Information Processing & Management, Vol. 33, No. 3, pp. 353-376, 1997

© 1997 Elsevier Science Ltd

Perga on All rights reserved. Printed in Great Britain
0306-4573/97 $17+0.00

PII: S0306-4573(96)00073-8

VERTICAL FRAMING OF SUPERIMPOSED SIGNATURE FILES
USING PARTIAL EVALUATION OF QUERIES

SEYIT KOCBERBERA' and FAZLI CAN™*

' Department of Computer Engineering and Information Science, Bilkent University, Bilkent, 06533
Ankara, Turkey, and * Department of Systems Analysis, Miami University, Oxford, OH 45056, U.S.A.

{Received 20 October 1995; accepted 3 December 1996)

Abstract—A new signature file method, Multi-Frame Signature File (MFSF), is introduced
by extending the bit-sliced signature file method. In MFSF, a signature file is divided into
variable sized vertical frames with different on-bit densities to optimize the response time
using a partial query evaluation methodology. In query evaluation the on-bits of the lower on-
bit density frames are used first. As the number of query terms increases, the number of query
signature on-bits in the lower on-bit density frames increases and the query stopping
condition is reached in fewer evaluation steps. Therefore, in MFSF, the query evaluation time
decreases for increasing numbers of query terms. Under the sequentiality assumption of disk
blocks, in a PC environment with 30 ms average disk seek time, MFSF provides a projected
worst-case response time of 3.54 seconds for a database size of one million records in a
uniform distribution multi-term query environment with 1-5 terms per query. Due to partial
evaluation, this desired response time is guaranteed for queries with several terms. The
comparison of MFSF with the inverted file approach shows that MFSF provides promising
research opportunities. @ 1997 Elsevier Science Ltd

1. INTRODUCTION

Recent developments in the data storage technology, e.g., optical disks, enable the storage of
formatted and unformatted data, such as text, voice and image in the same database. The
growing size of the databases necessitates the development of efficient file structures and search
techniques for such multi-media environments (Aktug & Can, 1997; Salton, 1989).

A signature file reflects the contents of database records in terms of bit strings. Signature files
provide a space efficient fast search (index) structure by eliminating a great majority of the
irrelevant records by comparing the record signatures and the query signature without retrieving
the actual records. In this paper, an instance of any kind of data will be referred to as a record.
An attribute of a record, without loss of generality, will be referred to as a term. In signature
approach, record terms are encoded in a bit string called a record signature. During the
generation of signatures each term is hashed into a bit string of size F by setting .S bits to | (on-
bir) where F>S. The result is called a term signature. Record signatures are obtained either by
concatenating or superimposing the signatures of the record terms.

Several signature generation and signature file methods have been proposed to obtain a
desirable response time and space overhead. A survey of the signature file methods can be found
in Aktug & Can (1997) and Faloutsos (1992). The use of various forms of bitmaps as a basic
tool for improving the search algorithms in medium sized information retrieval systems is
described in Bookstein & Klein (1990). In this study, we consider only vertically partitioned
superimposed signatures and conjunctive queries. In superimposed signature files, the length of
the record signature (F) and term signatures are the same and #>>S. In this environment a
record is defined as ‘relevant’ if it contains all query terms.

For a database of N records, the signature file can be viewed as an N by F bit matrix.
Sequential Signature Files (SSF) require retrieval and processing of all N-F bits in the signature
file. However, off-bits of a query signature have no effect on the result of the query processing,
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since only the on-bits of the query signature are compared with the corresponding record
signature bits. Therefore, the result of the signature file processing can be obtained by
processing only the record signature bits corresponding to the on-bits of a query signature.

To retrieve the record signature bits corresponding to a bit position without retrieving other
bits, the signature file is vertically partitioned and the bits of a vertical partition are stored
sequentially as in bit-sliced signature files (BSSF) (Roberts, 1979) and generalized frame-sliced
signature files (GFSSF) (Lin & Faloutsos, 1992). Vertical partitioning a signature file improves
performance by reducing the amount of data to be read and processed. The partially evaluated
bit-sliced signature file (P-BSSF) method improves performance of the BSSF method by using
a subset of the query signature on-bits in a multi-term query environment (Kocberber & Can,
1995a; Kocberber & Can, 1995b).

In the formal development of the P-BSSF method, the number of bit-slices to be processed
is determined by a stopping condition which minimizes the response time and it is independent
of the number of query terms, i.e., the same number of bit-slices are processed for all queries.
Therefore, the average number of bit-slices processed per query term decreases for an increasing
number of query terms. However, in practice, to ensure all query terms contribute to the query
evaluation, at least one bit-slice is processed for each query term. Therefore, (in practice) the
lower bound of the number of bit-slices processed per query term is one. In the P-BSSF method
for the queries with many terms, if the bit-slices are stored contiguously on the disk, only one
disk access will be sufficient per query term contrary to the two disk accesses of the Inverted
File (IF) method without in memory search structures (Zobel er al., 1992).

In this paper a new signature file method, Multi-Frame Signature File (MFSF), is proposed.
MFSF improves the performance by dividing the signature matrix into variable sized vertical
frames (with different on-bit densities) which provides a desirable response time in a multi-term
query environment. For query evaluation with MFSF, the stopping condition defined for P-BSSF
(Kocberber & Can, 1995b) is adapted which provides decreasing response time for increasing
number of query terms in MFSE. In multi-media environments, search conditions on text and
images are expressed in a single query (Zezula er al., 1991) which cause an increase in the
number of query terms. Therefore, the access method of such an environment shouid provide
acceptable response times for a high number of query terms. At the same time, a general purpose
access method should also provide acceptable response times for queries containing a few query
terms. Our study shows that the new method introduced in this paper provides desirable
performance across the spectrum.

We compared the performance of MFSF with other vertical (signature) partitioning methods.
The analysis shows that, with no space overhead. MFSF provides up to 17% and 85% query
processing time improvement with respect to the P-BSSF and GFSSF organizations,
respectively. With a database of 152,850 library MARC records we tested the method and
compared its theoretically expected and practical behavior under various conditions and showed
its scaleability for very large databases. Under the sequentiality assumption of disk blocks,
MFESF provides a projected worst-case response time of 3.54 seconds for a database size of one
million records in a uniform distribution multi-term query environment with 1-5 terms per
query. The comparison of MFSF with the inverted file approach shows that MFSF provides
promising research opportunities.

The organization of the paper is as follows. Section 2 gives a description of existing vertically
partitioned signature file methods. Section 3 compares the IF method and P-BSSF in terms of
the number of disk accesses. Section 4 describes the proposed MFSF. Section 5 provides a
mode] for query processing operations and gives estimated performance of MFSF obtained with
simulation runs and the results of comparisons with other vertical partitioning methods. Section
6 presents the results of the experiments with real data. Section 7 provides a theoretical
comparison of the IF method and MFSF and gives future research topics. Finally, Section 8
provides the conclusions.

2. VERTICALLY PARTITIONED SIGNATURE FILES

The query evaluation with signature files is conducted in two phases. To process a query with
signature files, first a query signature is produced using query terms. Then, this query signature
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Record Terms Term Signature

computer 0100010010

information 0000100101

Record Signature 0100110111

Query Query Signature Result

access 0100010001 FalseDrop

information 0000100101 TrueMatch

retrieval 1000101000 NoMatch
(F=10,8=3)

Fig. 1. Signature generation and query processing with superimposed signatures.

is compared with the record signatures. If a record contains all of the query terms, i.e., the record
is relevant to the query, the record signature will have on-bits in the corresponding bit positions
of all on-bits of the query signature. Therefore, the records whose signatures contain at least one
0 bit (off-bit) in the corresponding positions of on-bits of the query signature are definitely
irrelevant to the query (the record does not match the query). Thereby in the first phase, the
signature file processing phase, most of the irrelevant records are eliminated.

Due to hashing and superimposition operations used in obtaining signatures, the signature of
an irrelevant record may match the query signature. These records are called false drops. The
false drop probability is minimized when the optimality condition is satisfied, i.e., half of a
record signature bits are on-bits (Christodoulakis & Faloutsos, 1984; Roberts, 1979). In the
second phase of the query processing, the false drop resolution phase, these possible false drop
records are resolved by accessing the actual records (Aktug & Can, 1997, Faloutsos, 1992;
Kocberber & Can, 1995b; Lin & Faloutsos, 1992; Roberts, 1979; Sacks-Davis er al., 1985).

To illustrate signature extraction and query processing with superimposed signatures an
example is provided in Fig. 1. Query signature on-bits shown in bold font have a ‘0’ bit at the
corresponding record signature positions. Since the Ist and 7th bits of the record signature are
‘0’ while the signature of the query ‘retrieval” has ‘1’ at these positions, the record is irrelevant
to this query. The record signature matches the signatures of the queries ‘access’ and
‘information’. The on-bit positions set by the query term ‘access’ (2nd, 6th, and 10th) are also
set by the record terms ‘computer’ and ‘information’ (2nd, 5th, 6th, 8th, 9th, and 10th).
Therefore, although the record does not contain the term ‘access’, the record seems to qualify
the query (i.e., it is a false drop).

The superimposed signature file approach represents each record with a fixed size bit string
which facilitates parallel processing of search requests (Couvreur er al., 1994; Grandi er al.,
1992; Lee, 1986; Pogue & Willett, 1987). Vertical partitioning of a signature file provides
conducting the signature file processing phase of the query evaluation by retrieving a small
fraction of the signature file (Aktug & Can, 1997; Faloutsos, 1992; Kocberber & Can, 1995b;
Kocberber, 1996a; Lin & Faloutsos, 1992; Roberts, 1979). Parallel processing of vertically
partitioned signature files is also studied in the literature (Grandi er al., 1992).

Brief descriptions of the available vertical partitioning methods BSSF (Roberts, 1979),
Extended Bit-Sliced Signature File (B’SSF) (Lin & Faloutsos, 1988), Generalized Frame-Sliced
Signature File (GFSSF) (Lin & Faloutsos, 1992) and P-BSSF (Kocberber & Can, 1995b) are
given below. Later in Section 4 we also provide a graphical representation of these methods and
MFSF. The meanings of the important symbols and full names of the frequently used method
acronyms of the paper are provided in Table 1.

2.1. BSSF

In BSSF each term sets S bits of a bit string that is F bits long. The value of S is determined
such that the optimality condition is satisfied (Christodoulakis & Faloutsos, 1984; Roberts,
1979). BSSF requires retrieval of W(Q),-N bits instead of F-N bits where W((Q), is the expected
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number of on-bits in the query signature (query weight) of a ¢ term query. Usually, W(Q),<F;
hence the amount of retrieved and processed data is reduced. Therefore, the response time of
BSSF is less than the response time of SSF except for very small N values (Roberts, 1979).

Query processing with BSSF is demonstrated in Fig. 2. The database contains five records and
six unique terms. The term signatures, the records with the record signatures, and sequential
storage of these record signatures are shown at the top of Fig. 2. The bits in the horizontal boxes
are stored sequentially from the left to the right.

BSSF storage of the signature file is shown in the middle of Fig. 2. The bits in the vertical
boxes are stored sequentially from the top to the bottom. A record pointer table (RPT) is needed
to store the addresses of the records. For SSF the record pointers can be stored with the record
signatures.

Evaluation of the query ‘access’ is illustrated at the bottom of Fig. 2. To evaluate the query
three bit slices (2nd, 6th, and 10th), shown with dark gray background color in BSSFE are read.
The result of the signature file processing is also a bit string of length five where an on-bit
indicates that the corresponding record is found relevant to the query. Only the first and second
bits of the result bit string are on-bits. Therefore, the first and second record pointers are
obtained by accessing RPT and then the actual (corresponding) records are read and compared
with the query. Since the first record does not contain the query term ‘access’, it is a false
drop.

Table 1. Meanings of important symbols (defining equation no.) and full names of frequently used
method acronyms

Symbol Meaning

b, on-bit density of sth bit slice used in query evaluation (Eq. 6}

f number of frames in a MESF

1d, false drop probability after processing i bit slices (Egs. 6, 9)

k number of frames in a GFSSF

m number of bits to be set by each term in a GFSSF frame

n number of frames selected to set bits in GFSSF

op, average on-bit density in rth frame (Eq. 5)

i number of query terms

[ maximum number of terms that can be used in queries

w, expected total number of on-bits in all frames of a f term query signature (Eq. 4)
B, size of a disk block (bytes)

D average number of distinct terms in a record

E(r) expected number of query terms

F size of a signature (bits)

F, size of rth frame of F (bits) in MFSF

FD, expected number of false drops after processing i/ bit slices (Eq. 2)
1P improvement percentage (Eq. 19)

N number of records in database

P. probability of submission of a r term query

P, size of a record pointer (bytes)

PB number of record pointers in record pointer buffer

RB average number of disk block accesses required to retrieve a record
RT, response time for a ¢ term query (Eq. 14)

S number of bits set by each term

S, number of bits set by each term in rth frame in MFSF

Sp sequentiality probability of logically consecutive disk blocks

Tiion time required to perform bit operations between two memory words (ms)
T time required to read a disk block

T enoise time required to resolve a false drop

T time required to scan a record to test it with query

Toer time required to position read head of disk

T e time required to process one bit-slice

TR expected response time (Eq. 15)

Vi) variance of 7

woy, ., expected number of on-bits in th frame for a ¢ term query (Eq. 4)
W size of a memory word (in bvtes)

Acronym Meaning

GFSSF Generalized Frame-Sliced Signature File
MFSF Multi-Frame Signature File

P-BSSF Partially Evaluated Bit-Sliced Signature File
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2.2. B'SSF: the enhanced version of BSSF

For BSSF, the optimality condition requires a larger § value for a larger signature size (F)
(Roberts, 1979). Increasing S also increases the query weight and the number of retrieved bit
slices. Consequently, except for small F values, increasing F also increases the response time in
the BSSF method.

In the B’SSF method, the optimality condition is relaxed and the response time is minimized
for single term queries instead of minimizing the false drop probability (Lin & Faloutsos, 1988).
An optimized B’SSF configuration for a minimum response time may have a smaller § value
than a BSSF requires. The value of § decreases for increasing F value. Therefore, the response
time of B’SSF decreases for increasing F value. The formula to find the optimum § value can
be found in Lin & Faloutsos (1988).

2.3. GFSSF

Current auxiliary storage seek time is much larger than the read time per disk block. GFSSF
provides improvement over B’SSF (Lin & Faloutsos, 1988) by minimizing the number of seek
operations (Lin & Faloutsos, 1992). GFSSF optimizes the signature file parameters to minimize
the response time for a given number of query terms.

In GFSSEF, a signature is divided into & frames, each of size s bits (s=F/k). Each term first
randomly selects n (1=n=k) frames, then randomly sets m (1=m=s) bits (not necessarily
distinct) in each of the selected frames (Lin & Faloutsos, 1992). In this method, the size of a

SSF
Term Term Signature Records
access 0100010001 R1 ={ computer, information } 0roorioitt
computerrt 0100010010 R2 ={ access ) 0100010001
Fiatabase. 0011000010 R3 = { information, retrieval ) 1000101101
1nf9rmat10n 0000100101 R4 = { signature | 0100100010
retrieval 1000101000 ST11010010
signature 0100100010  RS={computer, database)
BSSF
RPT Actual Records

= ainlsm alnls - -

ol B lo] [o] | ol 1] | | » computer information |

0 o] lo] |o of lo] |o l[ ‘accessL

1 o fo] 1 1l 1] |o \\L » information retrieval l

0 o] 107 {1 ol fo] {1 Y‘\X » signature

0] 1) (1] 19] 0] 9] (1] XN » computer database]

[0 10 00 1 00 0
|bitwise AND I = I
read slice 2 read slice 6 and bitwise read slice 10 and bitwise AND
AND with slice 2 with the result of the last step

(N=5,F=10,5=3)
Fig. 2. SSF and BSSF organizations and BSSF query processing example.
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frame is s-N bits and each frame is stored separately as a SSF. The methods SSF, BSSF, and
B’SSF are special cases of GFSSF (Lin & Faloutsos, 1992) and GFSSF outperforms all of its
special cases.

2.4. P-BSSF

In the B’SSF method, the response time is minimized for single term queries. In a multi-term
query environment, which is the case in real environments, the optimized configuration of a
B’SSF unnecessarily requires processing of additional bit slices for the queries with more than
one term (Kocberber & Can, 1995b).

P-BSSF solves this problem by using a partial query evaluation technique. The response time
is minimized in a multi-term query environment by employing the partial evaluation strategy
and by considering the submission probabilities of the queries with different numbers of terms
(Kocberber & Can, 1995b). The technique employs a stopping condition that tries to complete
the signature file processing phase of query evaluation without using all on-bits of the query
signature, i.e., by partial evaluation. The aim of the stopping condition is to reduce the number
of expected false drops to an acceptable level that will also provide the lowest response time
within the framework of P-BSSF (Kocberber & Can, 1995b).

In P-BSSF the signature file query evaluation stops when the time required to evaluate a bit
slice becomes equal to (or greater than) the time required to resolve the false drops which will
be eliminated by processing this bit slice. This stopping condition minimizes the response time
of P-BSSF and is expressed as follows (Kocberber & Can, 1995b).

T\IICC:FDI.( l - Up)'Trc.sol\c (1)
FD,=N-op’ (2)
op=1—(1—-S/F)” 3

where T, is the time required to process one bit-slice, 7 is the number of the processed bit-
slices, FD, is the number of expected false drops after processing i bit-slices, T, is the time
required to resolve a false drop. op (on-bit density) is the ratio of the number of on-bits to the
total number of bits in the signature file, N is the number of records in the database, and D is

the average number of distinct terms in a record.

3. 1IF VERSUS P-BSSF

P-BSSF performs better than other vertical partitioning methods such as BSSF and GFSSF
(Kocberber & Can, 1995b). Therefore, in the following discussion, we compare the IF method
and the P-BSSF method in terms of number of disk accesses (seek requests) since it is expected
that the response time will be proportional to the number of seeks. Our aim is to show that P-
BSSF is not inferior to the IF method and this provides the motivation of this study since our
new MFSF method outperforms P-BSSF.

In the IF method, each term 1s associated with a list of identifiers (or pointers) of the records
containing this term. At least one disk access is required per query term to read the posting list
of the term (we ignore chained long posting lists). Also, to obtain the locations of the posting
lists, a term lookup table must be maintained and it should be searched for query processing. If
we assume only one disk access will be required to obtain the location of the posting list of a
query term, each query term will require two disk accesses (second disk access is to retrieve the
posting list and we assume that the pointers to the actual records are stored in main memory)
(Zobel er al., 1992).

In P-BSSF no lookup table is needed (note that term signatures are directly generated from
actual terms). To obtain the pointers of the records that satisfy the search query, the bit slices
corresponding to the on-bits of the query signature must be accessed and bitwise ANDded. We
assume one disk accesses will be required to retrieve a bit-slice (we ignore chained bit slices as
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D=257,N=105,t=1 D=257,N=106¢t=1
F S op FD | # of seeks F S{ op FD | # of seeks
1000 { 6 | 0.143 | 0.855 6.855 1000 8 | 0.187 | 1.464 9.464
2000 4 ]0.050 | 0.625 4.625 20001 5 | 0.062] 0916 5.916
3000 { 4 |0.034 [ 0.134 4.134 30001 S {0042 ] 0.131 5.131
10000 | 3 [ 0.008 | 0.051 3.051 10000 [ 3 ] 0.008 [ 0.512 3.512
Number of Query Terms (t) Number of Query Terms (t)
F 1 2 314 5 6 F 1 2|3 4 5] 6
1000 {69 {69 [69[69[69 |69 1000({9.519.5[(95]195195]9.5
2000 {46 146 |46 146 ]50°]60 200015959159 }159)159]6.1
3000 14.1 |41 ]4.1[41]50 {6.0 3000 |5.1]5.1{51}51]5.1]6.0
100001 3.013.0[30{4.0]50 {60 10000 13.513.5]35]40]5.0]6.0

Fig. 3. Estimated number of disk accesses for P-BSSF for N= 107 and N=10° (D value is taken from the
experiments of Section 5). *The fractional parts become zero due to rounding. Actual values are greater
than zero.

in the posting lists of the IF method). Since the pointers to the actual records are stored in main
memory, only one disk access will be required to read a false drop record.

The number of expected false drops decreases as the number of processed bit-slices increases
(see equation (2)). However, the stopping condition of P-BSSF puts an upper bound to the
number of processed bit-slices such that after this point additional bit-slice processing just
increases the response time (Kocberber & Can, 1995b). To show the relation between the
signature file parameters £, S, D. N, the number of processed bit-slices (i), and FD we provide
estimated number of disk accesses for N=10° and N=10° for P-BSSF in Fig. 3.

To simplify the signature file optimization procedure we optimized the signature file
parameters for single term queries (z=1) and used the same configuration for multi-term queries
with the stopping condition. The stopping condition minimizes the total number of disk
accesses, which is equal to (S+FD). (Note that P-BSSF obtains better response times by
considering the submission probabilities of queries with different numbers of query terms.)

At the upper parts of Fig. 3 (for z=1), the optimum § values and the number of disk accesses
decreases for increasing F values. Since each term sets fewer number of bits for increasing F,
the op decreases and signature file processing requires fewer disk accesses.

The same signature file configuration is used for mult-term queries. S disk accesses are
required for /=5 and the expected FD values are the same. To make sure that each query term
contributes to the query evaluation, at least one bit-slice is processed for each query term.
Therefore, for >S5 even the number of expected false drops is less than one, we assume ¢ bit
slices are used in the query evaluation. For this reason, the expected FD values decreases for
increasing ¢ values.

For F=1000 and N=10°, P-BSSF requires fewer disk accesses than IF for the queries
containing more than three terms. For the same op value, the number of expected false drops
increases for increasing N. Therefore, the number of processed bit slices, hence the number of
disk accesses, increases for increasing V.

For F=2000, N=<10°, and t>2, P-BSSF requires fewer disk accesses than IF. If F is increased
to 10,000, for r=2 P-BSSF requires only 3.5 disk accesses which is less than four disk accesses
of IF. Note that higher F values will require fewer disk accesses while the space overhead of P-
BSSF increases.

4. PROPOSED SIGNATURE FILE METHOD

The probability of a particular bit of a bit slice being on-bit is the op. Low op provides rapid
reduction in the expected number of false drops. Thus, the stopping condition defined for P-
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Table 2. Properties of vertical signature file partitioning methods

Properties/signature file methods BSSF  B’'SSF  GFSSF  P-BSSF MFSF
On-bit density (op) <0.5 is allowed No Yes Yes Yes Yes
Optimized in multi-term query env. No No No Yes Yes
Partial evaluation strategy defined No No No Yes Yes

Obtaining the optimum configuration ~ Exact  Exact  Heuristic Exact Heuristic

BSSF is reached by processing fewer number of bit slices (Kocberber & Can, 1995b).

For a given D value, op can be reduced by either increasing F or decreasing $ (see equation
(3)). For P-BSSEF, the value of S is selected to obtain the minimum response time in a multi-term
query environment. Therefore, decreasing § will produce insufficient on-bits in the query
signature of low-weight queries and the number of false drops will increase for these queries.
This will also increase the response time.

The performance of P-BSSF can be improved if the op can be reduced while providing
enough on-bits in the query signature of low weight queries. We propose a new signature
generation and query evaluation method, MFSE, which improves the performance of P-BSSF
without increasing the space overhead (F value). MFSF decreases the response time in multi-
term query environments by dividing the signature file into variable sized sub-signature files,
frames of bit slices. Each frame is a separate BSSF with its own F and S parameters and the
optimality condition is relaxed. In MFSF each frame may have a different on-bit density. A
summary of the vertical partitioning methods is given in Table 2.

4.1. MFSF

A MFSF is a combination of f sub-signature files, frames, such that F=F,+F,..+F; (f<F).
Since the bit slices of a BSSF are stored separately, dividing the signature file into sub-signature
files can be accomplished conceptually without changing the physical storage structure of the
BSSF  method. Each term sets S, bits in the rth frame such that
§=8+8,...+5(0<S <F, 1=r=f).

Since each frame is a BSSF, we use the same formulas as were used for BSSF and compute
the expected query weights of the frames (W(Q),,,,} and the expected total query weight (w,) for
a t term query as follows.

W(Q),.,.=F, (1 = (1= >1)") for |=r=f (4)
W= £ WO,

The op values of the frames are
op,=1—(1~-"1.)"for I=r=f. 5)

Graphical representations of SSF, BSSF, B’SSF, P-BSSF, GFSSF, and MFSF are illustrated
in Fig. 4. A horizontal box represents the sequential storage of the bits in the box. First are stored
the bits of the first box, then the bits of the second box and so on. A vertical box represents the
sequential storage of the bits in the box from the top to the bottom. The op values of the bit
strings are represented with the gray level of the box. A darker area has higher op than the lighter
one. Note that the highest op is 0.5 (case a and case b).

4.2. False drop computation for MFSF
We define fd; as the false drop probability if / bit-slices (i=w,} are used in the signature file

processing phase of a query evaluation. fd; is computed by multiplying the op of the bit slices
used for the query evaluation as follows.






