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Abstract

In this work access support relations are introduced as a means for optimiz-
ing query processing in object-oriented database systems. The general idea is
to maintain separate structures (disassociated from the object representation) to
store object references that are frequently traversed in database queries. The pro-
posed access support relation technique is no longer restricted to relate an object
(tuple) to an atomic value (attribute value) as in conventional indexing. Rather,
access support relations relate objects with each other and can span over refer-
ence chains which may contain collection-valued components in order to support
queries involving path expressions. We present several alternative extensions of
access support relations for a given path expression, the best of which has to
be determined according to the application-specific database usage profile. An
analytical performance analysis of access support relations is developed. This an-
alytical cost model is, in particular, used to determine the best access relation
extension and decomposition with respect to specific database configuration and
usage characteristics.



1 Introduction

Record-oriented database systems, e.g., those based on the pure relational or the CO-
DASYL network model, are widely believed to be inappropriate for engineering applica-
tions. There is a variety of reasons for this assessment: no explicit support of behavior,
data segmentation due to normalization, lacking support of molecular aggregation and
generalization, etc.

Object-oriented database systems constitute a promising approach towards support-
ing technical application domains. Several object-oriented data models have been de-
veloped over the last couple of years. However, these systems are still not adequately
optimized: they still have problems to keep up with the performance achieved by, for ex-
ample, relational DBMSs. Yet it is essential that the object-oriented systems will yield at
least the same performance that relational systems achieve: otherwise their acceptance
in the engineering field is jeopardized even though they provide higher functionality
than conventional DBMS by, e.g., incorporation of type extensibility and object-specific
behavior within the model. Engineers are generally not willing to trade performance
for extra functionality and expressive power. Therefore, we conjecture that the next
couple of years will show an increased interest in optimization issues in the context of
object-oriented DBMSs. The contribution of this paper can be seen as one important
piece in the mosaic of performance enhancement methods for object-oriented database
applications: the support of object access along reference chains.

In relational database systems one of the most performance-critical operations is the
join of two or more relations. A lot of research effort has been spent on expediting the
join, e.g., access structures to support the join, the sort-merge join, and the hash-join
algorithm were developed. Recently, the binary join index structure [11] was designed
as another optimization method for this operation.

In object-oriented database systems with object references the join based on match-
ing attribute values plays a less predominant role. More important are object accesses
along reference chains leading from one object instance to another. Some authors, e.g.,
[1], call this kind of object traversal also functional join.

This work presents an indexing technique, called access support relations, which is
designed to support the functional join along arbitrary long attribute chains where the
chain may even contain collection-valued attributes.

The access support relations described in this paper constitute a generalization of the
binary join indices proposed by Valduriez [11]. Rather than relating only two relations
(or object types) our technique allows to support access paths ranging over many types.
Our indexing technique subsumes and extends several previously proposed strategies
for access optimization in object bases. The index paths in GemStone [6] are restricted
to chains that contain only single-valued attributes and their representation is limited
to binary partitions of the access path. Similarly, the object-oriented access techniques
described for the Orion model [5] are contained as a special case in our framework.

Our technique differs in three major aspects from the two aforementioned approaches:

e access support relations allow collection-valued attributes within the attribute



chain

e access relations may be maintained in four different extensions. The extension de-
termines the amount of (reference) information that is kept in the index structure.

e access support relations may be decomposed into arbitrary partitions. This allows
the database designer to choose the best extension and partition according to the
application characteristics.

Also the (separate) replication of object values as proposed for the Extra object model
[8] and for the PostGres model [10, 7] are subsumed by our technique.

The remainder of this paper is organized as follows. Section 2 introduces the Generic
Object Model (GOM), which serves as the research vehicle for this work, and some
simplified application examples to highlight the requirements on object-oriented access
support. Then, in section 3 the access support relations are formally defined. In sec-
tion 4 we begin the development of an analytical cost model for our indexing technique
by estimating the cardinalities of various representations of access support relations.
Section 5 describes the utilization of access support relations in query evaluation and
estimates the performance enhancement on the basis of secondary page accesses. Sec-
tion 6 addresses the maintenance of access support relations due to object updates. In
each of the sections 4 through 6 we illustrate the analytical model by some comparative
results for characteristic application profiles. Section 7 concludes this paper.

2 The Object Model

This research is based on an object-oriented model that unites the most salient features of
many recently proposed models in one coherent framework: the Generic Object Model
GOM. The features that GOM provides are relatively generic such that the results
derived for this particular data model can easily be applied to a variety of other object-
oriented models.

G'OM provides the following object-oriented concepts:

object identity each object instance has an identity that remains invariant throughout
its lifetime. The object identifier is invisible for the database user; it is used by
the system to reference objects. This allows for shared subobjects because the
same object may thus be associated with many database components.

values GOM has a built-in collection of elementary (value) types, such as char, string,
integer, etc. Instances of these types do not possess an identity, rather their
respective value serves as their identity.

type constructors the most basic type constructor is the tuple constructor which
aggregates differently typed attributes to one object. In addition, GOM has the
two built-in collection type constructors set, denoted as {}, and list, denoted as
<>.



subtyping subtyping is based on inheritance. A tuple-structured type ¢ may be defined
as the subtype of one (single inheritance) or several (multiple inheritance) other
tuple-structured type(s) t1,...,t, which means that ¢ inherits all attributes of all
supertypes t1,...,%,.

strong typing GOM is strongly typed, meaning that all database components, e.g.,
attributes, set elements, etc, are constrained to a particular type. However, the
constrained type constitutes only an upper bound, the actually referenced instance
may be a subtype-instance thereof.

instantiation types can be instantiated to render a new object instance. All internal
components of a newly instantiated tuple object are initially set to NULL, the
undefined value. Set- and list-instances are initially set to the empty set or list.

2.1 Type Definitions

If s1,...,8m,s € T, t # ANY are type symbols with outer type constructor [], the

ai,...,a, are pairwise distinct attribute names, and the ¢; are types then
type t is
supertypes (si,...,Sm)
(a1 :t1,. .., ap : ty)

type t is {s}
type tis < s >

are type definitions.

In the first case the s; are called supertypes of t, and t is called a (direct) subtype of
s;. Since the access support on ordered collection, i.e., lists, is analogous to sets we will
not elaborate on list-structured types in the remainder of this paper.

2.2 (Engineering) Example Applications

Let us first sketch an engineering application that heavily utilizes tuple-structured types:
modeling robots. The following schema constitutes an outline of a robot model:

type ROBOT_SET is {ROBOT};

type ROBOT is [Name: STRING, Arm: ARM|;

type ARM is [Kinematics: ..., MountedTool: TOOL];

type TOOL is [Function: STRING, ManufacturedBy: MANUFACTURERJ;
type MANUFACTURER is [Name: STRING, Location: STRING];

var OurRobots: ROBOT_SET;
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ROBOT ARM TOOL MANUFACTURER
Name: “R2D?” ; Kinematics: ... ; Function: “welding” ; Name: “RobClone”
Arm: 4 _HMountedTool: is| % ManufacturedBy: i | % Location: “Utopia”
Name: “X4D5” . |Kinematics: ... .| Function: “gripping”

Arm: i _,ZG MountedTool: i7__,27 ManufacturedBy: i3_|
Name: “Robi” ; Kinematics: ...
Arm: iq | MountedTool: i

Figure 1: Database Extension with Linear Paths

As can be deduced from the schema, a ROBOT has a Name and an Arm attribute,
the latter itself referring to a composite object of type ARM. An ARM instance is
described by its Kinematics' and a MountedTool, an attribute referring to an instance
of type TOOL. A TOOL is modeled by a string-valued attribute Function and the
attribute Manufactured By which associates a MANUFACTURER object, which itself
contains attributes Name and Location, with the TOOL instance.

An extension of such a schema for just three ROBOT instances identified by g, 5,
and ig is graphically depicted in Figure 1. An object instance is a triple (i,v,t) where
i denotes the object identifier, v the object value, and ¢ the type of the object. As
indicated in Figure 1 references are uni-directional, i.e., they are maintained in one
direction only. This conforms to (almost) all proposed object models.

A query in such an object-oriented system would retrieve objects on the basis of at-
tribute values of other associated objects along a reference chain, i.e., a path expression.
A typical example is:

Query 1: Find the Robots which use a Tool manufactured in “Utopia”.
Or using SQL-like notation:

select r.Name
from r in OurRobots
where . Arm.Mounted Tool. ManufacturedBy.Location = “Utopia”

In this example the path expression is r.Arm.Mounted Tool.ManufacturedBy.Location.

2.3 General Paths (Containing Collection-Valued Attributes)

Note that a linear path contains only attributes referring to a single object. Single-
object-valued attributes are only useful to model 1 : 1, or N : 1 relationships. In order
to represent 1 : M, or general N : M relations one needs to incorporate collection-valued

not further elaborated here. For more details see [3]



Company io {il, iz, ig, .. }

Division ; Name: “Auto” ; Name: “Truck” ; Name: “Space”
' Manufactures: i, 2 Manufactures: is 3 Manufactures: NULL
ProdSET i4 {is, .. } i5 {i(;, ig .. }
Product i Name: “560 SEC” ; Name: “MB Trak” ; Name: “Sausage”
% Composition: i; % Composition: NULL " Composition: i3
BasePartSET i7 {ig, .. } ilO {ig, .. } i13 {i14, .. }
.| Name: “Door” . | Name: “Pepper”
BasePart " Price: 1205.50 4 Price: 0.12

Figure 2: Database Extension With Non-Linear Paths

attributes, i.e., attributes referring to a set or list instance. To illustrate this let us

define a database schema for modeling a Company composed of a set of Divisions. Each

Division Manufactures a set of Products, which themselves are composed of BaseParts.
The schema is outlined below:

type Company is {Division};

type Division is [Name: STRING, Manufactures: ProdSET];
type ProdSET is {Product};

type Product is [Name: STRING, Composition: BasePartSET];
type BasePartSET is {BasePart};

type BasePart is [Name: STRING, Price: DECIMALYJ;

Additionally we assume the existence of a reference to a given company.
var Mercedes: Company;

A sample extension of this schema is presented in Figure 2.
Now let us illustrate some typical queries in an SQL-like syntax which access objects
along references (possibly leading through sets).

Query 2: Which Division uses a BasePart named “Door”?

select d.Name
from d in Mercedes,

b in d.Manufactures.Composition
where b.Name = “Door”



Query 3: Retrieve all the BasePart Names used by the Division named “Auto”.

select d.Manufactures.Composition.Name
from d in Mercedes.Division
whered.Name = “Auto”

3 Access Support Relations

As mentioned earlier access paths are used to support query evaluation. More precisely
access paths allow the fast selection of those members of an object collection which fulfill
a given selection criterion based on object references along an attribute chain or path
expression. A path expression or attribute chain is defined as follows:

Definition 3.1 Let ty,...,t, be (not necessarily distinct) types. A path expression on
to is an expression tyg.Aq.---. Ay iff for each 1 < 1 < n one of the following conditions

holds:
e The type t;_y is defined as type t;_1is [..., A; 1 t;, .. ]

o The type t; | is defined as type t; 1 is [..., A; : ti,...] and the type t is defined
as type t; is {t;}. In this case we speak of a set occurrence at A; in the path
to. Ay, -+ A,

The type t;_1 s called the domain type of A;, and t; is called the range type of A;.

The second part of the definition is useful to support access paths through sets?. If
it does not apply to a given path the path is called linear.

For simplicity we require each path expression to originate in some type ty; alter-
natively we could have chosen a particular collection C of elements of type ¢y, as the
anchor of a path (leading to more difficult definitions and cost functions, though).

Since an access path can be seen as a relation we will use relation extensions to rep-
resent, access paths. The next definition maps a given path expression to the underlying
access support relation declaration.

Definition 3.2 Lettg, ..., t, types, ty.A1.---.A, be a path expression, and k the number
of set occurrences in ty.A;. - --.A,. Then the access support relation Ey, 4, ... a, S of arity
n + k and has the following form:

Eiy ayan 2 1505+« Sutil

The domain of the attribute Sy is the set of identifiers (OIDs) of objects of type tq.
For (1 <i < n) let k(i) be the number of set occurrences before A;, i.e., set occurrences
at A; for j <. Then the domain of the attribute Siirq ts the set of OIDs of objects of

type

2Note, however, that we do not permit powersets



o t;, if A; is a single-valued attribute.

o t;, if A; is a set-valued attribute. In this case the domain of Siipi)41 s the set of
OIDs of type t;.

If the underlying path expression is clear from context we will write E instead of Ey, 4, ... A, -

Let further m be defined as m :=n + k.
We distinguish several possibilities for the extension of such relations. To define
them for a path expression ty.A;.---.A, we need n auxiliary relations Ey, ..., E,.

Definition 3.3 For each A; (1 < j < n) we construct the auziliary relation E;_;.
Depending on the domain of A; the relation E;_y is:

1. binary, if A; is a single-valued attribute
2. ternary, if A; is a set-valued attribute

In case (1) the relation Ej_y contains the tuples (id(o;_1),id(0;)) for every object
0j—1 of type tj_1 and o; of type t; such that oj_1.A; = 0>

In case (2) the relation Ej 1 contains the tuples (id(o;-1),id(0}),id(o;)) for every
object 0j 1 of type t; 1, o} of type T, and o; of type t; such that o; 1.A; = o} and the
set 0;- contains o;. In the special case that 0;- is an empty set the relation E;_, contains
the tuple (id(0;j-1),id(0}), NULL).

Example: Recall the Company database extension of Figure 2. For the underlying
schema we could declare the access support relation on the path expression Division. Manufactures. Composi
This results in 3 auxiliary relations Ey, E, and Es.

| Eq || Ey |
OIDDivision OIDProdSET OIDProduct OIDProduct OIDBasePartSET OIDBasePart
Z.2 Z.5 Z'9 ill Z'13 i14
1 14 16 16 17 18
| Ey |

OIDBasePart VALUEN!WLC

114 “Pepper”
18 “Door”

O

3If ¢; is an atomic type then id(o;j) corresponds to the value 0;_1.4;.



Let us now introduce different possible extensions of the access support relation E.
The first extension, called the canonical extension, is the obvious one. It contains only
information about complete paths spanning the attribute chain ¢y3.A4;.---.4,. Let us
illustrate the canonical extension on a linear path. Here for all objects oy in %y, 0; in
t1, ..., which fulfill 0g.A; = 01, ...,00.A1.+-.A, = 0, the canonical extension, denoted
E.an, of the access support relation E contains the tuple (id(oy),...,id(0y,)).

Let M (2XC, X, XC) denote the natural (outer, left outer, right outer) join on the last
column of the first relation and the first column of the second relation.

Definition 3.4 (Canonical Extension) Let ty.A;.---.A, be a path expression. The
canonical extension E.q, ts defined as

Eepn = EgX ... X E,_

The canonical extension contains only complete paths in the sense that every tuple
represents the attribute values for an object o in ty for which 0.4;.---.A,, exists, i.e.,
there is no NULL value somewhere along the path. This is the minimum information
that must be contained within the access relation in order to allow access support for
all queries spanning the whole attribute chain.

Example: For our example auxiliary relations Ey, E, and E, we obtain the following
canonical extension F.,,:

Ecan ‘

OIDDiUision OIDProdSET OIDPmduct OIDBasePartSET OIDBasePart VALUEName

il i4 iﬁ i7 ig “Door”

Note that E,, contains only complete paths originating in ¢, and leading to ¢,. But
there could also be more information in the extension of an access support relation.
For a path ¢y3.A;.---.A, consider the case where all the information concerning the
attribute value of A; of every object in ¢y, and the attribute values of A; of every object
of type t;_1 is contained in the access support relations. This is, naturally, the maximum
information concerning the access path. The extension containing all this information
is defined next.

Definition 3.5 (Full Extension) Be ty.A;.---.A, a path expression. The full exten-
ston Epy ts defined as
Efu” = EOjX]: N jx]:En,l

O
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Example: For our example application the full extension contains also the incomplete
paths, i.e., those that lead to a NULL (e.g., the first tuple in the extension shown be-
low) or those not originating in an object oy of type ¢, (the second tuple in Ep,; shown
below). Even partial paths not originating in ¢, and leading to a NULL are to be included

| Enu |
OIDDivision OIDProdSET OIDProduct OIDBasePartSET OIDBasePart VALUEName

19 i5 i NULL NULL NULL
NULL NULL 111 113 114 “Pepper”
il i4 ig i7 ig “Door”

Obviously there are many intermediate forms between these two cases. We will restrict
our discussion to left- and right-complete extensions.

Definition 3.6 (Left-complete Extension) Be ty.A;.---.A, a path expression. The
left-complete extension Eip is defined as

Bl = (... (FyXE)X. .. XE, )
([
Example: The left-complete extension contains all those (partial) paths that originate

in some oy of type ¢y (even if the path eventually leads to a NULL as, e.g., in the first
tuple below).

‘ Eleft ‘
OIDDivision OIDProdSET OIDProduct OIDBasePartSET OIDBasePart VALUEName

19 i5 l9 NULL NULL NULL

il i4 is 17 18 “Door”

Definition 3.7 (Right-complete Extension) Bety.A;.---.A, a path expression. The
right-complete extension Eig ts defined as

Eright = (E()DC( . DC(ER,QDCEnfl) . )

11



Example: The right-complete extension contains all (partial) paths that are at least
defined for the attribute A,, in some object o,_; of type t,_1. The path, however, need
not necessarily originate in ¢y, as exemplified by the first tuple in the extension shown
below:

‘ E right ‘
OIDDivision OIDProdSET OIDProduct OIDBasePartSET OIDBasePart VALUEName

NULL NULL ill i13 i14 “Pepper”
il i4 iﬁ i7 ig “Door”

Aside from different extensions of the access support relation also several decompo-
sitions are possible, which are discussed now. Since not all of them are meaningful we
define a decomposition as follows (Remember: m = n + k.)

Definition 3.8 (Decomposition) Let R be an (m + 1)-ary relation with attribute
So, .., Sm. Then the relations

R%1: [Sp,...,S;] for0<i; <m
.Ril’i2 . [Sila R i2] fOT' il < ig S m
R%™ : [S; ..., Sl for i, <m

are called a decomposition of R. The individual relations R%-+\, called partitions, are
matertalized by projecting the corresponding attributes of R. If every partition is a
binary relation the decomposition s called binary. The above decomposition is denoted
(0, il, ig, ceey ik, m)

Note that m and n are equal only in the case that there is no set occurrence along the
path. If there is any then m > n. Under the assumption that there is no set sharing, the
set identifiers may be dropped from the access support relation. This results in m = n.
To simplify the analysis we will do so for the examples considered in the next section.
Note however that the analytical cost model captures the general case if one reads n as
m.

The last question discussed in this section concerns the usefulness of the above
defined decompositions.

Theorem 3.9 FEvery decomposition of an access support relation is lossless.

12



Example: For our example the binary decomposition consisting of five relations of
the canonical extension is shown below:

| Egin | Ejm | B |
OIDDivision OIDProdSET OIDProdSET OIDProduct OIDProduct OIDBasePartSET
i ig ig i U6 i7
| Egn | Egin |
OIDBasePartSET OIDBasePart OIDBa,sePa,rt VALUEName
17 18 18 “Door”

4 Analytical Cost Model: Cardinality of Access Re-
lations

In this section we start the development of an analytical cost model to evaluate the access
relation concept. Later on, the cost model is used to derive the best physical database
design, i.e., to find the best extension and decomposition of a given path expression
according to the operation mix. First we have to design a model in which the object
base extension, in which we consider a path expression, can be described. Then we
analyze the storage costs for access relations in various extensions and decompositions.

4.1 Preliminaries

Before giving the sizes of the relations we introduce some parameters that model the
characteristics of an application. These are listed in Figure 3.

4.1.1 Some Derived Quantities

The probability P,4, that an object o; of type ¢; has a defined A,;; attribute value is
Py = (1)

The probability Py, that a particular object o; of type t; is “hit” by a reference
emanating from some object of type t;_; is:
€;
Py = — 2
i = (2)
The probability that, for some object o; of type t; none of the fan, references of the
attribute o;. A; ;1 hits a particular object 0;,; € t;11, which belongs to the e; | referenced

objects, may be approximated as
fan;
1 (3
(1 - > (3)
Cit+1

13




application-specific parameters

parameter | semantics derivation/default
n length of access path
Ci total number of objects of type ¢;
d; the number of objects of type t; for which the attribute
A;q1 is not NULL
fi the number of references emanating on the average
from the attribute A;11 of an object o; of type t;
shar; the average number of objects of type t; that reference
the same object in ;1. If no value for shar; is deter- d; * fan,
mined by the user, a normal distribution of references shar; = ———
from objects in ¢; to objects in ¢;4; is assumed. In this Cit1
case shar; is derived as shown on the right.
e the number of objects in ¢; which are referenced by an
object in ¢; ¢; = di—1 * fan;_,
shar;_1
spread,; the relation between the number of defined objects of
type t; and the referenced objects of type t;11 spread; = —
€it+1
ref ; the number of references of objects of type ; ref, = d; * fan:
size; average size of objects of type t;
system-specific parameters
PageSize | net size of pages PageSize = 4056
OIDsize size of object identifiers OIDsize = 8
PPsize size of page pointer PPsize =4
B;fm fan out of the BT tree PageSize

PPsize + OIDsize

Figure 3: System and Application Parameters
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However, this formula contains a slight error: it assumes that all fan; references are
independent—which is not the case when no two references emanating from the one
object in ¢; can hit the same object in ¢;;;. This error manifests itself for large fan,
values and correspondingly small e;; values.

Therefore, a better approximation is deduced by using the number of fan,-element
subsets of the e;;; objects of type ¢;,1. This number is given as the binomial coefficient

<6z’+1> . €it1!
fan, fan;!(e;11 — fan,)!
Then, the probability that the particular object 0;,1 is not hit is given as:

ir1—1
(e;;lni):eiﬂ—fani:l_fani (4)
(;;;1) €i+1 €i+1

The probability that 0;11 is not hit by any of the references emanating from a subset
{o},0%,...,0F} of objects of type t;, all of whose A; attributes are defined, is:

k
(=) &

For 0 < i < j < n we now define RefBy(i,j) which denotes the number of objects
in ¢; which are referenced by some object in ¢; (via at least one (partial) path):

o O\ BefByGi-1sPa
RefBy(i,) =1 (1 - (1 - f—‘"”*) ) else ©)

€j
Further the probability, denoted P, (i, 7), that a path between some object in
and a particular object o; in ¢; exists for 0 <7 < j < n, is derived as:
1 1=
PRCfo(iJj) - RGfo(l,]) else (7)
¢j
Let Ref(i,j) denote the number of objects of type ¢; which have a path leading to
some object of type t; for 0 < ¢ < j < n. This value can be approximated as:

. \ Ref (i4+1,)+Pa,
Ref(i,j) = d; * (1 — (1 — Sh;”) ) else (8)

Let Pgey (i, j) be the probability that a given object in ¢; has at least one path leading
to some object in t;. Then

1 i =]
PRef(iaj) = Ref(l,j)

C;

(9)

15



The number of paths between the objects in ¢; and the objects in ¢; can be estimated
by

j—1
path(i, j) = ref; * H (Pa, * fan,) (10)
I=i+1

4.2 Cardinalities of Access Support Relations

We can now deduce closed formulas for the number of tuples in the access support
relations.

4.2.1 Canonical Extension

No Decomposition In this special case of no decomposition the number of tuples,
#FE.., in the access relation E,, is given as:

#E con = path(0,n)

General Decomposition For a general decomposition (...,7,7,...) the indicated
part E*J of the decomposition contains the following number of tuples:

#Eé&]n = PRefo(0= i) * path(i, j) * Preg (j,n)

4.2.2 Full Extension

General Decomposition Let us first introduce two more probabilistic values. Let
Py (i, ) denote! the probability that a particular object of type ¢; is not “hit” by any
path emanating from some object in ¢; for 0 <1 < 7 < n:

. 1 — Prepyli,7) 1<
Pzz;(%]):{ 1 ety (12 7) elsej (11)

Analogously, let P (i,7) denote® the probability that a particular object of type ¢;
contains no emanating path to some object in ¢; for 0 < < j <n:

o 1 — Pgrelt,7) 1<7
Pt ={ ) ) (12)

Using these quantities we can then estimate that the relation E;;Lél contains the
following number of tuples:

N e
#E};f” = Z Z Py(max(i, 1 — 1),1) * path(l,1 + k) x Pyy(l + k,min(j,l + k + 1))
k=1 1=

41b: left-bound
Srb: right-bound

16



4.2.3 Left-complete Extension

The relation Elicif;t which holds all the paths from ¢; to t; which are left-complete, i.e.,
which originate in %y, has the following cardinality:

j—i

#E;'gf't = 3" Prespy(0,0) x path(i,i + k) * Py (i + k, min(j, i + k + 1))
k=1

4.2.4 Right-complete Extension

Finally, the cardinality of the (..., 4,7, ...) partition of the right-complete access support
relation is derived as:

o J—i
#E = Py(max(i,j — k —1),j — k) * path(j — k, j) * Pres(j, n)
k=1

4.3 Storage Costs for Access Relations

Let X denote an extension of the access relation E, i.e., X € {can, full, left, right }.
The size of a tuple in the access relation EY in bytes is:

ats"! = OIDsize  (j — i + 1) (13)

The number of tuples in access relation E}g per page:

> PageSize
a:t 7/7] — - . . ]_4
p { — i J (14)
The size of the access relation Y in bytes:
asy = #E% x ats™ (15)
The approximate number of pages needed to store the access relation E}J :
- B
apy = i X (16)
atpp®’

4.4 Some Sample Results

Subsequently, we graphically demonstrate two results for—in our view—typical engi-
neering application characteristics. However, the reader should bear in mind that the
size comparison of different access relation extensions and decompositions does not per-
mit any conclusions as to the performance of the respective physical design. The two
results are merely included to give the reader some “feeling” about comparative storage
costs.

17



4.4.1 Comparison between Extensions and Decompositions

In this experiment we want to compare different extensions and decompositions of the
access relation size for a fixed application characterization, which is listed in the table
below:

‘ application characteristics ‘

n 4
number of objects Co cl Co c3 cy
1000 | 5000 | 10000 | 50000 | 100000
number of objects with | dg dq do ds dy
defined A;y; attribute | 900 | 4000 | 8000 | 20000 | —
fan-out Jo 1 f2 f3 J1
2 2 3 4 —

The comparison of storage costs (for non-redundant representation) is graphically
plotted in Figure 4

Figure 4: Comparison of Access Relation Sizes

In this example application there are few objects at the “left” side of the path which
causes the canonical and the left-complete extensions to be drastically smaller than the
right-complete and full extension. It can be seen that—for this application—the binary
decomposition reduces storage costs by a factor of 2.
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4.4.2 Varying all d; Parameters

In the subsequent experiment we want to demonstrate the effect of varying the number
of defined attributes, i.e., varying d; for (0 < i < 3), while keeping the number of objects
and the fan-out fixed.

application characteristics

n 4
number of objects Co cl co c3 cy4
10000 10000 10000 10000 10000
number of objects with | dj dy do ds dy
defined A;,1 attribute | 2500---10% | 2500---10* | 2500---10* | 2500---10% | —
fan-out fo f1 f2 f3 Ja
2 2 2 2 —

The parameters dy, dy, ds, d3 were simultaneously increased, i.e., the values are kept
identical. The plot in Figure 5 shows the access relation sizes for all different extensions
under no decomposition.

Figure 5: Varying the Number of Not-NULL Attributes
As the d; values increase the sizes of the different extensions grow proportionally.

As the d; values approach the ¢; values, the storage costs for all different extensions
approach each other—because then (almost) all paths originate in ¢y and lead to t,.
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5 Query Processing

In this section we evaluate the usefulness and the costs of the different extensions and
decompositions to query processing.

5.1 Kinds of Queries

To compare the query evaluation costs we consider abstract, representative query ex-
amples of the following two forms:

5.1.1 Backward Queries

In this query expression the objects o € C are retrieved, where C is a collection of
to instances, based on the membership of some other object o, of type ¢, in the path
expression 0.A4;.---.A,.

Q" (bw) := select o
from o in C /* C' is some collection of ¢; instances */
where 0j in O.Ai+1. v .Aj

5.1.2 Forward Queries

Forward queries retrieve objects of type ¢; which can be reached via a path emanating
from some given object o of type t;.

QY (fw) := select 0.4;41.++-.A;
from o in C /* C'is some collection of ¢; instances */
where ...

5.2 Storage Representation of Access Support Relations

Following the proposal of Valduriez [11] for join indices an access support relation (par-
tition) F% is stored in two redundant B* trees, one being keyed (clustered) on the first
attribute, i.e., OIDs of objects of type t;, and the second BT tree being clustered on
the last attribute, i.e., OIDs of ¢; objects. In this way we can achieve a fast look-up of
all tuples (partial paths) originating in some object o; of type t; and all (partial) paths
leading to some object o; of type ;.

5.3 Query Evaluation

Canonical Extension The canonical extension of an access support relation over a
path expression 0.A;.A,.---.A, is only useful for evaluating full paths of the form:

0.A1.-+- A,
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where o ranges over a collection of ¢, instances.

The canonical extension cannot be used to evaluate an expression of the form
0.A;.---.Aj where j < n or of the form o.A4;.---.A, where j > 1 and o' ranges over a
collection of ¢;_; instances.

Right-Complete Extension The right-complete extension of the access support re-
lation can be utilized to evaluate path expressions of the form:

tO-Aj-i-l- v An

where 0 < j and o ranges over a collection of ¢; instances.

Left-Complete Extension The left-complete extension is utilized for any path ex-
pression originating in g, i.e.:
0.Ay. - A

for j < n and o ranges over a collection of ¢, instances.

Full Extension Finally, the full extension may be used to evaluate any path of the
form

O-Ai—i—l- cee .Aj

for 0 <17 < j < n and o ranging over a collection of ¢; instances.
Before we start developing the cost model, we would like to give an extended remark
on the sharing of access support relations.

5.4 Sharing of Access Support Relations

Consider the following two path expressions:

to- A1 A Ai+1-"'-Ai+j Ai+j+1-"'-An (1)
AL AL Ay A AL AL (2)

itj+1-

Iftg.Ay.---.A; and t,. A]. - - - . AL, are path expressions both leading to objects of type
t; then part of the access support relations may be shared.

This, in general, is only possible when a full extension of the access support relation
is maintained. Let Ep,y be the full extension for the path (1), and E'fu” the full extension
of the access support relations for path (2). Then the decomposition (0,4,i4 j,n) of E
and (0,#,4' + j,n) of E share a common partition, i.e. E}Jﬁ” E}u;l .

Thus we obtain the following five partitions:

full [OIDt()) ey OIDtl] f ll [OIDt’ seey OIDtI]
Epy? = E}ufl . [oID,,,. .., OIDW] ;
E};}lj, : [OIDtiJrj, ceey OIDtn] E}u—ﬁ], : [OIDti+j7 Ceey OIDt;,L,]
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The five partitions may then, individually, be further decomposed.
In general, this sharing is only possible for full extensions. Exceptions are:

e if both paths (1) and (2) originate in ¢, <, i.e., ¢ = 7' = 1 then the sharing is also
possible for left-complete extensions.

e if both paths lead to t,, ie., i+ j = i 4+ j = n = n’, then the corresponding
partition of the right-complete extensions may be shared.

This should indicate that there may exist a higher level of organization of access support
relations which constrains the possible extensions or decompositions.

5.5 Preliminaries for the Cost Estimation

In the subsequent work we will frequently use the following variables. Let X denote
the extension of some access relation, i.e., X € {can, full, left, right}. The variables i

and j denote some intermediate types in the path expression ty3.A;.---.A, such that
0<i<y<n
The number of objects of type t; per page:
PageSize
o = | P .
size;

We generally assume that objects are clustered dependent on their type. Thus, the
number of pages needed to store all objects of type ¢; is estimated as:

ons = [ } (18)

Oopp;i

The height of the Bt tree—not considering the leaves—for the relation FY/:
htyl = [logg: (apldy)] (19)

The number of pages (without leaves) in the B* tree for the relation E% is computed
as:

N hy o myY <1
2, — ) L 2
PIx 1+{—ap§w hthd =2 (20)
Bfan

The number of leave pages of the B tree per value in the access relation depends clearly
on the extension. They can be estimated as follows:

nlpld = _ OSfu (21)
full PageSize % d;
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pipid [ o (22)
right PageSize = d;

. as®i
i — can 23
""Pean {PageSize s ref(i,n) * Prerpy(0, ZJ (23)
nlpi’j _ asi’e]}t (24)
left PageSize x RefBy(0,1)
For the BT tree for the inverse clustered access relation we have:
— Z,] -
- as
Rnlp  — | —"full 25
TP ful PageSize x e; (23)
Rnl ij I asiyijght | (26)
NUPert = PageSize x e;
Rnlpti = a5t (27)
can PageSize x ref(j,n) * Prerpy(0, )
ot [t -
right PageSize x Ref (j,n)

5.6 Query Cost: No Access Support Relation

In estimating the query evaluation cost we will neglect the CPU cost and merely compare
the number of page accesses on secondary storage. In the following cost model we will
frequently use a well-known formula. Yao [13] has determined the number of page
accesses for retrieving k out of n objects distributed over m pages, where each page
contains n/m objects. This number, denoted as y(k, m,n), is:

y(,m,m) = [m <1_i_ﬁ1n*(1_1/m)_i+1>-‘

n—1+1

We extend the definitions of RefBy and Ref supplied in (6) and (8). For 0 < i <
j < nand 0 < k we define the three argument function RefBy(i, j, k) which denotes
the number of objects in ¢; which lie on at least one (partial) path emanating from a

k-element subset of ¢;:
fan, ¢ .
e ¥ |1 — |1~ J=1+1
€it+1

RefBy(ij—1,k)xPa. |

an; i

€j * (1 — <1 — fieJA) ) else
J
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Analogously, let Ref(i,j, k) denote the number of objects of type ¢; which have a
path leading to some object of a k-element subset of type ¢; for 0 < ¢ < j < n and
0 < k. This value can be derived as:

shar; \ "
dﬂ(l—(l— Z>) j=1i+1
d;
\ Hef(i+1,5,k)xPu, |
d; * (1 — <1 — Sh;“) ) else

If the object references are only stored within the object representation the best
possible algorithm without any access support structures has to inspect every page
containing a referenced object at least once.

Ref(i,j, k) = (30)

5.6.1 Forward Query

i1
Qnas™ (fw) =1+ Z y([RefBy(i,l,1)], op, ;) (31)
I=i+1

This cost is deduced as one page access to retrieve the object o; plus the access to

all objects of type t,(i <[ < j) that lie on a path originating in o;.

5.6.2 Backward Query

j-1
Qnas™ (bw) = op; + >_ y([RefBy(i,l,d;)], opi, ) (32)
I=i+1

Basically, the backward query is evaluated by an exhaustive search. All objects of
type t;(i < [ < j) that are connected with any object of type ¢; have to be inspected,
i.e., RefBy(i,l,d;) objects have to be retrieved.

5.7 Query Cost: With Access Support Relation
5.7.1 Forward Query

The cost for a supported forward query can be calculated as follows:

Z] — o ia+1 o ’ia+1 to ’iaJr]_
Qowpd(fwdec) = % (Mt enlpet )+ Y (ap)
la,la+1Edec layla41E€dec
(ia=ti<ia+1) (ia<i<io+1)

+ > (1.0 + y([RefBy(i,ia,1)],pgx """ — 1, (pgx "™ — 1) * B},,)
la,la+1€dec
(1<ia <)

+ y([RefBy(iyiq, 1)] * nlpiX"“i““, apiX"”i““, #E@g’i““)) (33)
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In this formula we are given a decomposition dec := (0 = iy, i1,...,i = n). De-
pending on this decomposition the forward query Q" (fw) is evaluated. We distinguish
two cases:

1. The first sum covers the case that i = 7, for some 0 < a < k. In this case only one
path through the B* tree has to be traversed and the leave pages for one value
(nlp5'**') are retrieved.

2. The second sum handles the special case that i is not the left border of some

decomposition, i.e., there is no 4, € dec such that i, = 7. All pages of the access
tosta+1

relation partition Ey that covers ¢ have to be inspected. This number equals
Lasta+1
a X .

Finally, the third sum accounts for accessing the partitions that lead to j. Within each
partition (iq,iq11), We have to retrieve

e the root of the BT tree

e the intermediate pages of the BT tree that contain (the intervals of) the RefBy(i, 4, 1)
object identifiers of type ¢;,

o the data pages of the access relation partition E'¢***' that contain the RefBy(i,iq, 1)
object identifiers of type ¢;,

5.7.2 Backward Query

The cost for a supported backward query can be calculated as follows:

qupf)’(] (bw, dec) = Z (ht?’la+l + Rnlpl§;1a+l) + Z (apl§,la+1)
la,la+1E€dec ioria+1Edec
(o <j=lat1) (ine<j <ims1)

+ Z (1'0 + y([Ref(iOH-lvjv 1)—|7pg§?7ia+l - 17 (pgg?’ia-H - 1) * B};Zn)

layla41E€dec
(1<ia+1<7)

+ y([Ref (ias1, 4, 1)] * Bulps ™+ apy 't #E ")) (34)

The cost for evaluating a supported backward query is derived analogously to a
forward query. The major distinction is, that now the reverse clustered access relation
is used.
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5.8 General Formula for Query Cost

Given the query costs for a supported query and for a non supported query the costs
for the different cases can be calculated as follows:

( Qsup¥ (kind,dec) i=0Aj=n X = can
Qnas*I (kind) i #£0Vji#n X = can
N qupf"(j(kmd, dec) X = full
Y (kind, dec) = Qsup’! (kind, dec) i=0 X = left (35)
Qnas®I (kind) i #0 X = left
qupg’(j(kmd, dec) j=n X = right
| Qnas®I (kind) J#N X = right

Again, the parameters have the following meaning: kind € {fw,bw}, the parameter
X denotes the chosen extension, i.e., X € {can, full, left, right}. The parameter dec
denotes the (chosen) decomposition of the access relation, and 0 < i < j < n.
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5.9 Sample Results
5.9.1 Query Costs in Comparison

Figure 6 visualizes the cost of a backward query of the form Q%*(bw) for the application-
specific parameters shown below:

‘ application characteristics ‘
n 4

number of objects Co cl co c3 cy
100 | 500 1000 | 5000 | 10000
number of objects with | dg dq do ds dy
defined A;y; attribute | 90 400 | 8000 | 2000 | —

fan-out Jo J1 Jo f3 f1
2 2 3 4 —
size of objects stzeg | sizey | sizeo | sizes | sizey

500 | 400 | 300 | 300 | 100

The access support relations were either decomposed into binary partitions (bi) or
non-decomposed (no dec). As expected, the query costs for non-decomposed access
relations is lower than for binary decomposed relations.

Figure 6: Query Costs for a Backward Query
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5.9.2 Query Costs Depending on Object Size

Figure 7 visualizes the cost of a backward query of the form Q%*(bw) depending on the
size of the stored data, i.e., the parameter size; is varied for (0 <i < 4):

application characteristics

n 4
number of objects Co cl Co c3 Cy4
100 500 1000 5000 10000
number of objects with | dy dy do ds dy
defined A;;; attribute | 90 400 8000 2000
fan-out fo fi f2 f3 fa
2 2 3 4
size of objects sizeg sizeq stzeq sizes sizey
100---800 | 100---800 | 100---800 | 100---800 | 100---800

The access support relations are decomposed into binary partitions. As can be seen
in Figure 7 the object size does not influence the query cost for supported queries (as
expected). Only the cost of non-supported queries grows proportional to the object size.
Note, that in Figure 7 the values for full, left, and right extensions overlap (marked with

filled squares.

diagquvsb

Figure 7: Query Costs for a Backward Query Under Varying Object Size
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5.9.3 Which Queries are Supported?

As described before, not all queries are supported by certain extensions of the access
relation. Also, the decomposition of the access relations has a major effect on the cost
of a query. For demonstration, let us use the following application characteristics:

‘ application characteristics ‘

n 4
number of objects Co cl co c3 cy
10? 10? 10? 10? 10?
number of objects with | dj dy do ds dy
defined A;,; attribute | 10---10* | 10---10* | 10---10* | 10---10%
fan-out fo fi f2 f3 fa
2 2 2 2
size of objects sizeg sizeq sizeq sizes stzey
120 120 120 120 120

The plot in Figure 8 shows the query costs of a backward query of the form: Q%2 (bw).
We computed the results for two decompositions: (1) decomposition into binary parti-
tions and (2) non-decomposed representation. From our preceding discussions we know,
that only the left-complete and the full extension of the access support relation can
possibly be used to evaluate the query.

Figure 8: Query Costs for a Backward Query Q%3 (bw)

It turns out, that the evaluation utilizing the full/left-complete, non-decomposed
access support relations are costlier than the non-supported evaluation. The reason
being that the rather large access support relations have to be exhaustively searched
under no decomposition, i.e., all pages have to be inspected.
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5.9.4 An Application Favoring Canonical/Left over Full/Right

The following parameters describe an application that favors canonical and left-complete
extensions over full and right-complete extensions of the access relation.

application characteristics

n 4

number of objects Co cl Co c3 cy
400000 400000 400000 400000 400000

number of objects with | dg dq do ds dy

defined A;y; attribute | 10 100 1000 100000

fan-out fo J1 f2 f3 fa
10---100 | 10---100 | 10---100 | 10---100

size of objects sizeg sizeq S12€9 sizes S12€y4
120 120 120 120 120

The query costs for varying fan-out values are plotted in Figure 9.

graph0

Figure 9: Cost of a backward Query Q%*(bw)
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6 Maintenance of Predicate Extensions

For the different extension and decomposition possibilities we now consider the dynamic
aspect of maintenance. Of course, updates in the object base have to be reflected in the
access relation extensions. The problem of automatic maintenance of the access support
relations is addressed and the cost analyzed.

In order to simplify the subsequent discussion we consider only one special—yet
characteristic—type of update operation: inserting an object into a set-valued attribute.
This operation, denoted as ins’, could be phrased in our pseudo-SQL language as follows:

ins' := insert o into o0;.A4;

We assume that the object o; is of type t;.

Let us now analyze the effect of this insertion on the access support relations for
the path expression ty.Ay.---.A;.---.A,. For simplicity, we assume that for 0 < k,7 <
n,i # k either o; is not of type ¢, or Ay # A;. This simplifying condition prevents an
object insertion to affect different positions in a single path expression. It follows that
o has to be of type ;..

The update costs consist of three parts:

1. the costs for updating the object o;

2. searching the identifiers for the paths (---,id(0;),id(0),---) that have to be up-
dated, and

3. updating the access support relations.

The cost for updating o0;.A; amounts to 3, i.e., one page access to retrieve the object
representation of 0; and one page access to write the object o; back to secondary storage.

6.1 Searching for the New Paths

The update of the access support relations involves the following two auxiliary relations

I, .= {(NULL,...,NULL,iy,...,id(o;)) |k <i
and no object in ¢ references iy or k =0}
I, = {(id(o),...,is, NULL,...,NULL)|s >i+1

and the A; attribute of 5 is NULL or s = n},

Let I? denote the relation defined analogously to I; except that k = 0, i.e., all paths
originate in ;. Analogously, I' is defined under the condition s = n, i.e., considering
only paths that lead to ¢,.

The next step consists of materializing the relations I, and I, depending on the
selected extension of the access support relations. Here we only consider the costs
encountered if the search has to be performed in the object representation, i.e., if I, and
I, cannot be materialized from the access relations.
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If we have a full extension we do not need any search in the data since all necessary
information is contained in the access relations.

If we have a left-complete extension we have to search the paths from object o in
direction ¢,, to materialize I,. But this is only necessary if o; is referenced by some object
in ?y, and o; is not already contained in the access relation, i.e. not yet referenced by
some path originating in an object in ¢y. Otherwise, I, is either contained in the access
support relations or not needed.

The cost for searching in the case of a right-complete extension can be approximated
analogously. A search in the data to create I; is only needed if o was already present in
the access support relation and if o; is absent. Only under this condition one (or more)
new right-complete paths have to be added to the access relations.

In the case of a canonical extension we have to search for a complete path in both
directions. Since a forward search is cheaper than a backward search we start therewith
to set up I'. The forward search from o to ¢,, has only to be performed if there does not
already exist a complete path through o. We start the backward search to materialize
I? only if we have found a connection from o to t,. The backward search itself is only
necessary if there does not already exist a complete path through o;. Thus the total
search costs for the different extensions can be estimated by:

[ Qnas™H"(fw) * Pyopan (i + 1) + Qsup™ ! (bw, dec)
+ Qnas® (bw) * Prer(i + 1,n) % Pyopa (1) + Qsup™ T (fw, dec) for X = can
min(Qsup™ ™ (fw, dec), Qsup™ ' (bw, dec)) for X = full
searchl = ¢ Qnas™™(fw) x (1 — Prespy (0,7 + 1)) * Prespy (0, 1) (36)
+ min(Qsup” T (fw, dec), Qsup T (bw, dec)) for X = left
(X0 om1) * (1 = Pres (i, n)) * Prep(i +1,n)
+ min(Qsup” T (fw, dec), Qsup+(bw, dec)) for X = right

\

Here, Pyopan (1) denotes the probability that no complete path exists, that leads through
a particular object o; of type ¢;. This value is computed as:

PNoPath (l) = 1- PPath (l) (37)
Ppun(l) = Prespy(0,1) % Pres(l,n) (38)

For X = left or X = right we have to perform two queries in order to find out whether
a search is necessary. Since both queries are within the same access relation we can use
the maximum as the total cost for answering both queries.

6.2 Updating the Access Support Relations

Next we have to consider the cost of updating the access support relation (partitions).
The general formula is given below:

aup'y (dec) = Y (1 + y(gfw’s (o ias1), P — 1, (pgi "™+ — 1) Biyn)

(e ba+1)Edec
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Figure 10: Different Partitions of Access Relations w.r.t. ins’

+ y(afw's (ia,iap1), apy ™ FEL ) % 2
ia,’ia+]_

+1 4 y(ghw(iaiar1), g™ — 1, (pgy™ ™ — 1) * Bf,,)
+ y(qbwf‘{ (ia; ia-l—l); api?’ia-i_l, #E;?’ia+l) % 2)

In this formula, the first summand constitutes the cost for accessing the non-leaf
pages of the forward clustered B* tree. The second summand accounts for the cost
of accessing and writing back the leaf pages—therefore, the factor 2. Altogether,
qfws (ia,iar1) clusters have to be updated, where a cluster is a collection of paths
with identical first object. The formulas for ¢ fw (ia, iat1) are given below. In this cost
estimation we made two simplifying assumptions:

e a cluster fits on one page
e page overflows of leaf or non-leaf pages of the BT tree do not occur

The third and fourth summand are analogous for the backward clustered B tree.
Here the number of clusters to be dealt with is denoted qbw? (ia,iqt1)

Let us now derive the formulas for estimating the number of clusters that have to be
updated within the partition (i,, ie11) of the extension X with respect to the operation

st

6.2.1 Number of Clusters under Canonical Extension

fwi (Z i ) o R@f(?:a, i, ].) kS PRefo(Oa ia) kS PRef(i —+ ]., n) ia S 7
UWean s batt) = RefBy(i + 1, g, 1) % Preiy(0,7) % Pre(ia,n) i < iq
R@f(ia+1, i, ].) *x PRefo(O; ia-l—l) S PRef(i —+ ]., n) ia+1 S 7

qbwcan(zaa Za+1) = { R@fo(Z + 17 ia-i—la 1) * PRefo (0’ 2) * PRef (ia+1, ’ﬂ) 1< ia-i—l

Let us focus on the formula for ¢fw’,, (ia,iar1). We consider two cases, depending
on where the partition (i, i.41) lies relative to i:

1. i <4
These are the cases Cy and C3 in Figure 10. There are Ref(iq,?,1) object in t;,
that are connected with o;. However, these clusters are only relevant if there exists
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a path from 741 to n because otherwise no update of the canonical access relation
is needed. This probabilistic value is Pgef(i+1,n). Furthermore, for a given object
0;, of type t;, an update is only needed if this object lies on some path emanating
from to—which is accounted for by the probability Pgess, (0, 4).

2. 1< 1,4
This corresponds to case Cy in Figure 10. It is handled analogously to case (1),
except that now we have to consider the objects of type ¢;, that lie on a path
emanating from the object o of type t;,;—there are RefBy(i+1, iq, 1) such objects.
However, these clusters are only relevant for update if o; is connected with ¢, and
if the particular object of type ¢;, is connected with ¢,.

The formula qbwfx(ia,iaﬂ) for the backward clustered BT tree is derived analo-
gously.

6.2.2 Number of Clusters under Full Extension

ot (iar i Ref (iay i, 1) + S o1 Po(l = 1,0) % Ref(L,i,1) g < i < ia
wafull(lowla-l—l) = {0 ( ) I=ia+1 lb( ) ( ) 11

else
' RefBy(i+1,ia+1,1)
qbw}ull(im ia-i-l) = + Z;;ﬁ_;l Prb(la [ + 1) * R@fo(i + 17 la 1) ia S 1 < ia-}-l
0 else

For full extensions we have to consider only the one partition that covers (i,i + 1).
This corresponds to case C in Figure 10. All other partitions need not be updated
and, therefore, their number of clusters is set to 0. Consider the forward clustered case:
there are Ref (iq,%,1) objects of type ¢; that have a path leading to o;. All of these
have to be updated. Furthermore, we have to insert information concerning objects that
have a path leading to o; but are not connected with any object in ¢;_, like the object
represented by the small circle in Figure 10. The number of such objects is derived in
the sum Y3;_; .y Pi(l — 1,1) = Ref (1,1, 1).

The number of clusters for the backward clustered case is derived analogously.

6.2.3 Number of Clusters under Left-Complete Extension

For completeness we show the formulas for left- and right-complete extensions below.
Their derivation is similar to the above explained cases.

. 0 lat1 <0
wa;eft(iaa ia+1) - Ref(iow i, 1) * PRefo(O; ia) ia S 1 < Z'oz-i-l
Pi(0,i4) * RefBy(i+ 1,04, 1) % Preppy(0,7) i < iq
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0

Z-a+1 S [
PRefo(O, Z) * )
g} s(ia, fap1) = (RefBy(i + 1,iqs1,1) + X250  Pp(L, 1+ 1) % RefBy(i + 1,1,1)) i < i <igp
PRefo((); Z) * ]le(o, ia) * '
(RefBy(i + 1,i011,1) + 22501 Pry(l, 1+ 1) % RefBy(i +1,1,1)) i < iq

6.2.4 Number of Clusters under Right-Complete Extension

Prb(ia-i-l; n) * PRef(i + L n) *
(Ref (iar i, 1) + 250 4 Pu(l— 1,0) % Ref (1,0, 1) gy < i

Ufwyigni(iarian1) = { Prep(i+1,n) % ,
(Ref (iyi, 1) + Sy oy Poll = 1,0) % Ref(1,i,1) iq < i < ins1
0 1< 1lq
. PTb(ia+lan) *Ref(ia+17i71) *PRef(i+17n) ia+1 S {
qbwfnight(ia, ia+1) = Refo(Z + 1, ia+1, 1) * PRef (ia+1, n) ia <1< ia+1
0 1< g
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6.3 Sample Results
6.3.1 Update Costs for Fixed Application Characteristics

We compare update costs for different access relation extensions and decompositions on
the basis of the following application profile:

‘ application characteristics ‘

n 4
number of objects Co cl co c3 Cy4
1000 | 5000 | 10000 | 50000 | 100000
number of objects with | dg dq do ds dy
defined A;y; attribute | 900 | 4000 | 8000 | 20000 | —
fan-out fo J1 f2 f3 Ja
2 2 3 4 —
size of objects stzeg | sizeq | sizeg | sizes | sizey
500 | 400 | 300 300 100

The update costs for an update operation ins® are plotted in Figure 11. The access

relations are, alternatively, in binary decomposition or non-decomposed.

diagupd

Figure 11: Update Costs for a Fixed Application Profile

Since the update is at the right-hand side of the path expression, the left-complete
extension under binary decomposition is very much superior to the right-complete ex-
tension. For an update ins’ the right-complete extension would be dratically better,
whereas the canonical extension is problematic under any update because a search in
the data is always necessary.
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6.3.2 Update Costs for Another Fixed Application Characteristics

Let us, for comparison, show a slightly different application profile:

‘ application characteristics ‘

n 4
number of objects Co cl co c3 Cy4
1000 | 5000 | 10000 | 50000 | 100000
number of objects with | dy dy dy ds dy
defined A;; attribute | 900 | 4000 | 8000 | 20000 | —
fan-out fo fi f2 f3 fa
2 1 1 4
size of objects sizeg | sizey | sizeg | sizes | sizey
500 | 400 | 300 300 100

The update costs for an update operation ins® are plotted in Figure 12.

diagupd-

Figure 12: Update Costs for a Fixed Application Profile

Again, the update costs of the left-complete and full extension are almost compara-
ble.
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6.3.3 Update Costs under Varying Object Size

Consider the following application-specific parameters within which we will continuously
increase the sizes of objects of all types within the interval 100 .. .800.

‘ application characteristics ‘

n 4
number of objects Co cl Co c3 (o
1000 5000 10000 50000 100000
number of objects with | dy dy do ds dy
defined A;;; attribute | 900 4000 8000 20000 —
fan-out fo fi f2 f3 fa
2 2 3 4 —
size of objects sizeg sizeq stzeq sizes sizey
100---800 | 100---800 | 100---800 | 100---800 | 100---800

The plot in Figure 13 visualizes the effect of varying object sizes on the update cost
of ins'. The access support relations are in binary decomposition.

diagupdvs

Figure 13: Update Costs for Varying Object Sizes

We see that the update costs for canonical and right-complete extension grow as the
object sizes increase. This is due to the high search overhead within the data (object
representation) that has to be performed. Remember, that in the case of canonical and
right-complete extension an exhaustive search may become necessary to establish the
paths that lead from t; to the object being updated. For the left-complete extension
only a forward search is needed which is only marginally affected by increasing object
sizes.
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6.4 Costs of Typical Operation Mix

6.4.1 Describing an Operation Mix

In our analytical cost model an operation mix M is described as a triple
M = (Qmiz; Umiz, Pup)

Here, Q,.q; is a set of weighted queries of the form:

Qmix = {(whql)J AR (wp7qp)}

where for (1 < i < p) the ¢; are queries and w; are weights, i.e., w; constitutes the prob-
ability that among the listed queries in Qi ¢; is performed. It follows that >F | w; =1
has to hold.

Analogously, the update mix U, is described. Finally, the value P,, determines
the update probability, i.e., the probability that a given database operation turns out
to be an update.

6.4.2 Update Mix under Binary Decomposition

The following application profile is used:

‘ application characteristics

n 4
number of objects Co cl co c3 Cy4
1000 | 5000 | 10000 | 50000 | 100000
number of objects with | dg dq do ds dy
defined A;y; attribute | 900 | 4000 | 8000 | 20000 | —
fan-out fo J1 f2 f3 Ja
2 2 3 4 —
size of objects sizeg | sizeq | sizeg | sizes | sizey
500 | 400 | 300 300 100

The query mix (), consists of:

Qmiz = {(1/2,Q™ (bw)), (1/4, Q™ (bw)), (1/4,Q"*(fw))}

The update mix consists of:
Uniz = {(1/2,ins?), (1/2, ins®)}

This mean that, when a query is performed, any one of the queries is chosen with equal
probability. The same holds for update operations.

Figure 14 shows the (normalized) costs for different update probabilities P,, ranging
between 0.1...0.9.

It can be seen that for an update probability less than 0.3 the left-complete extension
beats the full extension. The break even point between no support and full extension is
at an update probability of 0.998 (not shown in the diagram).
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Figure 14: Operation Mix for Binary Decomposition
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6.4.3 Non-Binary Decompositions of the Access Support Relations

The experiment was run again for the (0,3,4) decomposition of the access support
relations. The result is shown in Figure 15

Figure 15: Operation Mix for the Decomposition (0, 3, 4)

6.4.4 Comparison: Left-Complete vs Full Extension

‘ application characteristics

n )
number of objects Co cl Co c3 Cy4 cs
1000 | 1000 | 5000 | 10000 | 100000 | 100000
number of objects with | dy dy dy ds dy ds
defined A;y; attribute | 100 1000 | 3000 | 8000 | 100000 | —
fan-out fo fi f2 f3 fa 5
2 2 3 4 10 —
size of objects sizeg | sizey | sizeg | sizes | sizey sizes
600 | 500 | 400 | 300 300 100
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For this application characterization the normalized costs for a database operation
mix consisting of the following queries and updates was computed:

Qumic = {(1/3,Q%°(bw)), (1/3,Q%* (bw)), (1/3,Q™*(fw))}
Upiz = {(1/3,ins?), (1/3, ins’, (1/3, ins*)}

In Figure 16 the costs for the operation mix under left-complete and full extension of the
access relations are plotted for two different decompositions: (1) binary decomposition
(0,1,2,3,4,5) and (2) the decomposition (0, 3,4, 5).

graphl

Figure 16: Operation Mix for Full and Left-Complete Access Relations

6.4.5 Comparison: Right-Complete vs Full Extension

The following application profile is being used:
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‘ application characteristics

n )
number of objects Co cl co c3 C4 Ccs
100000 | 100000 | 50000 | 10000 | 1000 | 1000
number of objects with | dy dy do ds dy ds
defined A;y; attribute | 100000 | 10000 | 30000 | 10000 | 100 100
fan-out fo fi f2 f3 fa f5
1 10 20 4 1 —
size of objects sizeg sizeq stzey | sizeg | sizey | sizes
600 500 400 300 200 700

For this application characterization the normalized costs for a database operation
mix consisting of the following queries and updates was computed:

Qmiz = {(1/2,Q"" (bw)), (1/4,Q""(bw)), (1/4,Q*"(bw))}
Umiz = {(17 Z’IZS3))}

Figure 17 visualizes the costs for the operation mix under the following decompositions
of the right-complete and full extension:

1. the binary decomposition (0,1, 2,3,4,5)
2. the decomposition (0, 3, 5)

It turns out that the latter decomposition is always superior. For update probabilities
less than 0.005 the right-complete extension is even better than the full extension under
this particular decomposition. This break-even point is shown in the upper plot of
Figure 17.

7 Conclusion and Future Work

In this work we have tackled a major problem in optimizing object-oriented DBMS: the
evaluation of path expressions. We have described the framework for a whole class of
optimization methods, which we call access support relation. The primary idea is to
materialize such path expressions and store them separate from the object (data) repre-
sentation. The access support relation concept subsumes and extends several previously
published proposals for access support in object-oriented database processing.

Access support relations provide the physical database designer with design choices
in two dimensions:

1. one can choose among four extensions of the access support relation (canonical,
full, left-, and right-complete extension)

2. for a fixed extension one can choose among all possible decompositions of an access
support relation

43



graph3

Figure 17: Isolating Right-Complete and Full Extension

44



It is not possible, to generally determine the best possible design choices: this is
highly application dependent. Therefore, it is essential that a complete analytical cost
model has been developed which takes as input the application-specific parameters, such
as number of objects, object size, fan-out, number of not-NULL attributes, etc. Based
on the application characteristics the analytical model can be used to compute for all
(feasible) design choices the expected cost (based on secondary page accesses) of pre-
determined database usage profiles, i.e., envisaged operation mixes. From this, the best
suited access support relation extension and decomposition can be selected.

From our cost evaluations for a few (sometimes contrived) application profiles it
follows that an object oriented database system that allows associative access should
provide the full range of options (extensions and decompositions). It is not generally
predictable for a whole application domain which extensions and decompositions will
be optimal—this decision is highly application and operation-mix dependent.

The cost model is fully implemented as a Lisp program. Presently, it is being used
to validate the access support relation concept. So far, we have used the cost model to
determine operation costs for some application characteristics that we deemed typical
as non-standard database applications. However, in a “real” database application one
should periodically verify that the once envisioned usage profile actually remains valid
under operation. Therefore, the cost model is intended to be integrated into our object-
oriented DBMS in order to verify a given physical database design, or even to automate
the task of physical database design. Thus, for a recorded database usage pattern the
system could (semi-) automatically adjust the physical database design.
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