 

from Hl in Project, 
H2 in (Hl:[_.has_subproject]*/*.under_dev_by/->.) 

where Hl:duration >= 36 ), 
B in (A:_.worksJor/(1.subprojecLof]*/->.) 

where A:address = "Cologne" and B:duration >= 36 

Using this query an index structure for the duration attribute of the projects 
can be employed to speed up query processing. 
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3.5 Ambiguous Destination Object Types 

Another problem caused by the inversion of regular path expressions, is the ex-
istence of ambiguous destination object types for some link types. In the schema 
given in figure 2 the link type advisor_of is such a link type with two destination 
object types (Student and Thesis). So by inverting a regular path expression 
it may be necessary to address objects by using such a link type, but not all 
destination object types should be considered. The following example uses the 
link type has_advisor to define the dependent base set B: 

select A:name, B:name 
from A in Student, Bin (A:.has_advisor/->.) 
where B:address = "Cologne" 

If we invert the regular path expression "A:.has_advisor/->.", we have to use 
the link type advisor_of, but only destination objects of type Student should be 
addressed. To this end, we can use a type test predicate of P-OQL: 

select A:name, B:name 
from B in Employee, A in (B:_.advisor_of/->.) 
where B:address = "Cologne" and A:. is of type Student 

Similar situations can arise due to inheritance. To illustrate such a situation, 
we extend our university schema given in figure 2 by two subtypes for the object 
type Employee as shown in figure 3. As usual, in PCTE a subtype t 1 of an object 
type to inherits the applied attribute types and the allowed outgoing link types. 
Furthermore, if t0 is defined as the destination object type of a link type, links 
of this type can as well point to objects of type t1 , because an object of type t1 

can be used wherever an object of type t0 is required. 

Fig. 3. Two subtypes of the object type Employee 

To see the effects of inheritance for the inversion of regular path expres-
sions, we reconsider the example query given in section 3.1 combined with the 
inheritance situation given in figure 3: 

select A:name, B:name 
from A in Student, B in (A:_.attends/.held_by/->.) 
where A:year = 4 and B:address = "Cologne" 

Now the inverted query has to address the object type Employee and its 
subtypes in the first base set. To this end, we can use the notation ObjectType' 
which addresses an object type and his descendant object types: 
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select A:name, B:name 
from B in Employee· , A in (B:.holds/ _.attended_by/->.) 
where A:year = 4 and B:address = "Cologne" 

3.6 Link Categories Used in Regular Path Expressions 

The last feature of P-OQL we want to consider here, is the definition of the 
allowed link categories in a regular path expression. This feature is extremely 
useful when combined with the document retrieval facilities included in P-OQL 
[9]. Unfortunately we cannot present these facilities here due to the space limi-
tations. As a consequence, the following example may seem relatively artificial. 

Assume the following query starting with projects and following reference 
links, which in this case lead to employees: 

select A:subject, B:name 
from A in Project, Bin (A:{r}/->.) 
where B:address != "Cologne" 

Since there is only one link type with category reference originating from the 
object type Project we can invert this query as follows: 

select A:subject, B:name 
from Bin Employee, A in (B:{@r}/->.) 
where B:address != "Cologne" and A:. is of type Project 

Here the regular path expression "B:{@r} /-> ." enforces, that the reverse link 
of the traversed link has the category reference. Since this condition is true for 
multiple outgoing link types of the object type Employee, we have to add the 
condition "A:. is of type Project" in the where-clause of the query. 

In general the situation is a bit more complicated, because there will be 
multiple destination object types for links with the required category. In this 
case the query optimizer has to look for a unifying supertype or it can build the 
union of the objects of the various types which can be accessed via sub-selects. 

4 The Optimizer Architecture 

In section 3 we have given various examples for situations where a query can be 
inverted to use another object type as the starting point for query processing. In 
the present section we will describe the architecture of our query optimizer which 
tries to exploit such inverted query formulations to speed up query processing. 

The query optimizer is implemented as a preprocessor. This preprocessor 
receives a query in P-OQL syntax and it returns a query in P-OQL syntax 
with some extensions specifying the index structures to be used. The different 
steps performed by our optimizer are shown in figure 4. The solid lines with 
the numbers (1) to (7) represent the main control flow whereas the dashed lines 
identified by the letters (a) to (e) represent the information transfer between 
those components of the optimizer which provide additional information for the 
optimization process. The main components can be described as follows: 
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Query Formulation Query Engine 
(7) 

Querylnterface I User ! 
Query Evaluation 
Result Presentation 

(1)\ 
Query Transfer t:J 

(2), 
Query Optimization 

Constructor Query Parser 

\~'(4) /c3) 
DecisionModule 

(c) \ 

(d) MetaData (e) 
---- for for ---- CostAccount 

Database Index 

Fig. 4. The optimizer architecture 

QueryInterface: The Querylnterface stores the P-OQL query in the Input-file 
(1) and expects the result for presentation to the user (7). 

QueryParser: This component parses the original query from the Input (2) and 
creates an internal representation which is passed to the DecisionModule (3). 
Thereby the QueryParser checks whether there are base set definitions using 
regular path expressions. In case, the corresponding base sets are marked. 

DecisionModule: The DecisionModule analyses the base sets of the actual 
query to detect interdependent base sets. For each group of interdependent 
base sets the definitions of the dependent base sets are scanned in order to 
evaluate whether they can be inverted. When the definition of a dependent 
base set e.g. includes a complex sub-select or a navigation over a designation 
link, an inversion is regarded as impossible. On the other hand in the cases 
explained in section 3 an inversion is possible. For each invertible base set 
definition the destination object type is determined. These destination object 
types and the object type addressed in the independent base set of the 
original query formulation built a set with object types which can be used 
as starting points of the query formulation. For these alternatives the query 
execution costs are estimated based on the information provided by the 
CostAccount module (b). For this cost estimation information about the 
cardinality of the base sets, information about the available index structures, 
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and information about the conditions in the where-clause of the query is 
considered. The decision for the alternative with the lowest expected costs 
is thereafter passed to the Constructor module (4). 

Constructor: This module actually performs the inversion of the query. To this 
end, the Constructor depends on information from the MetaData module (c), 
e.g. to determine the name of a reverse link type. 

MetaData: This module provides an interface to retrieve the relevant meta 
data for the database and the index structures. 

StatisticFile: To assure a minimum of information even if there exists no in-
dex structure for an object type, this file contains e.g. an estimation of the 
number of instances of each object type. 

CostAccount: The CostAccount module computes the relative costs of the 
original query plan and the potential alternative query plans by using the 
available information from the MetaData module (e). The details of this 
module are discussed in section 5. 

QueryEngine: This module evaluates the final query by means of a nested-loop 
approach. For the base sets for which an index structure has been selected 
the index structure is employed. The result of the evaluation is sent to the 
Querylnterface (7), which presents it to the user. 

5 Cost Estimation and Index Selection 

For the discussion of the applied cost estimation technique it is important to 
mention that our implementation uses a multi-dimensional index structure. This 
index structure is presented in detail in [11, 10]. For the present paper it suffices 
to know that this index structure allows to address multiple attributes in one 
access structure 2 . A corresponding index definition might e.g. look as follows: 

Index for object type Student: 1. name, 2. year, 3. address 

Since the index structure is symmetric, the same selectivity is provided for 
all supported dimensions. Furthermore the index structure is well suited for 
situations where multiple attributes are addressed in the where-clause of a query, 
because in these cases the selectivity for all supported attributes is combined. 

In this context some administrative information is maintained for each index 
structure: (1) an object counter containing the number of instances of the indexed 
object type, (2) the number of dimensions of the index structure, (3) the indexed 
attributes, and (4) an object type hierarchy specification, defining whether the 
index is created only for objects of the defined object type itself, or for objects 
of the defined type and all descendent types. 

Based on this information for each object type j which could be used as 
the starting point of the query formulation the existing index structures are 
2 It should be obvious that the use of this multi-dimensional index structure is by no 

means a prerequisite for the application of our query optimization approach. If the 
approach is used with one-dimensional index structures - like the B-tree [5] - only 
the formulas presented in this section have to be slightly adapted. 



71. 

determined. Now two cases have to be distinguished: (1) For none of the object 
types an index exists: In this case we use the information from the StatisticFile 
to select the object type with the fewest instances as the starting point of the 
query formulation. (2) Otherwise we always choose to apply an index structure. 
To select this index structure we proceed in two steps: In the first step we try 
to determine the "best" index structure for each object type j, for which index 
structures exist. In the second step we select the object type which should be 
used as the starting point of the query formulation. 

1. step: This step is performed for each object type which could be the starting 
point of the query and for which at least one index structure is defined with 
an object type hierarchy specification corresponding to the query. 
For the index structures of object type j we proceed as follows: 
1. \Ve collect the conditions from the where-clause which refer to object 

type j. We denote the number of these conditions by qi. 
2. For each index i we count those conditions, which can be supported by 

the index. We denote this number by hj,i. 
3. For each index i of object type j we calculate rj,i = hd/ (the share of 

the conditions for object type j which are supported by index i). 
4. Now we assume that the index structure with the highest value for rj,i 

is the "best" index structure for object type j. If there are multiple in-
dex structures with this highest value, we choose the index which has 
the fewest dimensions. If this is not unique as well, we choose an arbi-
trary index out of these index structures. Let i; denote the chosen index 
structure for object type j. 

2. step: Now we can choose the object type j which should be used as the 
starting point of the query formulation: For each object type j we calculate 
the value CJ = object counter x max(0.01, 1- rj,i* ), where object counter is 
taken from the administrative information of th~ index structure i;. Since 
small values for object counter and high values for rj,i~, which always is a 

' value out of [0, l], are desirable, we use 1 - rj,i~ in the formula. We use 
' max(0.01, 1 - r1• i~) because otherwise this factor would be zero for rj i~ = 1, 

' J ' Ji.e. when all conditions are supported by the index structure. So to assure 
that the object counter can always influence the formula we use max(0.01, 1-
rj,i* ). Finally the DecisionModule chooses the object type j with the lowest 
value' for CJ as the starting point of the query formulation. 

Experimental Results 

In this section we present some experimental results achieved with our optimizer. 
The tests were performed on a Sun Sparc20 with two processors and 96 MB of 
main memory. The database for the tests was filled with synthetic data created 
for the university schema given in figure 2 and extended in figure 3. Table 1 sum-
marizes the existing index structures for the object types Student and Employee 
which occur in our example queries. 

First we examined the example query explained in section 3.1: 
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Table 1. Index structures defined for the tests 

object typeindex number ofobjectobject type attributes
dimensions hierarchycounter number 

Student name, term this type only26040 1 
Student name, address, term this type only6040 2 3 
Student name, address this type only6040 23 

Employee· 2 name, address with subtypes1995 1 
Employee· name, address, office with subtypes1995 2 3 
Employee· 1 office with subtypes1995 3 

select A:name, B:name 
from A in Thesis, B in (A:_.attendsj.held_by/->.) 
where A:year = 4 and B:address = "Cologne" 

For this query the optimizer returned the following query, where the base set 
definition "B in #1# EmployeeA " specifies that index 1 has to be used to speed 
up the loop over the employees: 

select A:name, B:name 
from Bin #1# EmployeeA, A in (B:.holds/_.attended_by/->.) 
where A:year = 4 and B:address = "Cologne" 

Table 2. Performance results for the first test query 

using the index structures for the object type Student 
index number number of read index pages relative execution time 

1 
2 
3 

225 
192 
188 

72 % 
66 % 
66 % 

using the index structures for the object type EmployeeA 
index number number of read index pages relative execution time 

1 
2 
3 

47 
51 
115 

23 % 
26 % 
100 % 

The performance results presented in table 2 show that the optimizer in 
fact selected the best possible query plan for our example query. Without the 
inversion of the query the execution time would have been nearly three times 
higher. So the optimizer selected the correct object type to start with and it 
selected the best possible index structure for this object type. 
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In the second test query we are searching for the subjects of all theses advised 
by an employee named "Brubeck": 

select A:subject 
from A in Thesis, B in (A:.has_advisor/->.) 
where B:name = "Brubeck" 

In this case the optimizer returned the following query: 

select A:subject 
from B in #1# EmployeeA , A in (A:_.advisor_of/->.) 
where B:name = "Brubeck" and A:. is of type Thesis 

Here the condition "A:. is of type Thesis" is inserted into the where-clause 
because of the ambiguous destination object types of the link type advisor_of. 

Table 3. Performance results for the second test query 

without using index structures for the object type Thesis 
index number number of read index pages relative execution time 

- - 100 % 

using the index structures for the object type Employee A 

index number number of read index pages relative execution time 
1 5 6% 
2 6 8% 
3 115 75 % 

Table 3 shows the performance results for the second test query. Since there 
is no index structure defined for the object type Thesis we have included the 
time for the query execution without an index structure in the table. Again the 
optimizer chose the best possible query plan for our example query. 

It remains to mention that we have performed various other tests as well. 
The optimizer selected the best possible plan in over 80 % of the cases, and 
whenever the selected plan was not the best one, it was only slightly worse. 

Related Work 

Although there is a great number of approaches for query optimization prob-
lems in the field of ooDBMS, to our best knowledge this is the first approach 
which tries to invert complex regular path expressions in order to exploit index 
structures defined for the destination object types of the paths. 

For a general overview on query optimization problems in ooDBMS we refer 
to [13]. In (15] Mitschang presents the basic concepts and implementation aspects 
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of query processing and query optimization. Furthermore multiple interesting 
articles dealing with various aspects of query optimization can be found in [7]. 
Finally some rule-based approaches to query optimization are presented in [6], 
[14] and [1]. However, all these papers do not address topics related to the 
potential inversion of regular path expressions. 

On the other hand some work dealing with path expressions and related 
aspects has been published, even though it is not directly concerned with the 
inversion of the path expressions. 

In [4] Christophides, Cluet and Moerkotte extend an object algebra with 
two new operators and present some interesting rewriting techniques for queries 
featuring generalized path expressions. However, their approach does not ad-
dress the problem of determining applicable access structures or aspects of the 
inversion of regular path expressions. 

Ozkan, Dogac, and Evrendilek present a heuristic to determine the optimum 
execution order for the joins needed to process a path expression [16]. In contrast 
to our approach they assume that the references to objects are maintained as 
implicit joins which are converted to explicit joins during the optimization phase. 
Since we assume that the navigation via a link in PCTE is an extremely efficient 
operation supported by the physical structures of the OMS, these considerations 
are not applicable in our context. 

Other approaches deal with the exploitation of materialized views for query 
processing [3] or with a general architecture for a query optimizer for OQL [12]. 

Summarizing, all the aforementioned approaches do not address the aspect 
that regular path expressions can be inverted in order to exploit index structures 
defined for the destination object types of the paths. 

Conclusion and Future Work 

In this paper we have presented an approach which exploits the potential invert-
ibility of regular path expressions in order to apply index structures defined for 
the destination object types of the original path expressions. The approach has 
been described for the environment of PCTE and P-OQL, but it can be easily 
adapted for ooDBMS with simpler link concepts than PCTE. 

Our future work will be concerned with an extension of the presented ap-
proach to other facilities of the query language. One important point in this 
respect are sub-selects, which can often be eliminated or flattened and processed 
in the same way as regular path expressions. Another aspect are quantifiers. 
Especially existence quantifiers seem to be well suited for an integration in our 
approach. Also improved cost estimation techniques are an interesting research 
area, and finally a formal framework for our optimization approach is needed. 
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