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Abstract

The support of the superclass-subclass concept in
object-oriented databases (OODB) makes an instance
of a subclass also an instance of its superclass. As a
result, the access scope of a query against a class in
general includes the access scope of all its subclasses,
unless specified otherwise. To support the superclass-
subclass relationship efficiently, the index must achieve
two objectives. First, the index must support efficient
retrieval of inst antes from a single class. Second, it must
also support efficient retrieval of instances from classes
in a hierarchy of classes. In this paper, we propose a new
index called the H-tree that supports efficient retrieval
of instances of a single class as well as retrieval of in-
stances of a class and its subclasses. The unique feature
of H-trees is that they capture the superclass-subclass
relationships. A performance analysis is conducted and
both experimental and analytical results indicate that
the H-tree is an efficient indexing structure for 00DB.

Keywords: 00DB, indexing structures, query re-
trieval.

1. Introduction

One major difference between conventional databases
and 00DB is that in an 00DB, a class can be special-
ized into a number of subclasses. The impact of such
specialization on the semantics of object instantiation is
that the access scope of a query against a class may be
the instances of that class or instances of all classes in
the class hierarchy rooted at that class. Therefore, an
index for 00DB must support both retrievals (exclud-
ing and including subclasses) by value efficiently.

Indexing superclass-subclass data for efficient asso-
ciative search on either a single class or a hierarchy of
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classes is not well addressed in the literature. Based on
B+-trees, Kim et al [KKD89] proposed a scheme called
the class-hierarchy tree (the CH-tree). A CH-tree main-
tains only one index tree for all the classes of a class hi-
erarchy. The performance study conducted shows that
the indexing scheme of one index for all classes in a class
hierarchy performs better than the indexing scheme that
the supports one index for each class. However, a ma-
jor drawback of the CH-tree is that it does not support
the superclass-subclass relationship naturally. Search-
ing for values in a single class is treated ip the same
way as searching for values in a hierarchy of classes. In-
dexing structures proposed in [BeK89, KeM90, MeS86,
VKC86] mainly deals with path indexing for nested ob-
jects in 00DB.

In this paper, based on the B+-tree, we propose a
new index called the H-tree. An H-tree structure is
maintained for each class of a class hierarchy and these
trees are nested according to their superclass-subclass
relationships. When indexing an attribute, the H-tree
of the root class of a class hierarchy is nested with the H-
trees of all its immediate subclasses, and the H-trees of
the subclasses are nested with H-trees of their respec-
tive subclasses and so forth. Indexing in this manner
forms a hierarchy of index trees. The nesting supports
efficient traversal of the nested H-trees (of subclasses)
by enabling traversal of a nested H-tree to start at ap-
propriate subtrees via the links maintained in its super-
class’s H-tree. In addition, a nested H-tree can also be
accessed independent of its superclass’s H-tree. Note
that a queried class does not have to be the root class
of the class hierarchy and therefore searching for in-
stances within a sub-hierarchy of classes can start at
any class so long as they are indexed on the same at-
tribute. The nested organization provides a natural and
efficient support for superclass-subclass relationship. A
different kind of index nesting, the multi-dimensional
B-tree (MDBT), was proposed in [SU082]. In a MDkT
[SU082], a B-tree is constructed for the first indexed at-
tribute, and for each attribute value, a B-tree may be
attached for indexing on the second indexed attribute
and so forth. Hence, the number of B-trees can be very
large, and B-trees maintained for the same attribute
are not related. Our nesting is different in that all H-
trees index the same attribute and it is based on the
superclass-subclass relationship.

This paper is organized as follows. Section 2 de-
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scribes the data structure and nesting organization of
the H-tree indexes. The algorithms for searching, in-
sertion and deletion are presented in Section 3. We
implemented both H-trees and CH-trees [KKD89] and
compared their performance. Both analytical and em-
pirical results are presented in Section 4. Conclusions
and future directions are presented in Section 5.

2. The H-Tree

2.1. Motivation

Object-oriented databases provide new kinds of data se-
mantics, such as inheritance and superclass-subclass re-
lationships. An instance of a subclass is also an instance
of its superclass. As a result, the access scope of a query
against a class generally includes not only its instances
but also those of all its subclasses. A query may also
be formulated explicitly against a class and some of its
subclasses. Indexes are necessary to speed up the as-
sociative search. In order to support the superclass-
subclass relationship efficiently, the index must achieve
two objectives. First, the index must support efficient
retrieval of instances from a single class. Such a re-
trieval is similar to that of relational DBMS. Second,
it must also support efficient retrieval of instances from
classes in a hierarchy of classes. Consider the class hi-
erarchy in Figure 1. The NUSEmp is the root claas and
the superclass of Academic and Admin, and Academic
in turn is the superclass of Lecturer and Researcher.
Attributes in a superclass are inherited by all its sub-
classes. For example, the attributes name, empno and
salary in NUSEmp are inherited by all the subclasses
in the class hierarchy. We will use the term common at-
tributes to refer to attributes inherited by all the classes
in the class hierarchy. An associative query against class
NUSEmp on one of its attributes implicitly includes its
subclasses, Admin, Academic and those of Academic,
Researcher and Lecturer.

NusEmp classNUSEmp

[attributes:namq cmpno,salary);

claaaAdmin subclassof NUSEmW
/ \

Academic Admin
claaaAcademic subclasaof NUSEmp

( attribute: qualifications);

/’% claaaLectmer subclaasof Academic

I.e.cturer Reseamher [ attribute: subject_tcach );

classR-her subclaaaof Academic

( attribute: projects);

Figure 1: Class Hierarchy of NUS Employees

Suppose we wish to index the common attribute, say
salary, ideally the indexing scheme must support effi-
cient retrieval of the followings:

(1) instances of a particular class not including its sub-
classes.
For examples, (1) list all academic employees who
are neither lecturers nor researchers and who earn
more than $50,000 and (2) list all lecturers who

earn more than $40,000.

(2) instances of a class and all its subclasses.
For example, list the employees (NUSEmp) who
earn more than $30,000.

The CH-tree proposed in [KKD89] uses the same
searching strategy for both retrievals. The CH-tree in-
dexes a hierarchy of classes on a common attribute, typ-
ically one of the superclass attributes, on a l?+ -tree like
structure. A search on a class for instances that satisfv
the associative search condition is performed as if th~
index is maintained solely for that class. Inst antes of
classes of no interest to the answer are discarded. As
a result, the search for inst ancea of a small number of
classes may not be efficient. In this paper, we propose
an indexing mechanism that is designed to support re-
trievals of instances from a class or a hierarchy of classes.
The proposed index achieves the speed of the one index
one class scheme for single class retrievals and one index
for all clssses scheme (cf CH-trees) for multiple classes
retrievals.

2.2. The H-Tree Organization

In this subsection, we describe the structure of the H-
tree and the nesting of H-trees. Let Ifc denote the H-
tree of class c. To index the class hierarchy in Figure
1 on a common attribute, five H-trees are created, one
for each class. Following the class hierarchy, ll~~ctv,e~
and HRe*earCher are nested m HACOdemiC and, H&a&m~c
and HAd~~~ are nested in HNu.$ErnP. For a search on
a class hierarchy rooted at Academic class, the nest-
ing should enable us to obtain the correct answer by
just performing a full search on HAca&m~c and a partial
search on HLec$UreV and .tfRe~e=~Cher. The savings can
be significant if many node pages can be skipped.

2.2.1. The Data Structure

In an H-tree leaf node, an entry is a pair (K, P), where
K is the indexed value for fixed length indexed key and
a pair (iength, vaiue) in the case of variable length in-
dex values (eg. strings). P consists of a counter and a
list of object identities (oids), (number.of.oids, oid, oid,
oid, ...) whose indexed attribute value is K. Figure 2
illustrates an H-tree and the notations used.

In an internal node N, apart from the usual discrim-
inateing key values, K, and child node pointers, B, we
need to store pointers pointing to subtrees of nested H-
trees. We use L(n) to denote the pointer pointing to
a subclszs H-tree’s subtree rooted at node n and sim-
ply L when the nested subtree node is not important
to the discussion. To reduce unnecessary traversing of
the nested subtree, the minimum and maximum values
of the nested subtree are maintained together with the
nested subtree pointer. The range values of a subtree
rooted at Bi can be derived from its parent’s entries,
since Bi is cent ained in (Ki, Ki+l ] of the parent node.
For the example shown in Figure 3, the values in the
nested subtree originated at node n must be within the
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values of 31 and 100. For efficiency reasons, we do not
allow L pointers in a leaf node unless it is also the root.

-W
* --- ~,~ _* .A *B~$= - . .

I.m+ -..--”----,-----

.- ---

.-

.MIS* m n .m=y
ha 4

I Notations

[

H
K
L
Mi
Ml
P

pointers pointing to subtrees of a node
index tree
indexed value (or branching value in internal nodes)
range values and point er to node in nested tree
Maximum number of entries in an internal node
number of entries in a leaf node
pointers to objects or oids

Figure 2: H-tree Structures

In general, all the B+-tree rules apply to H-trees.
Each internal node may have up to Ali discriminating
values and Jfi + 1 branches (B). In an internal node, the
K values in the subtree referenced by Bj (~ = 1... M)
must be greater than Kj _ 1 and less than or equal to Kj.
A node cannot be an empty node unless it is also the
root node. Readers may refer to [Com79] for a complete
B+-tree description.

2.2.2. Nesting of Indexes

An H-tree is an indexing structure for a class where
objects can be retrieved as in B+ -trees. For a hierar-
chy of two classes, two indexes H~up~t-~rassand Hatwass
are maintained. The superclass index Hauperclavs is m

outer index and the subclass index H*UbCla8$ is an inner
or nested index. Linkages are maintained between the
nodes of these two indexes such that a search for val-
ues in the class and its subclass requires only to have a
full search on the superclass index and a partial search
on the subclass index. When index H.UbCl..8 is nested
in H8upevCla,8, the L pointers of the internal nodes of

Hsuperc[ass WI1l be set to Point to the nodes in Hs~~cIass.
Figure 3 shows an example of a subtree (rooted at n)

of H$UbCla~, being nested in a node (N) of H,uperC1a$$.
We define the following two rules for nesting a sub-

class index H~Vbcla$~ m a superclass index Hsuperctass.

These rules ensure that the data can be retrieved cor-
rectly using the index.

(cl)

(C2)

If node n is referenced by node N, the range values
of the subtree rooted at n must be within the range
values of node N, except when N is also the root
node of H8uperCla88. The root node of H8uperc1a88
is aasumed to cover the range of Ha~bCla8~.

All the leaf nodes in H,ubel.., must be covered by

1 m ... IJ
/ \

4.1so&

Jndcx H-

W.11 ... 11

“m
Figure 3: Nesting part of an index

H superclass. This means that all the leaf nodes in

Hsubciass must be reachable from H,.pe,cia,,.
Rule Cl ensures that subtrees of subclass H-trees are

defined in where they are nested so that they can be
reached via the correct path. Rule (32 ensures that all
the nodes in H8Ubc~a,, can be queried through its su-
perclass index Hsuperc[ass. An example of illegal nest-
ing of indexes is shown in Figure 4, where subtrees of
H,ubCJa~. reachable from H$upe,cla,s are enclosed with
dotted lines. In this example, n5 is not reachable from
H,ubcla,,, and hence rule C2 is violated. Figure 5 shows
a complete coverage of the leaf nodes in a nested index.

Figure 4: Incomplete nesting of index H,ub.,a.. in H..pe.cla..

-- *H-

The labels in the nod- of Hsuperctass represent th.

the nodes in H$tibc/a,~e. the L pointers pointing to.

Figure 5: Complete nesting of index HsUb.la,, in Ffsupe,cla,,

To increase the efficiency of the index, the following

rules are introduced.

(El)

(E2)

(E3)

For each leaf node in H, UbC1.~~,there exists only
one path to reach the node from lf~~perc{a$$.

Suppose the immediate child nodes of n are
nl.. .nj. If nodes nl . . . nj are referenced from N,
then node n should be referenced from N instead.
This rule is to avoid unnecessary overflows.

The subtrees in H$Ubcla33 referenced by Hsuperclasa

should be as small as possible, For example, sup-
pose the immediate child nodes of n are nl. .nj
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(E4)

and n is referenced from N. If there exists N~,
a child node of N, that can reference ni, then Ni
should be set to reference ni and N set to reference
nl, ... ni-l, ni+l, ... nj.

The enclosure of the range of a nested node n by
that of its nesting node N should be as tight as
possible. Suppos~ node N and its child ~i can
both cover the range values of node n, then the
child node Ni should be selected to reference n.

Rule El is essential to ensure that a node in H*tiMass
can only be referenced by a node in Hs”perc[ass and
hence no multiple search paths.

Rules E2 and E3 appear contradicting, however, they
are subtly different. E3 aims to reduce the search in
nested subtrees, while E2 reduces unnecessary overflow
of L pointers m the Hsuperclaa S. Rule E4 is to push
the L links down the tree as deep as possible, reducing
unnecessary checking of L links. Besides, during the
nesting process, searching for where to store a link stops
at the node where the range of the nested subtree cannot
fit in the range of any two consecutive entries.

3. Searching and Updates

3.1. Searching

An H-tree can be searched under three situations:

(1)

(2)

(3)

Starting from the root node, the tree is searched as
an index for instances of the indexed class.

Starting from the root node, the tree is searched ss
the root class of a class hierarchy and the links to
(some or all of) its subclass H-trees are followed to
search for instances in its subclasses.

Starting from an internal node via the link main-
tained in the superclass H-trees, the tree is
searched.

To search on a single class for instances which satisfy
the search condition, the H-tree is searched like a B+-

tree by ignoring the nested tree pointers. A multiple
class search begins the search on the H-tree of the root
class, and follows the L pointers to search the nested
subtrees of classes of interest to the query. Consider
the example in Figure 4, to search on CIMS HsuPerc~ass

for its instances with indexed attribute value 40, we go
down the subtree that is in between 20 and 50, ignoring
the L1 pointer. If the access scope includes Hgubc/ass,

then index fis”bcla,, is searched starting at node n.

The search strategy is outlined as follows. We assume
that the search.classes contains the subclasses whose
indexes are to be searched, which is an empty set for a
search on a single class.

Algorithm Search

SEARCH (cnocle, q, W)

Input: cnode – root node of tree/subtree to search.
VI – lower bound of range search values.

w – upper bound of range search values.
V2 = VI for exact match search.

Output: List Oids whose indexed attribute values fall

(1)

(2)

within [v1, VZ].

If cnode is a leaf node, search the node, for all indexed
values fall within [q, V2], add the oids to answer. If
the largest entry in the cnode is less than vz, search
the next leaf node and follow the chain till an indexed
value greater V2 is encountered or till the last leaf node
in the chain.

If cnode is an internal node,

(i)

(ii)

(iii)

if this is reached via its parent node then
Recursively traverse down the tree by calling

SEARCH (B,, VI, v2). Traverse down the first

branch if K1 > vi, else traverse down the itk

branch for the smallest i where K,-1 < VI s K:.
If none of the discriminating values Ki is greater

than v], traverse down the right-most branch.
Search the nested trees for all Ls whose class is
in search-class and range intersects [v1, v2]; call
SEARCH (L, m, w).

if this is reached via L link of another class then
Search the subtree S as in 2(i). Check all the
entries of ancestor nodes in the bitmap to see if
ancestor nodes contain links to subclass H-trees.
If the corresponding bit is set, traverse upwards
and check the links. For all L entries, if its class
is in search-class and L range intersects [W, v2],

call SEARCH (L, m, VZ).

For each nested H-tree, make use of the bitmap

to find the first L pointer to search for instances
of relevant classes. The path to that node is tra-
versed if it is within the search range and the L
pointer is followed.

In&x H

m

IndexH“isnsstedinHad IndexWIS nested in H.

The numbers in tha nudes am the search sequence of the ncdes.

Figure 6: Example of a search path, starting from the root of
index H.

In the above algorithm, the search of an H-tree starts
at its root, and traverses its subtrees before the nested
subtrees. When searching a nested tree, not the whole
tree is searched, only the subtrees nested in the nodes
of the search path have to be searched. Subtrees not
nested in the nodes of the search path are not searched
because the search values are not within the search
range.
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To search for instances whose indexed kev values fall
within the search range [VI, V2], the algorithm searches
for VI on the H-tree of the queried class. Once a leaf
node is reached, the leaf nodes are scanned sequentially
until a key value larger than the maximum search value
(vz) is encountered.- For each nested H-tree, we must
find the first L pointer to search for relevant instances.
A bit map is used for this purpose. A bit is allocated
for each node, and a full balanced tree is assumed so
that the bit position of a corresponding node can be
calculated. A bit is set when its corresponding node
contains pointers pointing to nested H-trees. The path
to that node is traversed if it is within the search range
and the L pointer is followed.

When a subtree of an H-tree is searched via the L
pointer in the superclass H-tree, we have to check if
there are any ancestor nodes that contain L pointers to
its subclass H-trees. Suppose we have a class hierarchy
of three levels and we have to perform a range search
on the root class and all its subclasses. To simplify the
explanation, we shall only consider one class at a level,
with H-trees H, H’, H“ respectively at the root, second
and third level. H’ subtree S is searched via the L link
in H. When searching for VI in S terminated and H’t is
not reached at all, it does not mean that sub trees of H“
within the range [VI, V2] are not nested in H’. It could
be possible that the nesting occurs at a level higher than
S. One such example is illustrated in Figure 6. There-
fore, moving up the tree from the current class nested
node is essential. Again, the bitmap for the nested H-
tree is used to avoid unnecessary checking. An alternate
solution to moving up the tree is to modify the nesting
rules to nest only subtrees whose parent nodes have no
L pointers. This way, when searching the subtree of
a nested index, searching for nested subclass nodes is
avoided as there is no L pointers in the ancestor nodes
of n~. However, searching may not be efficient as ad-
ditional page accesses are incurred due to less efficient
nested tree pruning. We adopt the first approach in our
implementation and strictly enforce rules E3 and E4 to
reduce upward search.

3.2. H-tree Construction

3.2.1. Index Nesting

When indexing a common attribute, the indexes are cre-
ated bottom-up from the most specialized classes to the
most general class; indexes for the subclasses are cre-

ated before the index for the superclass. To index the

class hierarchy in Figure 1 on attribute salary, we first

build the indexes for classes Lecturer, Researcher and

Admin. The index for class Academic is then created,

nesting the indexes of its subclasses, Lecturer and Re-

searcher. The index for class NUSEmp is created last,

nesting the indexes for Academia and Admin.

The nesting algorithm outlined below ensures that

the rules defined in Section 2.2,2 are satisfied. The

Range(N) returns the range values of a node N.

Algorithm Nest

Nest (N, n)
Input: N – node of the superclass H-tree.

n – node of the subclass H-tree to be nested.

if N is not the root
Exit if N is a leaf node;
Exit if Range(n) is not contained in Range(N);

if N is a leaf and the root node

let N. L,+ be the empty L pointer;
set N. Lk(n); /* link node n to N */

else if N immediate child nodes are leaf nodes
let N.Lk be the next empty L pointer;

set N. Lk(n);
else

let N1 . . . N~ (t < M + 1) be the immediate

child nodes of node N;
if 3 N, s.t. Range(n) ~ Range(N, )

call Nest (N,, n); /+ enforce E4*/
else /* n cannot be nested in node below N,

try to nest the child nodes of n instead. */

let nl . . . n. (s < M + 1) be the immediate
child nodes of node n;

foreachnj(j=l... s)

call Nest (N, nj); /* enforce E3 */
if none of nj is nested in any of N’s

child nodes
let N.Lk be the next empty L pointer;

set N. Lk(n); /* E2 */
else /* some of n’s child nodes are nested

in N‘s child node, so nest the remaining
unnested n, in the current node */
for each unnested n,

let N.Lk be the next empty L pointer;

set N. Lk(n, );
end Nest

To nest a subclass’s H-tree in its superclass’s H-tree,
we traverse both trees simultaneously, and try to push
the L links down both trees as deep as possible. For
example, to nest an H-tree rooted at node n in its su-
perclass’s H-tree rooted at node N, we first attempt to
nest the child nodes of n in the child nodes of N. If this
is not possible, then only we nest n in N.

Creating an H-tree index for a class without sub-
classes is similar to creating a By-tree. For a superclass
without any inst antes, an empty root node is created to
nest the indexes of its subclasses. In a way, range values
of a superclass assume the range values of its subclasses,
and the initial nested structure would be a linked list of
root nodes.

3.2.2. Insertions

Inserting a new entry into an H-tree index is similar to
that of the B+ -tree; as a new entry is added to a leaf
node, an overflowed leaf node is split, and the split may
propagate up the tree. Let oidnew be the object to be
inserted into H, and its indexed attribute value be vneW.

Algorithm Insert

INSERT (vne~, OidH.U, H)

Input: Vnew – value of new object to insert.
oid~ew – oid of new object to insert.
H - index to insert the new object.
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(1)

(2)

Traverse index H to the leaf node that may contain
vn.$” .

For secondary key indexing, the leaf node may already
have v..W, in which case oadnew is added to the oid list
of the indexed v~e~. To insert the new entry into the

leaf node, get the location of the new entry and shuffle
the existing entries to make room for the new entry. If
the leaf node does not have enough room for the new

entry, call SPLIT.NODE (leaf node to be split, vn~~,

)o~dn~w .

A node is split if overflow occurs. Like B+-trees, a
split may propagate upwards. In the splitting of a node
n, the ranges of two resultant nodes, nl and n2, are
likely to be smaller than that of n. If there is L(n) in the
superclass H-tree, it haa be to substituted with L(nl )

and L(n2). The new Ls, for their smaller ranges, may
be pushed further down the superclass index because of
rule E4. However, violation of this rule does not affect
the correctness of the H-tree operations. If there are L
links maintained in node n, during the split, those that
cannot be covered by nl and nz are promoted to their
parent.

The node splitting algorithm is outlined below, which
is designed to ensure that the H-trees obey rules defined
in Section 2.2.2.

Algorithm Split Node

SPLIT-NODE (/node, v..~, Oidnew)

Input: lnode - node to split.

v~~~ - value of new object to insert.
oid~~w – oid of new object to insert.

(1) If /node is a leaf node, then use lnode as the left
node and create a new leaf node htode~ew as the right
node. Distribute the entries in 2node plus the new entry

among the left and right nodes. If there exists L(/node)
in N of H.tipe,c[a,s, add L(lnode~ew) to N. Update the

parent node of /node to include the branch to the new

node using the largest indexed value of the left node as
the new branching value.

(2) If the parent node n overflows, split the parent node:

(i)

(ii)

(iii)

(iv)

(v)

If n is the root node, create a new internal node
and make it the parent node of n.

Create a new internal node n~e~. Let the middle
branching valne be ~~l~dle. Move all the entries
on the right of ~~*d& to the right node n~~~.

Distribute existing L entries in n among n and
n~~~ based upon their minimum and maximum
values; the minimum and maximum indexed val-

ues of the subtree pointed by L must be enclosed
by the minimum and maximum indexed values of
the nesting node. Move the L entries which do
not fit in neither n nor n~eW to their parent node.

If there exists L(n) in N of Hs.perctass, add

L(n~~~) to N and readjust.

Insert a new entry with ~m,%dle as the branching
value to the parent node of n. nneW becomes the

right child of ~~idcfle. Repeat Step 2 if overflow
occurs. This process may recur till the root node.

3.3. Deletion

A deletion of an entry may cause a leaf node to un-

derflow; the space utilization is less than the threshold

value. The th~eshold value is typically half of the page
capacity, which can be however tuned for performance
purposes. When an internal node is under flowed it is
merged with either its left or right sibling. The merg-
ing requires readjustment of the links, which sometimes
may result in pushing up the links in the parent index.

The outline of the deletion algorithm is given below.

Algorithm Delete

DELETE (?J&&?, H, oids)
Inmt: V,W.,. – indexed value to delete..

(1)

(2)

(3)

(4)

(5)

--.-.-
oids – list of objects to be deleted.
H - index to delete from.

Traverse index H to the leaf node that contains the

value Vdel.te.. Let the leaf node be cnode. Delete the
oids and remove the indexed entry with h’ = vde[~t~ if

its P is empty.

If the deletion is to remove all the indexed value V&l.te
in H and its nested indexes, search through the nested
entries as in the algorithm SEARCH to delete all the
indexed values wit h ~ = W&l~t~.

If cnode underflows after removing the entry: Merge
. . . .

it with Its slbhng node ~odestbling. Let the resultant
node be cnode. Redistribute the entries among cnode

and nodes, bl,~g if overflow occurs.

(i)

(ii)

If resplit occurs,

if there are L(nodesibl,~g) and L(cnode) in its
superclass’s H-tree, a simple readjustment is

enough; check if they are required to be moved
up or down.

If there exists only one link, say L(cnode), in N

of Hsuperctass, then use Nest to re-nest cnode in
N.
Check also if the L links in both nodes need to be
readjusted.

Otherwise,
if there are L(node,,bl,~g) and L(cnode) in its

superclass’s H-tree, among these two nodes, put
L(cnode) in the node whose range provides bet-
ter coverage of the range of cnode. Delete old
L(~odes,b/ing) and L(cnode). Check if cnode is
covered properly; if not, move the L(cnode) up.

If there is only one link, say L(cnode), use the
Nest algorithm to re-nest all child nodes of cnode
to the node that contains L(cnode).
Check the parent node if there are any links to a
subclass that could be pushed down to cnode.

If a node is deleted, the corresponding entry in the par-
ent node must be deleted. If the parent node is the
root node and has one entry after the deletion, make
its child the new root. If it is not the root and the node
under flows, repeat step 3 with parent node as cnode.

Similar to B+-trees, merging of leaf nodes may prop-

agate upward to the root node. If the node underflow,

the node will be merged with its sibling (either left or
right) node. The resultant node is resplit if overflow
occurs. L links pointing to adjusted nodes must be
readjusted. In a resplit, due to their smaller ranges,
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the corresponding links in the superclass index pointing
to two resplit nodes are more likely to be pushed down
rather than being pushed up. For the same reason, the
L links pointing to subclass H-trees may be pushed up
to the parent node. When two nodes are merged, the re-
sultant node has a bigger range, the L links in its parent
node may be moved down. In the above algorithm, the
checking and relocation of L pointers can be achieved
using the Nest algorithm. Although the L links some-
times need to be relocated, they are however usually
moved a level up or down.

4. Performance Analysis

The CH-tree has been shown to be more efficient than
the approach of supporting one index for one class which
is the approach H-trees adopted. Therefore, it is appro-
priate that we, compare the performance of the H-tree
against that of the CH-tree.

4.1. Analytical Analysis

In this section, we derive the best case cost model to
estimate the performance of the H-trees and CH-trees.
Table 1 presents the parameters used in the cost analysis
for the best case.

Labels

D

?
N,

f

?C

Ncs
Afv
size(X)

Control Parameters

Descriptions.
no. of unique values m the domam of the

indexed att~lbute.
no. of unique values in the index of class i.
total no. of objects the class hierarchy.
no. of object in class i.
Average branches of an internal node.

Total no. of classes in the class hierarchy.
no. of classes that contain objects with an

indexed value.
no. of classes in the search s~ace.
no. of contiguous values tn a range quer

$ X1OOYOno. of values tn the domatn

Size of the variable X.

Derived Parameters

Labels I Descriptions

N& I no. of entries in a leaf node.
Afc?vc no. of objects per indexed value per class
NC, no. of leaf nodes in index i.
NT, no. of internal nodes in index i.
NN, no. of nodes leaf and internal) in index i.

Table 1: Parameters and Notations

H-tree storage space requirement:

size(LEntrY) =

size(~) + si,7e(Counter) + (NO.c X size(Oid))

Aff = Isize(Node) – size(Counter)

size(LEntry) J

[1NL = “
m!?

NNt = NC, + NZ,

NNi is the lower bound estimation of the number of
nodes in the ith H-tree. Therefore, when indexing on a
common attribute of a class hierarchy, the total number
of nodes (NN) is the sum of the number of nodes of all
the indexes:

NN = ~ NNi

Jor all indexe$

H-tree range query cost (page access):

where height (H, ) is the number of levels in the H-tree of
class i; second equation includes the search of subclasses,
whereas the first one does not.

Now, let us analyze the CH-tree proposed in
[KKD89]. In a CH-tree, a leaf node contains key values
and associated directories; for each key value, oids ofob-
jects which have the same indexed value are grouped in
a directory based upon objects’ classes. The cost model
for the CH-tree is given below, which is quite similar to
that given in [KKD89].

CH-tree storage space requirement:

size(Dir) = size(C’ounter)+

(A/C X (size(C’2assIcZ) + size(Of fset)))

size(LEntry) = size(~) + size(.Dir)+

(JVC x (size(counter) + (No.. x size(~id))))

NE =
[

size(Node) – size(Cou7zter)

size(LE73try) J

N.A/ = N.c+NIT

where size(Dir) is the size of the directory in a leaf

node entry. Notice that no subscript is used because
only one index is maintained for a hierarchy of classes.

CH-tree range query cost (page access):

NV
[1

= heigM(CH – tree)+ ~

The distribution of the key values across the classes
of a class hierarchy has a significant impact on the per-
formance of attribute based indexes. For instance, if
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the key values of an indexed attribute are confined to
instances of a single class, then an index like the H-tree
which supports a single class retrieval may perform bet-
ter than an index like the CH-tree where instances of
all classes in a class hierarchy are indexed in the same
index. As in [KKD89], we consider three indexed value
distributions :

(1)

(2)

(3)

disjoint – the domain of indexed values of each
class in the class hierarchy is disjoint, 22 =

G=au the da,se, ‘j and NC = 1,

total inclusive – the domain of indexed values is the
same for all classes in the class hierarchy, D = Vi
and NC = TC, and

partial inclusive – the domains of any two classes
are partially overlapping, i.e. only some of the
classes have objects with a particular indexed value,
Vi = D x ~, where 1< NC < TC. We only con-

sider NC = ~ in our simulations and experiments.

The first two distributions are extreme cases and re-
spectively represent the best and worst cases for the in-
dexing technique. Here we present the analytical results
based on the cost models derived above, using page size
of 4K bytes, page identifier and Oid of 12 bytes, Clas-
sId of 4 bytes, Counter and Offset of 2 bytes. In the
simulations, two third of an internal node of an H-tree
is allocated for the entries (K and B), and one third
is allocated for the nested tree pointers (L) and back-
ward links to the nodes of superclasses. The space is
fully utilized for entries in the CH-tree and hence a CH-
tree internal node contains about one third more entries
than an H-tree node.

We study storage requirement under two situations:

(1) As a new specialized class is created, some instances
of existing classes are migrated to this new class.

(2) As a new specialized class is created, new instances
are created for it.

In the first storage requirement study, we vary the
number of classes in the class hierarchy from 2 to 50,
while fix the domain size and total number of instances
respectively at 10,000 and 500,000. The number of lev-
els of the class hierarchy varies from 2 to 3. Figure 7
shows the storage requirements of H-trees and CH-trees,
illustrating the effect on the total index sizes as more
specialized subclasses are created. For the H-tree, when
the number of classes increases, the storage space re-
quired increases due to an increase in the number of
root nodes and smaller H-trees, The CH-tree performs
well in the cases where values of the indexed attribute
of different classes are disjoint, in which case the class
directories maintained in the leaf nodes are not affected
by the number of classes. For the other two distribu-
tions, as the number of classes increases, the directory
size in the leaf nodes also increases. The fact that an
increase in the number of classes decreases the number
of oids per class only causes a slight increase in storage
space requirement.

In the second simulation, we fix the number of in-
stances per class at 10,000 instances, and we gradually
vary the number of classes from 2 to 50, one at a time,
and fix the domain size at 10,000 values. As a result,
the total number of instances increases from 20,000 (2
classes) to 500,000 (50 classes). For all three distri-
butions, both indexes are fairly competitive in storage
requirement. Due to space constraint, the results are
not shown in this paper. We observe from these two
experiments that the CH-tree storage requirement is to
some extent affected by the directory size kept in the
leaf nodes, while the H-tree storage requirement is af-
fected by the number of classes involved and the height
of each index.

In the query efficiency study, we examine two cases:
different query ranges, and different number of classes
being queried. In the first case, we let the number of
values in the query range [VI, v-J, NV, vary from 10%
to 100~0 of the domain size of D = 10,000, while set
the number of classes ‘TC = 10 and the number of in-
stances N = 500,000. The result shown in Figure 8(i)
illustrates that the H-tree performs well even when the
query range is very large. In the second case, we set the
query ranges at 20% and 100~o of the domain size, and
vary the number of query classes/subclasses from 1 to
TC classes. In this case, TC, the number of classes in
the class hierarchy is set to 10, with 3 leveIs of classes in
the class hierarchy. The result illustrated in Figure 8(ii)
shows that the performance of H-tree improves signif-
icantly compared to the CH-tree, especially in cases
where the number of classes involved in a query is small.
Queries targeted at more specialized classes are common
in 00DB and such direct support is important to the
performance of the system. The analytical results show
that the H-tree is an efficient indexing structure.

4.2. Experiments

We implemented the CH-tree and H-tree on the EXO-
DUS [CDR86] storage manager. We forced each node
to be a small object, an object that occupies less than
a page, to avoid generating of large object indexes. We
also implemented the indexes in C++. The result re-
ported in this section is based on those implemented on
the EXODUS storage manager, using the same set of
parameters used for analytical study. Each index node
is treated as an object by the EXODUS storage man-
ager and the size of the node is the same as the size of
a physical page. As in the analytical study, we allocate
two third of an internal node for the entries (K and
B), and one third for the nested tree pointers (L) and

backward links. For the CH-tree, the space is fully used
for entries. Due to the space constraint, we would only
report the query efficiency experiments,

A database of 500,000 (N) instances is created and
distributed to 10 classes (TC = 10) of a class hierarchy
of up to 3 level high. The indexed attribute values are
constrained to the range of [1, 10000] (’D = 10, 000), and
the domains of classes totally overlap (NC = 10). As
in the previous simulations, different query ranges and
different number of classes being queried are considered.
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Figure 7: Index Size vsNurnber ofclasseswith N= 500,000; (i)&sjoint distribution, (ii) totdinclusion &stribution wd, (iii) pmtid
inclusion distribution.

While only one retrieval is performed for a full search
range (NV= 1OO$10),up to 1000 retrievals are performed
for the other search ranges (NV < 100%). For ranges
with more than one retrieval, an average is taken. For
the 100% search range ([1, 10000]), although a direct se-
quential scan of leaf nodes is possible, we search the in-
dexes using the searching routine. The results are sum-
marized in in Figure 9. In the first experiment (graph
(i)), the percentage of queried values [WI, V2] over the
domain ranges varies from 10% (e.g. [1, 1000], [1001,
2000] etc) to 100% ([1, 10000]). The results show that
the CH-tree performance degrades faster than that of
the H-tree as the queried range increases. In the sec-
ond experiment, the number of classes involved in the
range queries varies from 1 to 10 classes, with AfV fixed
at 2070 and 1007o. The results show that the H-tree
is a much more efficient indexing structure when the
number of classes involved is small. Both empirical re-
sults exhibit the same behavior to that obtained using
the cost models, In these experiments (in fact in what
we have performed so far), no overflowed internal nodes
of H-trees have been recorded. This is largely due to
the large amount of node space we reserved for the L
pointers, which would be tuned in future.

5. Conclusions

We have proposed in this paper a new hierarchical in-
dexing structure called the H-tree. The H-tree supports
efficient associative search on inst antes of a single class,
and inst antes of a class and some or all of its subclasses.
Both analytical and empirical performance analysis in-
dicate that the H-tree, when compared to the CH-tree,
is a more efficient indexing structure for retrievals on a
single class and on a hierarchy of classes. Two access
methods that can be efficiently implemented using H-
trees are: i) scanning for all instances of a class and its

subclasses and, ii) scanning for instances of a class and
some select subclasses. By not following the path to the
nested index of irrelevant classes, the condition where
the instances are not members of those classes is natu-
rally satisfied. In [LL091], we used H-trees to compute
least-fix point in recursive query processing, by using
one H-t ree at one it erat ion of the semi-naive evaluation.
The presented index nesting concept can be easily mod-
ified for other indexing techniques such as B-trees and
m-way trees.

Apart from the distribution of data across classes,
two other factors that may influence the performance
of H-trees are the number of classes and the levels of
class hierarchies. More experiments need to conducted
to test the effectiveness of H-trees with different distri-
butions and class hierarchies. We have taken the update
cost into consideration during the design of the H-tree.
However, we have yet to justify the effectiveness of the
efficiency rules in reducing the update cost. Note also
that H-trees provide a higher degree of concurrency than
a single index scheme. These are two of the issues that
will be further studied.
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