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SUMMARY  Efficient retrieval of nested objects is an impor-
tant issue in advanced database systems. So far, a number of
indexing methods for nested objects have been proposed. How-
ever, they do not consider retrieval of nested objects based on the
set comparison operators such as 2 and C. Previously, we pro-

posed four set access facilities for nested objects and compared
their performance in terms of retrieval cost, storage cost, and up-
date cost. In this paper, we extend the study and present refined
algorithms and cost formulas applicable to more generalized sit-
uations. Our cost models and analysis not only contribute to the
study of set-valued retrieval but also to cost estimation of various
indexing methods for nested objects in general.
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1. Introduction

Nested objects frequently appear in databases for ad-
vanced application areas. Many advanced database sys-
tems support some kind of construct to express and ma-
nipulate set values. Therefore, efficient indexing meth-
ods are required to facilitate retrieval of nested objects
based on set comparison operators such as 2. In order
to support efficient retrieval of nested objects, several
indexing methods such as the nested index, the path
index, and the multi-index have been proposed [1],[2].
However, they are not designed to support set-valued
retrieval of nested objects. We have proposed the use
of superimposed coded signature files as efficient set ac-
cess facilities for non-nested objects with set attributes
and showed their potential capabilities [8]. Previously,
we extended the target to multilevel nested objects with
set attributes and proposed four set access facilities [9].
Their performance was compared in terms of retrieval,
storage, and update costs, but their estimation was per-
formed under the assumption that nested objects do not
have set attributes except for leaf-level attributes.

In this paper, we consider more general situations
in which nested objects may have set attributes in their
nonleaf-level attributes. We present revised algorithms
and cost formulas taking this extension into account
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and show cost evaluation results. So far, most perfor-
mance analyses of indexes for nested objects have been
performed assuming that nested objects do not have set
attributes[1],[2]. Therefore, some of our results also
contribute to analysis of indexes for nested objects in
general as well as their set-valued retrieval.

The remainder of this paper is organized as fol-
lows. Section 2 introduces the notion of set objects and
set retrieval of nested objects. Section 3 explains the
four set access facilities for nested objects. Section 4
describes our cost model. Section 5 shows the results of
our analysis of the four access facilities. Section 6 gives
a summary and concludes the paper.

2. Preliminaries

In this section, we informally define the notion of nested
objects as the basis of the following discussion. Then a
sample query is shown.

An object comprises tuple-structured data defined
by the tuple constructor ([...]) and has one or more at-
tributes. Each object is identified by its object identifier
(OID). The structure of objects in a class is specified by
the class definition. A set of class definitions is called a
schema. We consider two types of attributes: an afomic
attribute takes a primitive value or an OID as its value,
and a set attribute takes a set of primitive values or
an OID set of objects in some class as its value. In a
schema, a set attribute is specified by the set constructor
({...}). An example schema is shown in Fig. 1.

If an object O has an OID of some object O’ as
a primitive attribute value, or has an OID of some ob-
ject O' in its set attribute value, we say that the ob-
ject O references object O’. Next, assume that classes
Cy, Cs,...,C, are defined in a schema. A path P is de-
finedas P = C,.A;.Ay.--- . A,, where 4; (1 £ < n—1)
is an attribute of the class C; and takes an OID of a C; 14
object or an OID set of C;1 objects as its value. A, is
an attribute of C,, and can take a primitive value, a set of
primitive values, an OID, or an OID set as its value. An

{Dept = [dname:str, projs:{Proj}, ...],
Proj = [pname:str, emps:{Emp}, leader:Emp, ...],
Emp = [ename:str, hobbies:{str}, ...]1}

Fig. 1 An example schema.
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instance of the path P has the form 0;,.0,.---.0,.X,
where O is an OID of a C; object (this object is called
the root object). 1f the attribute 4; (1 < i< n—1)is
a primitive attribute, O;;; is an OID of a Ciy1 object
which appears as the A; value of O;. If A; is a set at-
tribute, the A; value of O; contains OID O;+1 as a set
element. X is the A, value of the object O,,.

In this paper, we consider the following query form
over the path Cy.A4;.45.--- . A,:

select (attribute value(s) of C)
from C;
where A;.A45.---. A, (op) (set value),

where A;, Ag,..., A,_1 are primitive or set attributes
and A, is a set attribute. The comparison operator
(op) can be D or C. (set value) is called the query set
(@), and each set stored as an A,, value in the database
is called a target set (I'). An example of such a query is
the following query Q, based on the schema in Fig. 1.

Q::
select dname
from Dept
where projs.emps.hobbies O {“baseball”, “skiing”}

Q; retrieves department names such that hobbies of
some employees in the department’s projects include
both “baseball”’and “skiing”. This kind of query is
called T2 @ (has-subset). If the comparison operator
is C, the query is called T C Q (is-subset).

In [9], we restricted Ay, As,..., A, 1 to primitive
attributes. However, in this paper, we relax this restric-
tion and deal with more practical situations. Therefore,
algorithms and cost models in the following sections are
extended and revised.

3. Set Access Facilities for Nested Objects

In this section, we introduce four set access facilities for
nested objects: Zzssr, Inix, Isssrnix, and Ivix-nix. AS a
preparation, we first introduce the notion of a signature
file as a set access facility.

3.1 Signature File as a Set Access Facility

Signature files were originally proposed and used in the
text retrieval area[5],[7],[12]. We have proposed the
use of signature files as efficient set retrieval facilities
and showed their potential capabilities for non-nested
objects [8]. For set retrieval, a target signature is gen-
erated for each target set and stored in the signature
file. First, an element signature is generated for each
set element by hashing. Every element signature has F-
bit length, and m bits are set to “1”. Then, a target
signature is obtained by bitwise OR-ing (superimposed
coding) element signatures of all the elements in the
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target set and stored in the signature file with the cor-
responding OID. Figure 2 shows the generation of the
target signature for a target set {“baseball”, “skiing”,
“golf”}.

When a query is given, the query signature is gen-
erated from the query set in the same way as target sig-
natures. Then, each target signature in the signature
file is examined over the query signature for a potential
match. If the target signature satisfies a predefined con-
dition implied by the query condition, the correspond-
ing data object becomes a candidate that may satisfy
the query. Such a data object is called a drop. Each
target set becomes a drop if the following conditions
are satisfied [8],[11]:

T2Q: query signature A target signature =
- query stgnature

TCQ: query signature A target signature =
- target signature,

where ‘A’ stands for a bit-wise AND operation. The last
step of query processing is called false drop resolution,
and each drop is accessed and examined as to whether
it actually satisfies the query condition. Drops that fail
the test are called false drops, while the qualified data
objects are called actual drops.

There are a number of choices in physical signa-
ture file organizations[7]. In this study, we use the
bit-sliced signature file (BSSF), a well-known storage
organization for signature files. BSSF stores signatures
in a columnar manner. Thus F files (they are called bit-
slice files) are created. Figure 3 illustrates the file struc-
ture of BSSF. The result in [8] indicates that BSSF is
promising as a set access facility for non-nested objects.

Element Element Signature
“baseball” 0100000000010000
“skiing” 0000000100000100
“golf” 0000000100100000

Target Signature — 0100000100110100

Fig. 2 Generation of a target signature. (F = 16, m = 2)

query signature

oj1joj1|0]0]0]0

0 oid1

oJ[1]o][o][1][o][0
'0/[o]1][o][o][o]i0]/1 oid2
0/[oj[1][0]/0]l0][0

0 oid3

.
L .

hﬁ1ooooo oidN

bit-slice files OID file

Fig. 3  File structure of BSSF.
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3.2 Set Access Facilities for Nested Objects

Now we explain the file structures of four set access fa-
cilities for nested objects. Zsssr is an extension of BSSF
to facilitate set accesses to nested objects. Znix is based

on the nested index (NIX)[1],[2], a Bt -tree-like index- |

ing method proposed for nested objects. Zessr-nix is a
combination of the BSSF method and the NIX method,
and Zwix-nix uses two NIX files.

An instance of a path P = (C7.41.43.--- .4, is
expressed in the form 04.03..... OpnAv1, V2, «o oy Um}s
where {v1, v, ..., Um} is a set of primitive val-
ues or an OID set. When an instance of P,
01.09.-.0p{v1, va,..., Un} is given, the following
entries are inserted in each facility.

Isssr . The set signature S created from the set
{v1, v2, ..., v} is paired with Oy, the OID of
the root object, and the pair (S, Oy) is stored in
the BSSF file. If z instances of the path P are
inserted, BSSF will have z entries.

Tax: For each element of the set {vi, va, ..., Un},
the pair (v;, O1) (1 £ ¢ £ m) is created and in-
serted into the NIX file. Since the format of a
leaf-node entry of NIX is (key value, OID set), if
the pair (v;, O1) is inserted into NIX, the corre-
sponding leaf-node entry becomes (v;, {O1, ...}).

' Tessr-nix: The set signature S created from the set
{v1, ve, ..., Up} is paired with Oy, the OID of
the C,, object in the path P, and the pair (S, O,,)
is inserted into the BSSF file. Next, the pair
(O, O4) is inserted into the NIX file.

TInix-nix: For each element of the set {v1, v2, ..., Um},
the pair (v;, O,) (1 £ ¢ < m) is created and in-
serted into an NIX file. This NIX file is called
NIX;. Next, the pair (O,, O1) is inserted into
another NIX file. This NIX file is called NIXo.

3.3 Query Processing Algorithms

In this subsection, query processing algorithms for the
four set access facilities are described.

(1) Zsssr
Both T2 Q and T'C @ are processed as follows.

1. BSSF is searched based on the query condition and
an OID set of C; objects is obtained. This set is
called Somp.

2. For each object in Somp, a forward traversal[1],[2]
is performed. When the forward traversal from
0; € Sorp is performed, reachable C,, objects are
retrieved. If at least one of the C,, objects satisfies
the query condition (I' 2 Q, T'C @), O is included
in the final result of this query and returned.
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(2) Zmix

1. For each element in the query set, NIX is searched.
Thus D, OID sets of C; objects are obtained, where
D, is the cardinality of the query set.

2, ForT2 @, the intersection of the D, sets is taken.
For T'C @, the union is taken.

3. For TEQ, C1 objects are retrieved based on the
OID set and returned.

3. For T'C @, the following process is performed.

a. Forward traversals are performed for the OID
set, and the corresponding C,, objects are
checked as to whether they actually satisfy the
query condition.

b. The root C; objects of the C,, objects which
satisfy condition (a) are returned.

(3) Iessrnix
Both T'2 @ and T' C Q are processed as follows.

1. BSSF is searched based on the query condition and
an OID set of C,, objects is obtained.

2. Each C,, object in the OID set is retrieved and
checked as to whether it actually satisfies the query
condition.

3. For each C,, object that satisfies the condition, NIX
is searched using its OID as a key value. As a re-
sult, an OID set of C; objects is obtained.

4. Cy objects aré retrieved based on the OID set and
returned.

(4)  Inxnix

1. For each element in the query set, NIX; is searched.
Thus D, OID sets of C,, objects are obtained.

2. For T'2 @, the intersection of the Dy sets is taken.
For T'C Q, the union is taken.

3. Only for T C @, C, objects are retrieved based on

the OID set and checked as to whether they actu-
ally satisfy the query condition. Objects that do not
satisfy the condition are removed from the OID set.

4. For each element of the OID set, NIXj is searched.
Then an OID set of C; objects is obtained.

5. Cy objects are retrieved based on the OID set.
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3.4 Update Algorithms

Algorithms for inserting a new path instance P =
C1.A1.Ag.--- . A, have already been described in Sub-
sect. 3.2. Therefore, here we only show the deletion al-
gorithms in the case that a C,, object O, is deleted from
the database and that backward references are not sup-
ported. Assume that O, is already retrieved into mein-
ory and the A, value of O, is {v1, v2, ..., Vm}.

(1) Zassr

1. A query signature is generated from {v1, v,
..., U} and BSSF is searched based on the set
equality condition (T' = Q) [11]. Namely, the tar-
get signatures which are the same as the query sig-
nature are searched. Thus an OID set of candidate
C1 objects is obtained.

2. For each object in the OID set, a forward traversal
is performed. As a result, an OID set of C; ob-
jects that actually reference O,, are given. This set
is called SOID‘ ‘

3. For each O; € Soip, the corresponding entry is
deleted from the BSSF file.

2) Tux

Under the assumption that A;,..., A,_; may be set at-
" tributes, the deletion algorithm for NIX becomes com-
plicated. A C; object O; may have multiple path in-
stances to leaf-level objects. Therefore, O; has multiple
set values corresponding to the multiple path instances,
and they are not necessarily disjoint. Since NIX does
not have counting information in its entries, we cannot
delete (v;, O;) from the NIX leaf-node entry immedi-
ately. We may settle this problem by modifying the
file structure of NIX, but here we present an algorithm
based on the normal NIX file structure.

1. For each element v; (1 < ¢ < m), NIX is searched.
Thus m OID sets of C; objects are obtained. Next,
the union is taken. This set is called Somp.

2. For each object in Somp, a forward traversal is per-
formed and checked as to whether O,, is réferenced.
In this forward traversal, all reachable C,, objects
are retrieved. As a result, an OID set of C objects
which actually reference O,, is obtained. Let thi
set be S5ip. :

3. For each object O; € Sgp,, the referenced C,, ob-
jects are examined. If v; (1 <7 < m) is not con-
tained in the A, value of any C,, objects other than
O, the NIX entry (v;, O1) is deleted.

(3) Iessr-nix and Tvix-nix

Algorithms for Zsssexix and Zwix-nix are straightfor-
ward. For Zsssr.nix, the entry of the BSSF file that cor-
responds to O,, is deleted and the entries in the NIX file
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that reference O,, are deleted. Deletions on Zurx-nrx are
processed in a similar manner.

4. Cost Models

In this section, cost models for the four set access facil-
ities are developed. First, as a preliminary, cost formu-
las for BSSF and NIX are shown. Then, retrieval costs,
storage costs, and update costs of the four set access fa-
cilities are derived. Only the number of page accesses
will be taken into account as a cost factor. To simplify
the estimation, we assume all target sets have an equal
cardinality D;.

In the cost models, the formula of Yao[13] is used
to estimate the number of page accesses. To retrieve ¢
records from n records stored on p pages, the number
of page accesses is estimated by

npa(t, n, p) = p (1 11 MM) ‘

i=1"" n—itl
4.1 Cost Formulas for BSSF and NIX

Here general cost formulas for BSSF and NIX are
shown. They are revised versions of formulas in [8],[9].

Symbols and their definitions are summarized in Ta-
ble 1.

Table 1  Symbols and their values.
Symbol Definition and Value
Dy cardinality of a target set
Dy cardinality of a query set
N number of objects
N; number of C; objects
v cardinality of the set domain of the
attribute A,, (= 10,000)
P size of a disk page (= 4096 bytes)
b number of bits per byte (= 8)
oid size of an OID (= 8 bytes)
P, number of page dccesses to fetch an object
=1
A{c}(N) total number of actual drops in N objects
F signature size in bits
m number of “1”’s (weight) in an element
signature
Fd{c} false drop probability
SChsz(N) storage cost for a bit-slice file for N objects
15D
M{c} number of bit-slice files to be retrieved
LCorp{c}(N)| access cost for the OID file for N objects
Noia number of OIDs in a disk page
(= |P/oid]| = 512)
SCorp(N) | size of the OID file for N objects
(= [N/Noia] pages)
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(1) BSSF

The retrieval cost of BSSF, RCpgsr{c}(N), is given in
a general form:

RCpssr{c}(N)
= SChss(N) x M{c} + LCorp{cy(N)
+ Po(A{e}(N) + Fdie}(N — A{e}(N))) (D)
LCorp{eH(N)
= npa(A{c}(NV)
+ Fd{c}(N — A{e}(N)), N, SCorp(N)), (2)

where ¢ denotes the type of query (T2 Q, T'C Q). For-
mulas for false drop probability F'd{c} are shown below.
M {c} is the number of bit-slice files to be accessed and
is given as

Mir2q) = mq ©)

Mircqy = F —my C))
[8],[11], where m, is the expected number of “I”’s
(weight) in the query signature and is given by m, =~
F(1 —e FDa),

The storage cost of BSSF is simply derived as

SCBSSF(N) = SCbsf(N) x F + SCOID(N). (5)

Cost formulas for updates, namely, /Cgsgr for in-
sertion and DCpgsgr(N) for deletion, are derived as

ICBssy = 2(m: + 1) (6)
DCgssr(N) = SC%D(N) +2my+1 N
[9], where m; is the weight of the target signature and
is given by m; ~ F(1 — e~ FD¢) [8].
(2) NIX

We derive cost formulas for NIX based on [3],[4]. Let
x be the total number of keys and y be the number of
entries corresponding to a key value in a leaf-node page
of NIX. When z index keys are given, the retrieval cost
of NIX is

RCxix (@, ¥, 2)
= { ZZ=1 npa’<tk7 N, pk) (Z g 2)
h

(z=1)

[4], where t;, = z and t_1 = npa(ty, ng, Pk). e and
pi are the numbers of records and pages at level & of
NIX and A is the height of NIX. These values are de-
rived based on the parameters z and y using the cost
formulas in [1].

The storage cost of NIX is

SCxix(z, y) = Zﬁzl Dk- &)

The insertion and the deletion costs based on z key val-
ues are

®)

ICNIX(:E7 Y, Z) = DCNIX(ma Y, Z)
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Y1 npa(te, Tk, D)
= +npa(th, nn, pr) (22 2)
h+1 (z=1).
(10
The second term of this formula represents the rewrite
cost.

(3) False Drop Probabilities and Actual Drops

False drop probability is an important measure for esti-
mating the performance of signature files and is given
by

. false drops

~ total number of objects — actual drops

[6].

In this work, we use the following estimations [8],[11]:
Fdirogy & (1 — e #PmPa (11)
Fdgregy m (1 — e #PamP (12)

where D; and D, are the cardinalities of the target set
and the query set, respectively. Actual drops A{c}(N)
are given as follows[8]:

Afraqy (V) = NY=Begpeta (13)
C
Arcqy(N) = N2 g2, (14)

4.2 Retrieval Costs

Before deriving retrieval cost formulas, we describe the
parameters for nested objects. To simplify the deriva-
tion and analysis of costs, the following assumptions
are made.

1. Each C; object references fani™* C;,; objects (1 <
i<n—1).

2. No two objects share their references.
We call fcmz:"'l the fanout from C; to C;4;. For
classes C; and C; (¢ < j), the fanout is defined as
fan] = T[4Z; fan®*. Therefore, PI, the total number

of instances of the path P, is given as PI = Nj fanf.
The number of C; objects is denoted by N;.

(1) Tsssr

Based on Eq.(1), the main part of the retrieval cost of
Isssr is given as

SC’be(PI) X M{c}+LCOID{c}(PI). (15)

In the retrieval of Zsssr, OIDs of C; objects are obtained
rather than of C,, objects. Therefore, the third term of
Eq. (1) must be modified. The number of OIDs of C
objects after duplicate elimination is estimated by Yao’s
formula:

‘npa'(A{C}(Nn) + Fd{c}(Nn - A{C}(Nn))v
N,, Nn/fan’f). (16)
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Then, forward traversals are performed for these C; ob-
jects. Therefore, the total retrieval cost is
RO{IBSSF, C}
= [Fq. (15)] + PFT([Bq. (16)], A(e3(fany),
(17)

where PFT is the forward traversal cost given in the
Appendix.

(2) Znix

For T'2 @, the retrieval cost is derived as

RC{Zwx, T2 Q} = RCnix (V, 22, D)

+POA{T2Q}(NTL) (18)

For T'C @, the number of OIDs of C; objects ob-
tained by the retrieval of NIX is given by

npa (Nn (1 - ﬂc—l’) , Ny, Nn/fan{‘). (19)

vCp,
Therefore, the retrieval cost is
RC{Zwx, T CQ}
= ROnix (V, 2%, D)
+ PFT([Eq. (19)], Agrcgy(fany)). (20)
(3) Iessrnix

The retrieval cost of Zessr is

RC{Isssrix, ¢} = RCpgsr{c}(N,)
+ RONix (Np, 1, A{e}{(Ny,))
+ PoA{cH(Ny). 21)
The second term is the retrieval cost of the NIX file.
(4) Ivxnix

For T'2 Q, the retrieval cost is given as

RC{Tnixnx, T 2 Q}
= RCnix (V, Dt‘ﬁv"a Dy)
+ RONix (Ni, 1, Aoy (Vn))

+ Py Agrogy (V). (22)

For T'C Q, the retrieval cost is

RC{INIX»NIX, T g Q}

-p,Cp,
= ROnix(V, 2= D,) + P, N, (1 —~ 1V%TD)
+ RONix (Nn, 1, Agrcqy(Nn))
The second term is the cost to check the C,, objects

whose OIDs are retrieved in the first step (the retrieval
of NIXl )
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4.3 Update Costs

The costs to insert a path instance P = Cy.A1.A,.
---. Ay, are given by
IC{Iess¥} = ICpgsF (24)
IC{Tux} = ICnix (V, 2=, Dy) (25)
IC{Isssrnix} = ICpgsp 4+ ICNX (Np, 1, 1) (26)
IC{Tuxnix} = IONix (V, 2% D,)
+ ICNx(Np, 1, 1). (27)

For Zsssr, the cost for deleting an object O,, is

DC{Zsssr}
~ SCbsf(PI) X nbs
+npa(2, NoidSCOID(PI), SCOID(PI))
+2Pyn+2 (28)

[10], where nbs is the weight of a query signature that
satisfies Fdypoqy (PI - A(r2qy(PI)) ~ 1. The second
term is the lookup cost of the OID file. The third and
fourth terms represent the forward traversal cost and the
rewrite cost, respectively.

The deletion cost for Inix is estimated as

DC{Zux} = RCnix (V, 282, D;) + [Eq. (30)]

v-10p, )fa”?_l (29)

vCp,

+2P.D, (1 -

FFT (npa ((1— V:/D*CEDCDL> X (Np —1) +1,

Nu, Nyy/ fan’f)) (30)

[10], where Eq.(30) is the forward traversal cost. In
this case, all referenced C, objects must be traversed.
Therefore the full forward traversal cost FFT (see Ap-
pendix) is used. The third term in Eq. (28) represents
the read and rewrite costs for the NIX entries.

For Zessr-n1x and Iwix-nix, the deletion costs are de-
rived as

DC{IBSSF-NIX} = DCpgssr + DCNIX(Nn, 1, 1) (3D

DC{INIX—NIX} = DCnix (V, DtVN" s Dt)

’ + DCNI)((N”, 1, 1). (32)

4.4 Storage Costs

The storage costs for the four set access facilities as fol-
lows:

SC{Tnssr} = SCpssr(PI) (33)
SC{Tux} = SCOnix (V, 2en) (34)
SC{IBSSF-NIX} = SCgssr (Nn) + SCnix (N, 1)
(35)
SC{Tnxvix} = SCxix (V, 22 ) + SCNix (N, 1).
(36)
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5. Cost Analysis

Before comparing the retrieval costs of the four set ac-
cess facilities, we describe the parameter settings. N,
the number of objects in the class C,, is set to 30,000.
As the cardinality of A, values, we consider two cases:
D, = 10 and D; = 100. For the length of the path,
we compare three cases of n = 2, 3, 4. The fanout pa-
rameters are set to fan't' = fan (1 < i < n—1).
The constant fan value is set to 1, 5, or 10. For Zsssr
and Tessr-nix, it is necessary to set the BSSF parameters.
We follow the following policy. 1) The storage costs
of Zessr and Tessr-nix are equal to or less than those of
Tnix and Tuix-nix. This policy restricts the signature size
F. When D; = 10, we use F' = 500 (bits) and when
D, =10, F = 5000 (bits) is used. 2) The parameter m
is set to m = 2 based on the results in [8].

5.1 Retrieval Costs

The representative retrieval costs for 7' 2 @ are. shown in

has-subset, Dt =10,n=3

10000 T T T

) Ibssf(fan=1) ——
Ibssf(fan=5) -+
Ibssf(fan=10) -5

Inix -»

Tbsni ---

Inini -*--

8
el
=%
1 . ) .
1 2 3 . p
Dq
Fig. 4 Retrieval cost. (T2Q, De =10,n=3)
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Fig.4 (D; = 10) and Fig. 5 (D; = 100). In this case, for-
ward traversals are only performed by Zessr. Therefore,
the other three set access facilities do not depend on the
fanout parameter fan or the path length n. The two
figures show a similar tendency. Except for small D,
values (1 or 2), the retrieval costs are not different and
increase monotonically. For small D, values, Zessr con-
figurations (especially fan = 10) give the worst costs.
This is because Tessr needs forward traversals to process
the query. In particular, when fanout is large, more
C,, objects correspond to one C; object so that the for-
ward traversal cost increases. When Dy = 1, there are
a considerable number of actual drops and false drops.
Therefore, the overhead of the forward traversal cost
determines the overall cost. However, when D, = 2 or
3, drops are almost negligible, and the retrieval costs
increase linearly. Although we have changed the path
length n and examined the effect on the Zsssr cost, it
does not affect the retrieval costs very much.

The representative retrieval costs for T'C Q are
shown in Fig. 6 (D; = 10) and Fig.7 (D; = 100). In this
query, Tsssr and Inix need forward traversals. However,

is-subset, Dt = 10, n=3
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Table 2 Storage, insertion, and deletion costs.

sc Ic DC
Dy=10 Dy=100 D:=10 D:=100 Dy=10 D;=100

Tassr 559 5059 21 197 12t 12
Tvix 629 10044 24 242 934 % | 57600 F
212008 | 335008

IBSSF-NIX 662 5162 24 200 73 426
TNIX-NIX 732 10147 27 245 27 245

Tn:.?)
j:n:?),fcmzl
§n:3,fcm:10

it seems that the retrieval cost of Zsssr does not suffer
from the penalty of forward traversals and its cost is al-
most the same as that of Zesse-nix. The reason is that the
number of false drops of BSSF is very small for these
D, values so that few forward traversals occur.

When D; = 10 and D, is very small, the retrieval
costs of Zessr and Zesse.nix are higher than that of
Inix-nix. However, Tsssre and Zessr.nix are generally bet-
ter in other cases. Furthermore, the retrieval costs of
Isssr and Zsssr-nrx can be improved by using the smart
retrieval strategy, proposed in [8]. Therefore, for T C Q,
Isssr and Tessr-nix are considered to be superior to Znix
and Inix-nix.

5.2 Storage, Insertion, and Deletion Costs

Storage, insertion, and update costs are shown in Ta-
ble 2. When D; = 10, the storage costs are almost
the same. When D; = 100, the storage costs of Zessr
and Zsssr-nix are almost half those of Zvix and Zarx-nix.
The four access facilities have almost the same insertion
costs.

The deletion cost of Zesse depends on n and that
of Inx depends on n and fan. Therefore, we show
the representative costs for Zsssr and Zwix. The cost of
Inix 1s prohibitively larger than those of the other ac-
cess facilities. The reason is that Zwix needs many full
forward traversals in deletion processing. The deletion
cost of Tessr-nix is rather high, but we expect to reduce
the cost by employing some techniques assumed in de-
riving Eq. (28) for Zsssr in [10].

6. Summary and Conclusions

In this paper, we have proposed four set access facili-
ties, Isssr, Inix, Tsssrnix, and Inix-nix, for nested ObjeCtS
and compared their performance. We extended our cost
models in [9] to more general situations in which nested
objects may have set attributes in their nonleaf-level at-
tributes. We developed revised algorithms and cost for-
mulas, and analyzed the retrieval costs for two queries
(T'2Q, TS Q) and the storage and update costs.

As for the retrieval cost for T'2Q, the analysis
shows that the four access facilities have similar per-

formances except for small D, values. When D, = 1,
Isssr is the worst and Zwix is the best. However, for the
retrieval cost for T'C @, Zessr and Zsssr-nix show rela-
tively stable performance and are better than Zxix and
Inx-wix for a reasonable range of D, values. Zwix suffers
performance degradation for T'C Q as fanout increases.

The storage costs of Zessr and Zessr-nix are equal to
or less than those of Zvix and Zwix-nix. All access facil-
ities are almost equal as far as insertion costs are con-
cerned. However, the deletion cost of Zwix is extremely
high because of many full forward traversals. The dele-
tion cost of Tesseix is slightly higher than those of
Isssr and Inx-nix. However, there is room to improve
the deletion cost of Zessrnix by devising a smarter al-
gorithm.

From our analysis, we can conclude that if we must
select only one access facility from the four candidates,
it is best to use Zessrnix because of its stable perfor-
mance and lower storage cost. The second-best can-
didate is Zsssr. If the case of T2Q and D, = 1 is

important, Znix may be another candidate. However, it
cannot support T'C Q) queries very well.

Further study of set access facilities for nested ob-
jects is ongoing in our group. The research issues in-
clude processing of another type of set query (e.g., set
equality) and application of the smart retrieval strat-
egy[8].
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Appendix: Forward Traversal Costs

Suppose that z Cy objects are given. We derive the
expected number of page accesses in forward traver-
sals from the C; objects to the descendant C,, objects.
We assume the use of the nested-loop forward traversal
method [2] and the assumptions made in Sect. 4.

There exist two cases for forward traversals: 1) the
traversal cannot be finished until all reachable C,, ob-
jects are obtained (full forward traversal); 2) the traver-
sal can be finished at the time a C,, object satisfying the
condition is found (partial forward traversal). The full
forward traversal cost F'F'T is derived as

FFT(z) =Pz y ., fani. (A1)

The partial forward traversal cost PFT is given as
PFT(z, y) = Poz Y iz, €5(y) (A-2)
ei(y) = [eia(y)/fani™] (1<i<n—1) (A-3)
en(y) = e(fanrlLv y)7 (A 4)
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where y (y = 1) is the number of C,, objects satisfying
the condition per C; object. The function e(p, g) is

—g+1( i
e(p, a) = £+ 32025 (;Tqﬁ

x T2 (1 — %)) (A-5)
When y < 1, PFT is
PFT(z,y) = PFT(zy, 1)
+ FFT(z(1 —y)). (A-6)

Details of deriving Egs. (A- 2)—(A- 6) are given in [10].
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