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Abstract. We introduce an approach alowing to support queries involving both
navigation aong references (i.e. navigationa access) and imposition of conditions
on object data (i.e. associative access) in Persistent Object Stores. Our approach
does not directly rely on the knowledge of the database schema and of the queries
to be supported, and thus can be used to support ad-hoc querying of semistructured
data. The basic access structures it uses (i.e. selector meta-objects representing sets
of values connected via references to database objects and references) are stable
with respect to changes in database data in a sense that changes in the value of one
object do not necessitate changes of the elements of the support structure facilitat-
ing access to other objects. In addition, we propose an extension of the matrix index
approach to support navigational access such that main memory space usage is de-
creased. Also, we demonstrate how matrix index coding can be enhanced further to
support the combined navigational and associative access by providing guarantees
for encoded object sequences by referencing selector meta-objects.

Keywords. Persistent Object Store, Querying of Semistructured Data, Associative
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1. Introduction

The area of providing access to stored data is one of the important research topics
of database systems. It relates to several functions of a database management system
(DBMS) such as query languages (QLSs) and secondary storage management.

[1] defines that a QL is “a notation for expressing queries, coupled with a mechanism
for assigning meaning to the expression’. In other words, a QL enables users to pose
questions about data in a database (DB) . For object-oriented data models (OODMs) there
have been a number of QLs proposed, including algebraic, calculus, logic programming
oriented and SQL-like approaches [1].

In relation to the secondary storage management of an object-oriented database sys-
tem (OODBS), which affects the efficiency of retrieval of requested data from a DB,
there are several issues concerned. Such issues include the need to build auxiliary data
structures (i.e. indices) that speed up the search for requested data. Efficient data access
approaches reduce the number of 1/O operations needed and the time spent during the
search for requested data in secondary (or tertiary) storage devices. The criteria used to
evaluate the performance of indices are for example the cost to search for requested data
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using indices and the storage size required to store indices [3,8,10,22]. The cost perfor-
mance of indices can be estimated in terms of the number of 1/0O operations required to
perform index-based data lookup. In particular, if the size of indices is small enough for
them to fit into the main memory, the lookup time is dramatically improved. Therefore,
minimising the index size is of prime importance.

As commonly agreed, queries in an OODBS are supported by three types of data
access including direct, navigational and associative access [8,10,22,9]:

e Direct access is retrieval of a set of objects via their explicitly given object identi-
fiers (OIDs).

o Navigational access is retrieval of a set of OIDs based on navigation along refer-
ences between objects beginning from any given object.

e Associative access is retrieval of a set of OIDs that meet conditions specified on
object values.

Associative access in an OODBS often includes navigational access to referenced or
referencing objects of the object being accessed [8]. It was found that the existing ap-
proaches proposed for associative access are tied to specific paths in the object-oriented
schema, and do not perform well in case of ad-hoc queries of semi-structured or close to
semi-structured data [15].

Our research addresses these problems. In this paper, we study how associative ac-
cess can be supported in a persistent object store (POS) regardless of paths or inheritance
hierarchies involved with a query. We propose extensions to a model of a POS such that
approaches that are proposed for navigational access can be used to support associative
access in the extended POS. The extensions include:

1. Clustering storage objects in a POS on their classes or values of attributes;

2. Clustering references in a POS on classes or values of attributes of objects they
connect; and

3. Providing guarantees for groups of references, and for objects they connect.

The rest of the article is organised as follows. Section 2 discusses the related work on
indexing OODBMS and XML data. Sections 3 and 4 introduce a generic POS-level data
model and the QL used in this paper. Sections 5 and 6 describe an approach to minimise
access to permanent storage via clustering objects and references by using selector meta-
objects. Section 7 extends the matrix-index coding approach to POS navigation, and
demonstrates how the extended approach can be used to provide guarantees for groups
of objects and references that can be used in query optimisation. Section 8 discusses
further optimisations achieved by replacing references to meta-objects by flags. Section
9 discusses a proof of concept implementation. Finally, Section 10 concludes our article.

2. Related Work

There have been a number of data access approaches proposed for OODBSs. For direct
access - that is the simplest type of data access - [22] suggests that it may be implemented
by associative access approaches used in RDBSs such as B-tree or hashing indices. This
is because the direct access can be compared with associative access to data records in a
RDBS via search key values.
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Examples of the approaches that have been proposed to support navigational access
in an OODBS are navigation index [22], ring and spider data structures [18], object skele-
tons [5], join index hierarchies [4,21], triple-node hierarchies [12], and Matrix-Index
Coding (MIC) [10]. The join index hierarchies and triple-node hierarchies are modifica-
tions of join indices used in a RDBS. Object skeletons maintain networks of object 1Ds
as structures to support navigation among objects. In the ring and spider data structures,
an object stores reference pointers that indicate referenced or referencing objects of the
object. The navigation index and MIC employ in-memory calculation techniques by ap-
pending codes with 1Ds of objects. The code of an object can be expanded to a set of
object IDs of referenced or referencing objects of the object.

Among the approaches proposed to support navigational access, MIC employs rel-
atively simple and efficient concepts compared with others. The MIC works like join
indices but allows to retrieve a sequence of object IDs, rather than a single object ID
in single index access by applying an encoding technique based on simple continuous
fractions [10].

[9] suggests that the original concept of the navigation index and MIC can be gen-
eralised by making the navigation index and MIC independent from a coding technique
used, i.e. any appropriate coding technique can be selected to guarantee optimal per-
formance in different circumstances. Especially, data compression techniques should be
considered as alternative coding techniques because they can reduce the storage size of
the navigation index and MIC.

The approaches that have been proposed to support associative access in an OODBS
are for example Single-Class (SC) and Class-Hierarchy (CH) indices [8], H-tree [11],
hierarchy class Chain (hcC) tree [17], Class-Division (CD) index [16], nested, path and
multi indices [3], access support relations [7], and Nested-Inherited index (NIX) [2].
These approaches are modifications of approaches used in a RDBS such as B+ tree and
join indices. In these approaches, a class is regarded as a relation and a logical object,
which is an object defined in a data model, is regarded as a tuple over a relation. A UID,
which is a system-defined unique identifier for a tuple, is regarded as an OID of a log-
ical object. Unfortunately, these approaches cannot perform well when associative ac-
cess includes navigational access involved with multiple paths over attribute/inheritance
hierarchies [5].

Recently, the related problem of indexing XML documents received a lot of attention
(see e.g. [20,23,14] for some recent publications, and [13] for a recent review). Most of
the existing approaches to XML indexing take advantage of the tree structure of XML
documents, and support queries relying on that structure. On the other hand, if references
are considered, XML can also be viewed as a general graph, resulting thus in a situation
similar to the one in OODBSs. [15] is the first publication on XML indexing that takes
that view; it offers an approach based on indexing all possible paths (to support ad-hoc
queries of semi-structured data). The consequence is that the resulting index is extremely
large. [19] and [6] improved the approach applied by [15] by restricting the paths to
be indexed, resulting in smaller indices, but made little progress into another problem
associated with indexing paths: the resulting index structures are highly unstable with
respect to updates of the underlying data: an update at a single location in the data graph
may affect how other locations reachable from it via indexed paths are represented in the
access structure, leading to the necessity to rebuild a large part of it.
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Figure 1. Aninstance of the POS-level data model.

In this article, we offer an approach based on clustering object IDs, references, and
join index entries in extended matrix-index coding (which we introduce). The access
structures we propose do not directly rely on the knowledge of the underlying schema
or queries they are to support, and thus support ad-hoc querying of semi-structured data
while still offering a possibility of tuning for specific data and access patterns, and are
stable with respect to changes in the data, namely, small data updates never necessitate
dramatic restructuring of indices.

3. DataModel

The POS-level data model is defined as follows. Objects are pairs (O1D, value), where
OI1D is a unique identifier (which can appear in no more than one such pair), and value
is the object’s data, which from the point of view of POS has no structure. References
are ordered pairs of object ID’s (OID,,OID-). Object IDs used in references should
be valid objects (and thus, presented as (OID,value) pairs). Thus, from the point of
view of POS, the DB is structured as a labelled directed graph with objects acting as
vertices, values - as labels, and references - as edges. For simplification, we do not label
references, and assume that any references with attached data are reified to objects.

Attributes are strings with associated domains. We require that all of the employed
domains have partial or total orders defined on them (if no natural partial order exists
for a domain, we will use a partial order in which each element can only be compared,
and is equal, to itself.) For each value, there is a mapping defined assigning to each
attribute from a finite set of attributes constant values from their respective domains,
resulting in a tuple representing the object’s state. For a given value, we will say that
the attributes forming the domain of such a mapping are “defined" for the value. For a
given value, attributes that are not defined are referred to as “undefined". For an OID,
defined and undefined attributes are the attributes defined or (respectively) undefined for
its value. Attributes representing an object do not necessarily assume a unique set of
values: different objects may result in the same representing tuple. An example is shown
in Figure 1.
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4. Query Language

Approaches to object clustering introduced in this article are general enough to support a
variety of QLs. To verify its viability, we demonstrate its application in case of a simple
QL based on path expressions. We assume that the service provided by POS is limited
to returning subgraphs of the data graph, so we consider a language that does not create
new objects and references. (Certainly, POS would also offer an interface allowing to
modify data. However, we assume that views of the data graph offered by queries are
limited to its subgraphs.) This implies that joins can be realised via navigation, namely,
objects that may need to be joined in queries are already connected via references.

In the QL, a select query is comprised of two sequences: a navigation se-
quence and a filter sequence. The navigation sequence is a sequence in the form
(01, R} 5,03, Ry 3,08, ..., R}, ,,,Or), where O}, are object navigation selec-
tors given as expressions in the form attr(O7) € sset(OF), where attr(OF) is
a set of attributes and sset(O}) is a subset of the Cartesian product of these at-
tributes’ domains. R} , , are reference navigation selectors given as expressions in the

17171" -
form attry (R, ;) U"™ "™ attro(RP | ;) € sset(R}, ), where attri (R}, ;) and
attra (R}

1—1,1
1) are sets of attributes, while sset(R}_, ;) is a subset of the Cartesian prod-
uct of these attributes’ domains.

An object navigation selector O7 evaluates to true on a given OID if all attributes
in attr(O}) are defined for the OID, and the tuple they form once they are assigned
values (on the value for this OID) is an element of sset(O7).

A reference navigation selector R} evaluates to true on a reference (OI D1, O1D5)
if attributes in attry (R}, ;) and attra (R}, ;) are defined on O1D, and O1 Dy, respec-
tively, and the tuple formed by concatenating their values is a member of sset(R}" ; ;).

A filter sequence should be of the same length as the navigation sequence. The syntax
for filter sequences is defined similarly to navigation sequences.

In the following, we often use the term “selector set" to refer to a set of tuples on
some attribute set. A selector set may be infinite, and it does not need to be defined by
explicitly listing all tuples it contains.

Select queries are evaluated as follows. The navigation sequence is matched to all
possible paths in the graph. It matches if all selectors for object IDs and for references
connecting them match. For each matched path, the filter sequence is applied, and objects
and references for which selectors in the filter sequence match are included in the result
of the query. However, for a given match of a path via the navigation sequence, references
for which some of the objects they connect are not included after applying the filter
sequence are also not included. We observe that selectors on references may be regarded
as realising join conditions.

Let us consider some examples. Let objects representing papers be connected by
references to objects representing students enrolled. Then a query returning students
enrolled in paper number 157367 can be formulated as follows. The navigation se-
quence consists of three selectors. The first selector would select objects belonging to
the class paper, with number 157367 (attribute set is {class, number}, and selector set
is {{class : paper,number : 157367}}). The second navigation selector is a trivial
selector evaluating to ¢rue on all references. The third navigation selector would evalu-
ate to true on all objects of class student. Now, the filter sequence would include two
selectors that always evaluate to false to get rid of the paper and the references, and the
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last selector that always evaluates to ¢rue to include all students matched by the navi-
gation sequence. As a variation, one could choose not to filter anything out in the filter
sequence, with the query returning the paper, the students, and the references connecting
the paper to the students (which, perhaps, at the layer using the POS services could be
assembled into a higher level object representing the paper and encapsulating the refer-
ences to students as part of the object, and into a number of separate higher level objects
representing the students.) Finally, if we were to request a number of papers, with stu-
dents enrolled, rather than a single paper, the query would effectively realize a kind of a
join, and the result would be a directed graph with some of the students possibly shared
by more than one paper.

As a second example, consider a DB in which objects represent cities, and references
represent flights. Consider the following query: return all cities in Russia that can be vis-
ited if one flies from London to Tokyo with two stopovers, such that the time difference
between any of the subsequent stops is less than 6 hours. To formalise this query, one
needs selectors for navigation sequence that would evaluate to ¢rue on references if ob-
jects they connect have attribute values for attribute diffgmt (difference from GMT) close
enough (condition that is easy to represent as set membership). In addition, selectors
for the filter sequence should ensure that only cities in Russia are returned, with objects
corresponding to other cities and references representing the flight connections left out.

Itis easy to extend the select queries to allow infinite or bound number of repetitions,
as in XML XPath and in regular expressions. However, as far as object and reference
clustering is concerned, such extensions do not introduce new issues, so we limit our-
selves to the relatively restricted definition of select queries given above. For the same
reason we omit queries involving set operations on results of select queries, and queries
involving semi-joins for vertices not connected via references.

5. Selector Setsand Selector Meta-Objects

Let us require that sets used in selectors are such that membership and set inclusion
tests are relatively inexpensive. This is the case if selector sets are hypercubes formed
as Cartesian products of intervals [low, high], with low and high constants taken from
domains of attributes used in the selector (one interval for each attribute). We require
that low < high, which implies that in case of partially ordered domains (such as class
hierarchy) low and high are comparable. We observe, that a conjunction of equalities
can be represented as a selector with a hypercube selector set for which on all attributes
high = low.

In addition, for a set of attributes with domains forming a Euclidean space, we may
form selector sets by delimiting areas with hyper-planes. Finally, we allow selector sets
formed by explicitly enumerating a small number of points, selector sets obtained as
unions of a small number of selector sets (formed for the same attribute set), and selector
sets obtained as Cartesian products of selector sets (formed for disjoint attribute sets).

While object IDs are relatively small, we expect that the value part of a POS object
may be rather large. Therefore, we assume that POS object values are stored on perma-
nent storage. Generally, to retrieve attribute values for an object value (to evaluate query
selectors), one needs to retrieve the value from permanent storage, which is computa-
tionally very expensive. Therefore, there is a need to maintain in the main memory some
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auxiliary structures that would allow one to minimise the number of objects for which
the value has to be retrieved. Such auxiliary structures should determine the smallest
possible superset of objects that need to be retrieved from permanent storage (with the
ideal auxiliary structure allowing to retrieve only the objects that need to be returned by
the query). In fact, as it should have been clear from the introduction, the focus of this
article is on defining such structures.

To define auxiliary structures, we rely on meta-objects representing selector sets,
which we call selector objects. The value of such a POS object would encode the def-
inition of a selector set. We do not dwell on how such encoding could be achieved, as
it is quite easy to define (e.g. for a selector which is a hypercube, one could store a flag
indicating that this is a hypercube, and for each attribute store attribute name and do-
main together with high and low values). Selector objects can be retrieved by the query
compiler, which can then take advantage of various guarantees provided via references
to and from a selector object OID. We observe here, that while POS is unaware of the
structure of values for objects encapsulating DB data, it has to be aware of the structure
of selector meta-objects, hence, for POS, selector meta-objects should be distinguishable
from objects encapsulating DB data.

6. Clustering Objectsand References

To facilitate the execution of queries involving evaluation of selectors, we add references
between objects and selector meta-objects. We will refer to references to a selector meta-
object as upstream references, and to references from a selector meta-object as down-
stream references. In this section, we assume that references are maintained as join in-
dices: sequences of object I1Ds pairs (OI D1, 01 D) sorted by OI D4, with two join in-
dices provided: one for references between objects encapsulating DB data, and another
one for references to and from meta-objects. In addition, we maintain a join index al-
lowing to associate selector meta-objects with references as a sequence of object triplets
(OID;1,01Dy, MOID), where (OID;y,01Ds) is the reference, and M OID is the ID
of the associated meta-object. In the following section we will extend our consideration
to a more general access structure based on MIC.

Let us consider how selector meta-objects can be applied to support select queries
(see Figure 2). To match the first selector in navigation sequence, the query compiler
would find a selector meta-object for which the selector set contains the first selector
set in the navigation sequence of the query, while being as close to it as possible. For
attribute sets forming Euclidean spaces, closeness can be judged by comparing enclosing
volumes. For some attribute domains, closeness can be difficult or impossible to define,
then, a random choice can be made. For the chosen meta-object, downstream references
are followed, resulting in a superset of object IDs matching the first selector in navigation
sequence. For all of these objects, upstream references are followed to determine if there
is a meta-object for the current object with a selector set contained by the selector set
from the navigation sequence of the query, which provides a guarantee that the object
ID matches the query selector and should be retained for further processing. For the
rest of the objects in the superset, values are retrieved from permanent storage, attribute
values are matched against the selector set from the query, and only object IDs actually
matching the selector are retained for further processing of the query. We note that if
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Figure 2. Matching a path involving two objects and a reference by using selector meta-objects.

selector meta-object suitable for assembling the initial superset were not available, the
query engine would have to retrieve values of all DB objects, which from performance
point of view is clearly not acceptable.

The rest of the query is executed by accepting or rejecting objects and references on
paths of the graph according to navigation and filter sequences by following upstream
references and verifying if there is a meta-object containing the selector set (for a refer-
ence or for an object) with the selector set contained by the selector set from the query.
If such a meta-object is available, it provides a guarantee that the reference (or the ob-
ject) matches the selection criteria. Otherwise, object values are retrieved and attribute
values are matched against the selectors directly. Object values already retrieved may be
cached. If an object with a cached value is available, upstream references are not fol-
lowed, and determination is made based on matching attribute values against the selec-
tors directly. This approach is applied for the rest of the navigation sequence (apart from
the first match), and for the whole of the filter sequence (which is applied only if all of
the navigation sequence has matched).

The use of selector meta-objects allows minimising the necessity to retrieve values
from permanent storage. It is the job of the query optimiser to generate suitable meta-
objects for objects and references. Providing an algorithm for achieving it is beyond the
scope of this article and remains a topic for further research.

The cost of employing selector meta-objects in terms of main memory space can be
estimated as

(2Nporer + 2Nvorer + 3Nurger) * sizeof(OID) 1)

where NporEgr is the number of downstream references to objects, Nyorer is the
number of upstream references from objects, and Ny rrer is the number of upstream
references to meta-objects from references between DB objects.

The cost of matching a navigation sequence in terms of execution time can be esti-
mated as

(lpath + nuom) * tom + (lpath -1+ nurm) * trm

tom + 2

@

where t,,, is the time required to access the join index that matches DB objects to
selector meta-objects, ¢..,,, is the time required to access the table matching references
between DB objects to selector meta-objects, /,4:5, i the length of the sequence, nypm, is
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the number of upstream references from objects in the sequence, and ..., is the number
of upstream references from references in the sequence.

If an object is added, removed or updated, upstream and downstream references from
and to this object are added or removed as needed, but (unlike in approaches involving
indexing paths) it does not directly affect how other objects are reflected in the access
structure. Also, addition or removal of a reference between DB objects affects only up-
stream references to meta-objects from that reference. Hence, the access structure based
on using selector meta-objects is relatively stable with respect to changes in DB data. On
the other hand, to maintain the integrity of the access structure, it is essential that selector
meta-objects with downstream references are referencing all of the objects they match.
Therefore, in case of value updates or object addition, updates to the access structure can
not be deferred.

7. Extended Matrix-Index Coding Approach and Navigation Guarantees

The MIC approach [10,9] allows to speed up navigation by replacing the second ob-
ject ID in a join index (OID;,0ID,) by a compressed sequence of object IDs:
(OID1, encode(OIDy,0IDs3, ...,0OID,,)). The sequence is formed as follows: for an
object with two or more outgoing references (the so-called branching object) the object
IDs of reference ends are encoded in arbitrary order. For an object OI D, with a single
outgoing reference, followed (along this reference) by a number of similar objects, the
sequence of object IDs is encoded in the order they are encountered when moving from
01D, to the next branching object whose ID is placed as the last ID in the encoded
sequence. To distinguish entries corresponding to branching objects from entries corre-
sponding to objects with a single outgoing reference, a flag is attached to each join in-
dex entry. MIC allows to retrieve several references via a single access to the join index
(references are reconstructed from the decoded sequence).

Here, to benefit from guarantees provided via selector meta-objects, we generalise
the MIC technique to make it more flexible. While in its original definition, the matrix-
index approach suggests that encoding is applied in all cases when it is applicable (so
that an OID appears in the left column of the resulting join index only once), we relax
this requirement. For example (refer Figure 3), in case of OID; connected directly to
OI1D5,0ID3,01D,4 and OI D5 (case of a branching object), we would allow the situa-
tion where OI D, enters the join index twice: once as (OID+, encode(OID2, O1D3)),
and another time - as (OI D1, encode(OID4,OID5)). The advantage of such an ap-
proach is that the query optimiser can apply the encoding as needed for fastest operation.
For example, for a long sequence of non-branching object IDs that is often navigated
through starting from the first object 1D, the whole sequence can be encoded only once
and stored with the object used to retrieve it. There is no need to encode partial sequences
many times, with the entire object IDs in the sequence, thus saving significant amount
of memory space. The cost for such flexibility is that even if an object ID enters the
join index only once, to retrieve all references starting from that object ID two accesses
to the join index are necessary (the second one to confirm that there are no further en-
tries). However, as the join index is sorted by the object ID by which it is accessed such
additional costs are likely to be very minimal.

Another significant benefit of the more flexible approach to MIC is the ability to
provide navigation guarantees via selector objects. With each entry of the join index we
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Figure 3. Extended MIC: Using selector meta-objects to provide guarantees for encoded objects.

associate a number of object I1Ds of selector meta-objects, so that each join index entry
now appears as

(OIDy,encode(OIDy,01Ds, ...,0ID,),{MOID,, MOIDs,, ..., MOID,,})

(we expect that n would normally be much greater than m). We require that all object IDs
under encode should match all of the selector meta-objects in the same join index entry.
(This approach can be easily extended to allow providing guarantees for all references in
a join index entry.)

As an example, consider again a DB in which objects representing papers are con-
nected via references to objects representing students, with some of the students not en-
rolled in any papers. Consider a query that would retrieve all female students enrolled in
papers (it is easy to see that such a query can be expressed by using the QL introduced
above). To support queries of this kind, the query optimiser would create two join index
entries for each paper, one for male students, and another one for female students, and
add object IDs of the appropriate meta-objects to the join index entries. Then, when ex-
ecuting the query the system would not navigate along the entries for which a guarantee
is provided that all of the objects in them are in a wrong category (in our case, male).

8. Further Optimisation by Using FlagsInstead of References

To check if an object has an upstream reference to a certain selector meta-object, access
to the join index connecting objects to meta-objects is required. Further optimisation
can be achieved by adding one more level of indirection: selector meta-object IDs are
matched to flags, which are stored with object IDs. We require that sizes of such flags
would be smaller or equal to the size of an object ID. (Ideally, flags should be much
smaller than object IDs. It is trivial to introduce flags equal in size to object IDs, as 1Ds of
meta-objects themselves can be used as flags.) This way, the availability of an upstream
reference to a meta-object can be verified every time the OID is available without any
further accesses to auxiliary structures. The drawback of such an approach is that for
a single object participating in many references the OID can enter the join index many
times, so that compared to using upstream references the approach using flags may turn
out to be more expensive in terms of main memory space. However, both approaches
could be used simultaneously. The query optimiser could then choose the currently most
efficient approach based on the number of references, usage patterns etc.

We note that flags can also be used in conjunction with the join index to provide
guarantees for references and for join index entries (with flags attached to “target™ object
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IDs in join index entries, and to join index entries themselves). In case of references,
redundancy is possible if matrix-index encoding is applied (as then, the same reference
can be reflected in the index many times). On the other hand, for simple join indices each
reference enters the index only once, so that the overhead associated with using flags is
minimal. For join index entries, using flags never leads to redundancy, and since in that
case flags are replacing meta-object IDs that are larger than the flags, using flags is likely
to be advantageous in most cases.

9. Proof of Concept Implementation

A limited version of the approach outlined above (involving the use of selector meta-
objects for object IDs only without the selection of references) was implemented as a
C++ program, and proved to be effective in executing a variety of queries involving both
navigation and conditions on object attributes without accessing object data.

10. Conclusions

We introduced an approach allowing to support queries involving both navigation along
references (navigational access) and imposing conditions on object data (associative ac-
cess) at the level of Persistent Object Stores (POS). Our approach does not directly rely
on the knowledge of the DB schema and of the queries to be supported, and thus can
be used to support ad-hoc querying of semistructured data. The basic access structures
it uses (selector meta-objects representing sets of values connected via references to DB
objects and references) are stable with respect to changes in DB data in a sense that
changes in the value of one object do not necessitate changes of the elements of the
support structure facilitating access to other objects.

In addition, we proposed an extension of the MIC approach to navigational access
allowing to save main memory space, and demonstrated how MIC can be enhanced to
support the combined navigational and associative access by providing guarantees for
encoded object sequences by referencing selector meta-objects.

As a topic for further research we suggest combining the approach based on ref-
erencing selector meta-objects with the existing approaches based on directly indexing
navigation paths to complement the support for ad-hoc queries and semistructured data
with the ability to configurably target specific queries and data patterns.
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