


objects matching the pattern “Vehicle?()”).

2.2

The organization of the path dictionary and the dictionary
searching strategy has considerable impact on the effective-
ness of the path dictionary approach. The best way to utilize
a path dictionary is to keep the entire dictionary in main
memory. However, the path dictionary may be too large
to store in main memory. In this paper, we assume that
the path dictionary is stored on disk entirely and that a se-
quential scan is used to locate an s-expression in the path
dictionary. In general, indexes can be built on the path
dictionary and part of the path dictionary can be cached
in main memory to speed up search. These issues will be
addressed in a future paper.

Implementing the S-expression Scheme
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Figure 4: Data structure of an s-expression.

Figure 4(a) illustrates the data structure of an s-
expression for C,.C;...C and Figure 4(b) is the corzespond-
ing s-expression. S; in the header points to the first occur-
rence of a class C; OID in the s-expression. OID; ; is the
OID of the j-th C; object in the s-expression; this is used
to access to the objects in the database. Every OID in the
path dictionary has an associated offset; the offset associ-
ated with OID; ; points to the next occurrence of a C; OID
in the s-expression. To retrieve all the OIDs for class C;, we
start with S;, which will lead us to the first C; OID in the s-
expression, and following the associated offset value we can
reach the next C; object, and so on. Thus, we can quickly
scan through all the OIDs for a class, skipping the OIDs of
irrelevant classes. The offset associated with the object of
class C,, however, is pointing to the OID of class C, in the
nezt s-expression, because there is at most one OID of class
Cpn in an s-expression. At the end of the s-expression is a
special end-of-s-expression (EOS) symbol.

s-expressions are stored sequentially on disk pages. In or-
der to reduce the number of page accesses, an s-expression
is not allowed to cross page boundaries unless the size of the
s-expression is greater than the page size. If an s-expression
is too long to fit into the space left in a page, a new page
is allocated. Consequently, free space may be left in a page.
Updates and insertions to an s-expression may cause a page
to overflow. When a page overflows, a new page is allocated
and some of the s-expressions are moved to the new page.
Updates, deletions, and splits may result in unused space in
a page. In order to effectively keep track of the free space
available in the pages, a free space directory (FSD), which
records the pages with free space above a certain thresh-
old, is maintained at the beginning of the path dictionary.

67

FSD Page 1 100 bytes
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Figure 5: File structure of the path dictionary.

Figure 5 illustrates the physical structure of a path dictio-
nary which comprises the free space directory and the s-
expression pages.

3 Database Operations with Path Dictionary

In this section, we describe how various database operations
(i-e., queries and updates) are executed with the path dic-
tionary. We assume that a path dictionary for the path
C;.C;,...Cy is available.

Consider a query Q which has C; as the target class and
C, as the predicate class, where 1 < ¢,p < n. First, the ob-
jects in C), are accessed for predicate evaluation. The OIDs
of the qualified objects are collected in a set S. Then, the
path dictionary is scanned to locate the s-expressions which
contain the OIDs in S. From the s-expressions, the OIDs
for class C: objects are obtained, and the objects can then
be retrieved from the database. With the path dictionary,
we avold accessing from the database any objects between
C¢ and Cp.

When changes are made to the database, the path infor-
mation in the dictionary must be updated. Since updates to
primitive attributes won’t change the links among objects,
they can proceed as normal and have no effect on the path
dictionary. When complex attributes are modified, however,
the path dictionary must be updated as follows. Suppose O;
has a nested object O;;1, and an update operation changes
Oit1 to Oiy,. The path dictionary is searched to find all
s-expressions containing the OIDs of O;;1 and O},,. Then,
every occurrence of O; and its ancestor list are removed from
the ancestor list of O;4; and inserted into the ancestor list
of 0£+1 .

An insertion operation is to insert an object into a com-
plex attribute of another object. The difference between
insert and update is that the complex attribute is null be-
fore insertion. For example, Persor[9], who didn’t have a car,
just bought Vehicle[4]. We have to insert Vehicle[4]into the
complex attribute Owns of Person[9]. In general, to insert an
object O;4+1 into a complex attribute of O;, the path dictio-
nary is searched to find the s-expressions S;+1 and S; which,
respectively, contain the OIDs of 041 and O;. O; and its
ancestor list is moved from S; to the ancestor list of O;;1 in
Sit1.

+A delete operation on an object’s complex atiribute re-
places the OID stored in the complex attribute with null.
In other words, it removes the link between an object and
its nested object but without destroying the nested object.



For example, Person[4]’s car was stolen. The link between
Person[4] and its car is removed, but the car still exists in
the database.

To delete a nested object O;41 from O;. The path dictio-
nary is searched to find the s-expression S;y1 containing the
OID of O;y1. After removing O; and its ancestor list from
Si+1, a new s-expression for O; and its ancestors is created.

A new operation creates a new object. When the new
object is created but before it is stored in the database,
we have to keep track of its parent objects and the object
it references. For example, a new car Vehicle[13] is built
by Company[1]. The Vehicle object is likely to be created in
main memory, assigned values to its attributes, and then
stored in the database. To update the path dictionary to
reflect the new path information, the OIDs of the parent
objects referencing the new object N and the OIDs of their
ancestor objects have to be moved into the ancestor list
associated with N. Then, the OID of N and its ancestors are
inserted into the ancestor list of its nested objects. In order
to do this, the path dictionary is searched for s-expressions
corresponding to N’s parent objects. If found, the OIDs
of the parent objects and their ancestors are moved into
N’s ancestor list. If N references an object O, search path
dictionary for the s-expression containing the OID of O and
insert N’s OID and its ancestors into O’s ancestor list.

Object deletion has two possible semantics. The first
one only deletes the object itself. The objects nested in the
deleted object will not be affected. For example, a car is
junked, but its manufacturer still exists. The other seman-
tics is to also delete all the objects nested in the deleted
object. For example, when a person is removed from the
database, the name object associated with him should also
be removed. To distinguish these two semantics, we call the
first operation destruction and the second destroy.

To update the path dictionary when an object O is
destructed, we first search the path dictionary for the s-
expression containing the OID of O. Then, the OIDs of O
and its ancestor list are removed from the s-expression, and
a new s-expression for each parent object in O’s ancestor
list is created.

If O is destroyed, the path dictionary is searched for
the s-expression containing the OID of O. Remove the a-
expression from the dictionary, and make a new s-expression
for each parent object of O.

During deletion and destruction, dangling references in
the parent objects to the deleted/destructed object must
be removed (nullified). The path dictionary supports this
function easily, because it maintains an ancestor list for each
object, from which the parent objects can be accessed.

4 Storage Cost and Performance Evaluation

In this section, we formulate the cost models to estimate the
storage overhead and query processing performance with the
path dictionary. Then, we compare the path dictionary with
path index [1] in terms of their storage, retrieval, and update
cost. We select path index for comparison, because its struc-
ture and applicability to queries is close to that of the path
dictionary. The nested index has outstanding performance
for certain kind of queries (i.e., queries on a target class to
which the indexed attribute is mapped to) [1]. The applica-
bility of the nested index is limited and it requires reverse
links built in by the system to support update operations.
Therefore, we exclude it from our comparison. A complete
comparison among the path dictionary and other techniques
(e.g., the nested index, the tree and path signature meth-

Table 1: Parameters of the cost models.

P = 409 || FSL = 2

UIDL = 8 EL = 4

OFFL = 2 ol = 6
SL = 2 F o= 218

ods) is under way. In order to facilitate our comparison, we
adopt some common parameters from [1]. We use the follow-
ing parameters to describe the characteristics of classes and
their attributes on the path, C,.C};...Cy, and the structures
of the path index and the path dictionary.
A;:  the complex attribute of C; used on the path,
1<i<n.
D;: the number of distinct values for attribute A;.
N;: the number of objects in class C;,1 <1 < n.
Si:  the average size of an object in class C;.
ki: the average number of objects in class C; ref-
erencing the same object in Ciy.
UIDL: the length of an object identifier.
P: the page size.
pp: the length of a page pointer.
f: average fanout from a nonleaf node in the
path index.
ki: average length of a key value in the path
index.
ol: the total of the key length, record length, and
number of path fields in the path index.
OFFL: the length of an offset field in the path
dictionary.
SL: the length of the start field in the path
dictionary.
FSL: the length of the free space field in the free
space directory.
EL: the length of EOS.

Performance is based primarily on the number of I/O
accesses. Since a page is the basic unit for data transfer be-
tween the main memory and the external storage device, we
use it to estimate the storage overhead and the performance
cost. All lengths and sizes used above are in bytes.

To directly adopt the formulae developed in {1], we follow
their assumptions:

1. There are no partial instantiation, which implies that
D; = Nij1.

2. All key values have the same length.

3. The values of complex attributes are uniformly dis-
tributed among instances of their domain classes.

4. All attributes are single-valued.
and adopt the parameter values in [1]. Table 1 lists the
values chosen for the path dictionary.
4.1 Storage Overhead
Path Dictionary

Each object in the path dictionary is associated with an
offset. Therefore, an object will take (UIDL + OFFL) bytes.

The average number of objects in an s-expression is:

NOBI =14+ Kn1+KpnaKp o+ ...+ Kn_1Kn_2...K;.
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Thus, the average size of an s-expression is:
S§ = (SL-n) + (UIDL + OFFL)NOBJ + EL.

The number of pages needed for all of the s-expressions on
the path is:

[N./|P/SS|] if SS
N.[S8/P] " i SS

P

p,

<
SSP:{ >

The number of pages needed for the free space directory is:
FSD = [SSP(pp + FSL)/P].

Therefore, the number of pages needed for the path dictio-
nary is:

PDS = FSD + SSP.

Path Index

Based on the cost model developed for the path index [1],
the number of leaf pages is:
fXP<P:

LP = [D./|P/XP]],

where XP = ki ka...kn-UIDL-n + kl + ol.

If XP > P:
LP = D,.[XP/P],

where XP = kikz...kaUIDLn+kl+o0l+ DS, DS = [(k1kz...kw
UIDL n + kl + ol)/(UIDL -n + pp).
The number of nonleaf pages is:

NLP = [10/£] + [[LO/f1/f] + .. + X,

where LO = min(Dn,LP)and X < f. X #1, 1 is added
to NLP for the root node.

The total number of pages needed for the path index
PIS = LP + NLP.

Comparison

Using the formulae developed above, we compare the stor-
age cost of the path dictionary and the path index. We
choose a path of 4 classes in the comparison. Also, we fix
the cardinality of Ny to 200000 and the average size of an
object to 80 bytes. For the formulae above, we find that the
size of the path index varies with K; K2K3K4, so we fix K,
to 1 for convenience. Therefore, we can vary the ratios of
shared references among the classes, i.e., k1, k2 and ka, to
observe the change of storage needed for the path dictionary
and the path index.

Figure 6 shows the storage overhead for the path dic-
tionary and the path index under different values of ki, k2
and k3. To observe the impact of k; on the storage over-
head of the path dictionary, we vary each ki, 1 < i < 3,
from 1 to 1000, and, while k; is being varied, all k;, 1 <
j < 3and j # 1is set to 1. We use PDS1, PDS2 and
PDS3, respectively, to represent the storage costs for the
path dictionary when ki, k; or k; is being varied, and PIS
to represent the storage cost of the path index. The result
shows that PDS1 < PDS2 < PDS3 < PIS. The reason for
PDS1 < PDS2 < PDS3 is that when the ratios of shared ref-
erences for the top classes of the path increase, the number
of objects in the bottom classes decreases. In other words,
due to assumption (1) and (3), the number of objects in the
database are decreasing with respect to the increase of k;

Figure 6: Storage overhead.

values. PDS1 has fewer objects in the database than PDS2,
which in turn has fewer objects in the database than PDS3.
PIS has the highest storage cost due to the redundancy in
shared references. It replicates the QIDs of the shared nested
objects in the leaf nodes of the path index. When the num-
ber of objects in the database decreases with respect to the
increase of k; values, the replication of shared nested OIDs
increases.

4.2 Retrieval Cost
Path Dictionary

To answer a query Q which has C; as target class and Cp
as predicate class, where 1 < ¢,p < n, the path dictionary
approach will have to retrieve all of the objects in class C,
for predicate evaluation, then completely scan the path dic-
tionary to return objects in C;. Therefore, the number of
pages accessed for object retrieval is:

PDR = [N,5,/P] + SSP.

Path Index

The cost model developed for retrieval with the path index
is as follows [1]. The number of pages accessed for object
retrieval is:

PIR = {

where h = height of path index — 1.

h+1 if XP<P
h+[XP/P] if XP>P,

Without Path Dictionary/Path Index

To answer a query without a path dictionary or path index,
we have to consider the following conditions:

1. t < p: The query may be answered using the top-down
approach, the bottom-up approach, or a combination
of both. Assuming that objects in each class are clus-
tered. The number of page accesses for top-down ap-
proach:

PTR = [N:5¢/P] + Ne([Se41/P] + ... + [Sp/ P]).
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The number of page accesses for bottom-up approach
is:

PBR = [N,Sy/P] + [Np-1Sp-1/P] + ... + [N:S:/P].

The number of pages needed for retrieval without path
dictionary or path index is: NOP = min(FIR, PBR).

2. t > p: The bottom-up approach is equivalent to joining
all classes between C; and C,, evaluating the query on
the result, and projecting on the attributes we want.
Therefore, this query should be answered with a top-
down approach, which needs:

PIR = [NpSp/P]+ Npiq([Sp+1/P] + [Sp+2/P]
4o+ ]’S:/P]f,

where N,q is the number of objects in class C), which
satisfies the predicates in Q.

3. t = p: This query does not involve nested attributes,
so the number of accesses is: PR = [N,S,/P].

Comparison

We use the same parameters and assumptions as we used
in evaluating the storage cost. We first compare the costs
of object retrievals (1) with the path dictionary, (2) with
the path index, and (3) without the path dictionary or path
index. The query used in the first comparison of the retrieval
cost has C; as the target class, C; as the predicate class, and
the indexed attribute as the predicate attribute., Different
k values can be varied for comparison. However, due to
space and time constraints, we only evaluate the retrieval
cost with respect to the parameter k, increasing from 1 to
1000, while other k values are fixed at 1.

100000 F—T—T—T—T7T T T T T T3
' PDR — |
PIR —
000 o=
1000
pages ]
100 B
C ]
10‘i;__J*___J____I____,____,____,___J~_aa
1 - 1 { 1 i 1 L 1 | 1 i
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ka(ky = ks = kg = 1)

Figure 7: Retrieval cost.

Figure T shows that, for the queries with a predicate
specified on an indexed attribute, the path index approach
is superior to the other two approaches. However, we also
observe that the path dictionary approach does reduce the
retrieval cost compared to the case without any indexes.

The path dictionary is a more general mechanism than
the path index in terms of improving the general perfor-
mance for different kinds of queries. The path dictionary
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Figure 8: General retrieval cost.

may be used to process queries with predicate classes lo-
cated anywhere on the path, while the path index can only
be used to process queries with predicates on the indexed
attributes. To compare the overall performance of the path
dictionary and the path index approaches for different kinds
of queries, we evaluate the total cost of the following queries
against the classes on the path:

1. Three queries in which the indexed attribute of C, is
the only predicate attribute, and each with C;,C: or
C; as the target class.

2. Three queries in which a non-indexed attribute of C,
is the predicate atiribute, and each with C;,C; or C;
as the target class.

3. Two queries in which C; is the target class, and each
with C, or C; as the predicate class.

Figure 8 shows that the path dictionary approach has a
better overall performance than the combination of path in-
dexing and traditional query evaluation. Comparing to the
path dictionary approach, the cost of traditional retrieval
approach is so expensive that creating a path index on a
single attribute is not sufficient on improving the overall per-
formance of object retrieval. Creating a path index for each
of the attributes in the database will dramatically improve
the retrieval performance. However, the storage overhead is
unacceptable because of the redundancy in the information
stored in the indexes which index on different attributes of
a path or index on partially shared paths.

4.3 Update Cost
Path Dictionary

Due to space constraints, we only present the cost model for
update operation. The cost formulae for insertion, deletion,
creation, destruction and destroy can be found in [7]. To
simplify the analysis, we do not include the costs due to
page overflow caused by insertion or update operations.

To update the complex attribute O;11 of O; to Oy,
a path dictionary scan is necessary. The average number
of page accesses to locate the s-expressions containing O;4,



and O}, is half the size of the path dictionary. Finally,
the pages containing s-expressions of O;;1 and O}, have
to be written back to the path dictionary. To simplify our
analysis, we assume that O;;; and O}, are in different s-
expressions and that they are in different pages. Therefore,
the number of page accesses for update is: PDU = SSP/2 +
2[SS/P].

Path Index

In order to be fair, we also assume that O;41 and O], have
different key values and that they are in different leaf nodes
of the path index. To search through the nonleaf nodes of
the path index and to read and write the leaf pages for O;41
and O}, the number of page accesses needed is:

CO = h + 2[XP/P].

Oit1 and O}, each requires a forward traversal to the in-
dexed attribute to determine their key values.

FT = [S:/P] + [Sis1/P] + ..+ [Sa/P].

Therefore, the number of pages accesses for update with the
path index is: PIU = 2(CO + FT).
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Figure 9: Update cost.

Comparison

The update cost of the path dictionary and the path index
is compared in Figure 9. We use the same test cases in
the previous comparisons. Comparing to the path index,
the path dictionary’s update cost is high. This is due to
the sequential scan of the path dictionary when locating
the s-expressions to be updated. An additional index which
maps OIDs to the s-expressions in the path dictionary shall
significantly improve the performance [7].

5 Conclusion

Allowing an object to be stored as an attribute of other
objects is one of the most important features of the object-
oriented database systems. This feature significantly en-
hances the modeling power of object-oriented data model
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over other data models. Consequently queries on nested ob-
jects has to be supported by OODBSs. The main obstacle
for nested queries is the cost of forward or backward traver-
sals along the path between the target and predicate objects.
To expedite queries on nested objects, several indexing and
signature file approaches have been proposed. However, the
storage overhead and maintenance cost of these mechanisms
are quite expensive,

One of the common problems of previous indexing tech-
niques is the ineffective support of traversals from an object
to its nested objects and vice versa. This paper empha-
sizes the importance to query processing of keeping nested
information on the paths, especially for those frequently tra-
versed ones. We introduce the path dictionary, which is a
secondary structure for storing information of a path de-
fined in the aggregation hierarchy. It supports effectively
different types of queries. We also developed cost models
for the storage overhead, retrieval cost, and various update
costs. Using these models, we compare the cost of the path
dictionary and path index under different degrees of refer-
ence sharing among objects in the classes. We show that the
path dictionary yields a dramatic improvement on retrieval
cost over the traditional methods while keeping the storage
overhead quite reasonable.

We are investigating techniques that combine indexing
and signature file techniques with the path dictionary and
other implementation issues such as caching the path infor-
mation in main memory. We believe that the full use of path
information embedded among objects will significantly im-
prove the performance of object-oriented database systems.
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