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INTRODUCTION

Itisageneral opinionthat rel ational database systemsare
inadequate for manipul ating composite objectsthat arise
in novel applications such as Web and document data-
bases (Abiteboul, Cluet, Christophides, Milo, M oerkotte
& Simon, 1997; Chen & Aberer, 1998, 1999; Mendel zon,
Mihaila& Milo, 1997; Zhang, Naughton, Dewitt, Luo &
Lohman, 2001), CAD/ CAM, CASE, office systems and
software management. Especially, when recursive rela-
tionships areinvolved, it is cumbersome to handle them
inrelational databases, which setscurrent relational sys-
tems far behind the navigational ones (Kuno &
Rundensteiner, 1998; Lee & Lee, 1998). Toovercomethis
problem, a lot of interesting graph encoding methods
have been developed to mitigate the difficulty to some
extent. Inthisarticle, we give abrief description of some
important methods, including analysisand comparison of
their space and time compl exities.

BACKGROUND

A composite object can be generally represented as a
directed graph (digraph). For example,inaCAD database,
a composite object corresponds to a complex design,
which is composed of several subdesigns. Often,
subdesigns are shared by more than one higher-level
design, and a set of design hierarchies thus forms a
directed acyclic graph (DAG). As another example, the
citationindex of scientificliterature, recording reference
relationshi psbetween authors, constructsadirected cyclic
graph. As a third example, we consider the traditional
organization of a company, with a variable number of
manager-subordinatelevels, which can berepresented as
atreehierarchy.

In a relational system, composite objects must be
fragmented acrossmany relations, requiring joinsto gather
all the parts. A typical approach to improving join effi-
ciency isto equip relationswith hidden pointer fieldsfor
coupling thetuplesto bejoined. The so-called join index
isanother auxiliary access pathto mitigatethisdifficulty.
Also, several advanced join algorithms have been sug-
gested, based on hashing and a large main memory. In

addition, adifferent kind of attempt to attainacompromise
solution is to extend relational databases with new fea-
tures, such as clustering of composite objects, by which
the concatenated foreign keys of ancestor paths are
stored in a primary key. Another extension to relational
systemisnested relations (or NF? relations). Althoughiit
can be used to represent composite objects without
sacrificing therelational theory, it suffersfrom the prob-
lem that subrelations cannot be shared. Moreover, recur-
sive relationships cannot be represented by simple nest-
ing because the depth is not fixed. Finally, deductive
databases and object-relational databases can be con-
sidered as two quite different extensions to handle this
problem (Chen, 2003; Ramakrishnan & Ullman, 1995).

In the past decade, a quite different kind of research
has also been done to avoid join operations based on
graph encoding. In this article, we provide an overview
on most important techniques in this area and discuss a
new encoding approach to pack “ancestor paths” in a
relational environment. It needs only O(e-b) time and
O(n-b) space, where b isthe breadth of the graph, defined
to betheleast number of disjoined pathsthat cover all the
nodesof agraph. Thiscomputational complexity isbetter
than any existing method for this problem, including the
graph-based algorithms (Schmitz, 1983), thegraph encod-
ing (Abdeddaim, 1997; Bommel & Beck; Zibin& Gil, 2001)
and the matrix-based algorithms (La Poutre & Leeuwen,
1988).

RECURSION COMPUTATION IN
RELATIONAL DATABASES

We consider composite objectsrepresented by adigraph,
where nodes stand for objects and edges for parent-child
relationships, storedinabinary relation. Inmany applica-
tions, the transitive closure of a digraph needs to be
computed, whichisdefined to beall ancestor-descendant
pairs. For instance, the transitive closure of the graph in
Figure1(a) isshowninFigure 1(b).

Inthisarticle, wemainly overview thegraph encoding
in arelational environment. The following is a typical
structure to accommodate part-subpart relationships
(Cattell & Skeen, 1992):
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Figure 1. A graph and its transitive closure

@) (b)

. Part(Part-id, ...)
. Connection(Parent-id, Child-id, ...)

where Parent-id and Child-id are both foreign keys,
referring to Part-id. In order to speed up the recursion
evaluation, we will associate each node with a pair of
integers, which helps to recognize ancestor-descendant
relationships.

In therest of the article, the following three types of
digraphs will be discussed.

(i)  Treehierarchy, in which the parent-child relation-
ship is of one-to-many type; that is, each node has
at most one parent.

(i) Directed acyclic graph (DAG), which occurswhen
the relationship is of many-to-many type, with the
restriction that a part cannot be sub/superpart of
itself (directly orindirectly).

(i) Directed cyclic graph, which contains cycles.

Later we will use the term graph to refer to the

directed graph, since we do not discuss non-directed
ones at all.

Figure 2. Labeling a tree
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RECURSION WITH RESPECT TO
TREES

Perhaps the most el egant algorithm for encoding isrela-
tive numbering (Schmitz, 1983), which guarantees both
optimal encoding length of logn bits and constant time
recursion testsfor trees. Consider atree T. By traversing
Tinpostorder, eachnodevwill obtainanumber (it canbe
integer or areal number) post(v) to record the order in
which the nodes of the tree are visited. A basic property
of postorder traversal is

post(v) = max{ post(u) | ue descendant(v)}.
Let I(v) be defined by
[(v) = min{ post(u) | ue descendant(v)}.

Then, anode u isadescendant of vif [(v) < post(u) <
post(v).

In terms of this relationship, each node v can be
encoded by an interval [I(v), post(v)] as exemplified by
Figure2(a).

Another interesting graph encoding method is dis-
cussed in Knuth (2003), by which each nodeisassociated
with apair (pre(v), post(v)), where pre(v) represents the
preorder number of v and can be obtained by traversing
T inapreorder. The pair can be used to characterize the
ancestor-descendant relationship as follows.

Proposition 1- Letvand V' betwo nodesof atreeT.

Then, V' isadescendant of vif pre(v') > pre(v) and post(v')
<post(v).

Proof. SeeExercise2.3.2-20in Knuth (1969).
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