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On the Signature Tree Construction
and Analysis

Yangjun Chen and Yibin Chen

Abstract—Advanced database application areas, such as computer aided design, office automation, digital libraries, data-mining, as
well as hypertext and multimedia systems, need to handle complex data structures with set-valued attributes, which can be
represented as bit strings, called signatures. A set of signatures can be stored in a file, called a signature file. In this paper, we propose
a new method to organize a signature file into a tree structure, called a signature tree, to speed up the signature file scanning and
query evaluation. In addition, the average time complexity of searching a signature tree is analyzed and how to maintain a signature
tree on disk is discussed. We also conducted experiments, which show that the approach of signature trees provides a promising index

structure.

Index Terms—Signature files, bit-slice files, S-trees, signature trees, information retrieval.

1 INTRODUCTION

AN important question in information retrieval is how to
create a database index which can be searched
efficiently for the data one seeks. Today, one or more of
the following techniques have been frequently used: full
text searching, B-trees [3], inversion [18], [30], and the
signature file [13], [15], [21]. Full text searching imposes no
space overhead, but requires high response time. In
contrast, B-trees, inversion, and the signature file work
quickly, but need a large intermediary representation
structure (index), which provides direct links to relevant
data. In this paper, we concentrate on the techniques of
signature files and discuss a new approach for organizing
signature files.

The signature file method was originally introduced as a
text indexing methodology [13], [15]. Nowadays, however,
it is utilized in a wide range of applications, such as office
filing [7], hypertext systems [16], and relational and object-
oriented databases [4], [19], [24], [29], as well as data mining
[1]. In comparison with the other index structures, it has
mainly the following advantages:

e it can be used to efficiently evaluate set-oriented
queries and
e it can handle insertion and update operations easily.
A typical query processing with the signature file is as
follows: When a query is given, a query signature (a bit
string) is formed from the query values. Then, each
signature in the signature file is examined over the query
signature. If a signature in the file matches the query
signature, the corresponding data object becomes a candi-
date that may satisfy the query. Such an object is called a
drop. The next step of the query processing is the false drop
resolution. Each drop is accessed and checked whether it
actually satisfies the query condition. Drops that fail the test
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are called false drops while the qualified data objects are
called actual drops. Different approaches for constructing
signature files have been proposed, such as sequential
signature files, bit-slice files, S-trees, and their different
variants. In this paper, we discuss a new mechanism to
organize a signature file, called a signature tree, which
improves the searching of signatures in a signature file by
one order of magnitude or more. Especially, we have
generalized the structure of signature trees to fit for
different applications with different signature lengths.

The remainder of the paper is organized as follows: In
Section 2, we show what is a signature file and review the
relevant work. In Section 3, we discuss the signature trees
and balanced signature trees, and analyze their time
complexity. Section 4 is devoted to the maintenance of
signature trees. In Section 5, we generalize the structure of
signature trees, and in Section 6, we report the experiment
results. Finally, Section 7 is a short conclusion.

2 SIGNATURE FILES AND SIGNATURE FILE
ORGANIZATION

Intuitively, a signature file can be considered as a set of bit
strings, which are called signatures. Compared to the
inverted index, the signature file is more efficient in
handling new insertions and queries on parts of words,
and it is especially suitable for set-oriented query evalua-
tion. But, the scheme introduces information loss. More
specifically, its output usually involves a number of false
drops, which may be identified only by means of a full text
scanning on every text block short-listed in the output. Also,
for each query processed, the entire signature file needs to
be searched [13], [15]. Consequently, the signature file
method involves high processing and I/O cost. This
problem is mitigated by partitioning the signature file, by
introducing auxiliary data structure, as well as by exploit-
ing parallel computer architecture [9].

2.1 Signature Files

Signature files are based on the inexact filter. They provide
a quick test, which discards many of the nonqualifying
elements. But, the qualifying elements definitely pass the
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object: [ John | 12345678 | professor|

attribute signature:

John 010 000 100 110
12345678 100010 010 100
professor v 010 100011 000

object signature (OS) 110 110 111 110

Fig. 1. Signature generation and comparison.

test, although some elements which actually do not satisfy
the search requirement may also pass it accidentally, i.e.,
there may exist “false hits” or “false drops” [13], [15]. In an
object-oriented database, for instance, an object is repre-
sented by a set of attribute values. The signature of an
attribute value is a hash-coded bit string of length m with
k bit set to “1”. As an example, assume that we have an
attribute value “professor.” Its signature can be constructed
as follows: In terms of [6], the letter triplets in a word (or an
attribute value) are the best choice for information carrying
text segment in the construction of the signature for that
word. Then, we will decompose “professor” into a series of
triplets: “pro,” “rof,” “ofe,” “fes,” “ess,” and “sor.” Using a
hash function hash, we will map a triplet to an integer p
indicating that the pth bit in the string will be set to 1. For
example, assume that we have hash(pro) = 2, hash(rof) = 4,
hash(ofe) = 8, and hash(fes) = 9. Then, we will establish a
bit string: 010 100 011 000 for “professor” as its word
signature (see [12] for a detailed discussion.) An object
signature is formed by superimposing the signatures for all
its attribute values. (By “superimposing.” we mean a bit-
wise OR operation.) Object signatures of a class will be
stored sequentially in a file, called a signature file. Fig. 1
depicts the signature generation and comparison process of
an object having three attribute values: “John,” “12345678,”
and “professor.”

When a query arrives, the object signatures are scanned
and many nonqualifying objects are discarded. The rest are
either checked (so that the “false drops” are discarded) or
they are returned to the user as they are. Concretely, a query
specifying certain values to be searched for will be
transformed into a query signature s, in the same way as
for attribute values. The query signature is then compared to
every object signature in the signature file. Three possible
outcomes of the comparison are exemplified in Fig. 1: 1) The
object matches the query; that is, for every bit set in s, the
corresponding bit in the object signature s is also set (i.e.,
s A\ sy = s4) and the object contains really the query word.
2) The object does not match the query (i.e., s As, # s).
3) The signature comparison indicates a match but the object
in fact does not match the search criteria (false drop). In
order to eliminate false drops, the object must be examined
after the object signature signifies a successful match.

In addition, we can see that the signature matching is a
kind of inexact matching. That is, s, matches a signature s if
for any bit set to 1 in s, the corresponding bit in s is also set
to 1. However, for any bit set to 0 in s,, it does not matter
whether the corresponding bit in s is set to 1 or 0. The
purpose of using a signature file is to screen out most of the
nonqualifying objects. A signature failing to match the
query signature guarantees that the corresponding object
can be ignored. Therefore, unnecessary object access is
prevented. To determine the size of a signature file, we use
the following formula [6]:
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queries:  query signatures:  matching results:
John 010000100 110  match with OS
Paul 011 000 100 100  no match with OS

11223344 110 100 100 000  false drop

mxIn2=kx D,

where D is the average size of a block. (In a relational or an
object-oriented database, D can be considered to be the
average number of attributes in a tuple or in an object.)

In a signature file, a set of signatures is sequentially
stored, which is easy to implement and requires low storage
space and low update cost. However, when a query is
given, a full scan of the signature file is required. Therefore,
it is generally slow in retrieval. Fig. 2a is a quite simple
signature file.

In this signature file, each signature is associated with an
object identifier. If we have more than one same signatures
in a file, we keep only one of them and associate it with
more than one object identifiers.

2.2 Bit-Slice Files and Compressed Bit-Slice Files

A signature file can be stored in a column-wise manner.
That is, the signatures in the file are vertically stored in a set
of files [19]. Concretely, if the length of the signatures is m,
then all the signatures will be stored in m files, in each of
which one bit per signature for all the signatures is stored as
shown in Fig. 2b.

With such a data structure, the signatures are checked
slice-by-slice (rather than signature-by-signature) to find
matching signatures. To demonstrate the retrieval process,
consider a query signature s, = 10110000. First, we check
the first bit-slice file shown in Fig. 2b and find that only
three positions: first, fourth, and sixth positions match the
first bit in s,. Then, we check the second bit-slice file. This
time, however, only those three positions in the second file
will be checked. Since the second bit in s, is 0, no positions
will be filtered. (Recall that the signature matching is an
inexact matching. For a bit set to 0 in s,, the corresponding
bit in a signature in the signature file can be 1 or 0.) Next,
we check the third bit-slice file against the third bit in s,.
Since all the three positions in it are set to 1, the same
positions in a next bit-slice file, i.e., in the fourth bit-slice file
will be checked against fourth bit in s,. Since none of the
three positions in the fourth bit-slice file matches this bit in
the query, the search stops and reports a nil.

signature file: OIDs: 8 bit-slice files: OIDs:

10101001 ol 1]{ol[1]{ol[ol| 1
01100011 1lollolloll 1|1
00101101 o[ 1ol 1]l 1l{ol| 1
11101000 1lol[1{1ollolo
00T TTOOT o | 1| 1| 1/lol|ol| 1
11100010 1lollolloll 1{lo
OTO0OTO0O0TTI oll1lollol| 111
01010110 oll1loll 1[|1]{0]

(@) ()

Fig. 2. lllustration of sequential and bit-slice signature files.
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Fig. 4. lllustration for S-tree and node splitting.

From this process, we can see that only part of the m bit-
slice files have to be scanned. Therefore, the search cost is
lower than that of a sequential file. However, update cost
becomes larger. For example, an insertion of a new
signature requires about m disk accesses, one for each bit-
slice file.

A bit-slice file can also be compressed. According to [14],
[22], if a proper hash function is chosen, which maps each
keyword to a signature with only one bitsetto 1 (i.e., k = 1),
a signature file will contain much less 1s than 0s. In this
case, a signature file can be considered as a sparse matrix,
and can be effectively compressed. A simple way to
compress a bit-slice file is to replace each 1 with an address
to a text position where the corresponding keyword can be
found. All the addresses in a slice are then stored in a
collection of buckets that are linked together. For example,
the bit-slice file shown in Fig. 2b can be compressed as
shown in Fig. 3.

In Fig. 3, an array (called a hash table in [14]) is used, in
which each entry is a pointer to the head of a linked list of
buckets. Each of them contains several addresses. Assume
that we have a word “professor” that hashes to a signature
with the second bit set to 1 (i.e., hash(“professor”) = 2), and
that it appears in the document starting at the 45th byte of
the text file. Then, searching the second linked bucket list,
we will find the position where the word “professor”
appears.

The space saved by this method can be estimated as
follows: Let [ be the size of an address. Then, the size of
all the linked bucket lists is on O(n-D-1). The size of
the corresponding bit-slice file is O(n-m+n-1). So, if
D <% —1, some space can be saved. However, such a
space optimization is achieved at cost of query evalua-
tion time since the probability of false drops will be
definitely increased in the case of sparse signature files.
In terms of [6], when a signature file is half-populated

with 1s and half-populated with 0Os, we have the lowest
false drop probability. Obviously, the precondition for
compressing a bit-slice file is just opposite to that.

2.3 S-Trees and Multilevel Signature Files

Similar to a B*-tree, an S-tree is a height balanced multiway
tree [11]. Each internal node corresponds to a page, which
contains a set of signatures and each leaf node contains a set
of entries of the form < s,oid >, where oid is an object
identifier and s is the signature of the corresponding object.
Let v be the parent node of v'. Then, there exists a signature
in v, whose value is obtained by superimposing all the
signatures in v'. See Fig. 4 for illustration.

To retrieve a query signature s, = 00110000, we search
the S-tree top-down. However, more than one path may be
visited. For example, the first signature in the root v; shown
in Fig. 4a leads us to its child node v, because the third and
fourth bits are set to 1. In vy, the second and third signatures
match s,. Then, we go to the leaf node v4 and vs. In vy, we
find two matching candidates o4 and o5, and in v5, we have
only one or.

The construction of an S-tree is an insertion-splitting
process. At the very beginning, the S-tree contains only an
empty leaf node and signatures in a file are inserted into it
one by one. When a leaf node v becomes full, it will be split
into two nodes and at the same time, a parent node v4yent
will be generated if it does not exist. In addition, two new
signatures will be put in v,4ens. Assume that the capacity of
vis K (i.e., v can accommodate K signatures.) Then, when
we try to insert the (K + 1)th signature into v, it has to be
split into two nodes v, and vgz. To do this, we will pick a
signature in v, which has the heaviest signature weight (i.e.,
with the most 1s) in v. It is called the a-seed and will be put
in v,. Then, we select a second signature, which has the
maximum number of 1s in those positions where « has 0.
That is, the signature provides the maximal weight increase
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to a. This signature is called the $-seed and put in vg. Any of
the rest K — 1 signatures is assigned to v, or vg, depending
on whether it is closer to v, or vg. The two new signatures
(denoted s, and sp) to be put into the parent node are
obtained by superimposing the signatures in v, and wvg,
respectively. See Fig. 4b for illustration.

The advantage of this method is that the scanning of a
whole signature file is replaced by searching several paths
in S-tree. However, the space overhead is almost doubled.
Furthermore, due to superimposing, the nodes near the root
tend to have heavy weights and thus have low selectivity.
This is improved by Tousidou et al. [27], [28]. They
elaborate the selection of a-seeds and [(-seeds so that their
distance is increased. However, this kind of improvement is
achieved at cost of time, i.e., by checking more signatures,
which makes the insertion of a signature into a S-tree
extremely inefficient.

In [28], two algorithms were discussed. One needs O(/?)
time to determine a a-seed and a f-seed, referred to as the
quadratic algorithm, where [ is the number of the signatures
in a node. The other one needs O(/%) time, referred to as the
cubic algorithm.

In general, to increase the selectivity of a signature in an
internal node, longer signatures should be used, or the page
for a node should not be fully populated. Both of them
require more space. The multilevel signature file method
discussed in [23] follows the same principle as the S-tree.
The difference between them is in the way that signatures at
a higher level are constructed. In the multilevel signature
file method, a signature at a higher level is a superimposed
code generated directly from a group of p text blocks,
instead of superimposing p signatures at the lower level. In
other words, a signature at a higher level can be considered
as being generated from a bigger block containing more
words. Assume that any signature at the lowest level (leaf
level) is created from a block of size D. Then, any signature
at the second lowest level is generated from a block of size
pD. For a better understanding, consider the S-tree shown
in Fig. 4a once again. Corresponding to this S-tree, we may
have a multilevel signature file as shown in Fig. 5.

As in a S-tree, any signature at the lowest level
corresponds to an object (or a text block). But, any signature
at a higher level is constructed in a different way. We pay
attention to the level L; shown in Fig. 5, at which each
signature is not generated by superimposing some signa-
tures at the level L;, but created directly from the text
blocks. For example, the first signature at L, is generated by
taking o1, 02, and o3 as a single block. So, it will have a
different length than the signatures in L,. Obviously, such a
data structure needs more space than S-trees. However, the
filtering power of any signature at a higher level is
effectively increased. It is because the ratio of 1s over the
signature length at a higher level is kept unchanged. Recall
that in an S-tree, a signature in an internal node may be
populated with more 1s than in a leaf node, decreasing its
selectivity significantly.

Another interesting method is the so-called signature
graphs proposed in [5]. It works in a similar way to the
signature trees to be discussed in this paper. The problem of
this method is, however, there is no way to guarantee that

L, L Ly
11001000011000 J— 00101100001 — 00101100 —4—— 0
00110011001101 __l—[ 00110100010 _—l_[ 00101010 —| 0
00100110001  —] 00100110 —| 03
11000001010 — 00110100 —| o4
01000011100 | 00111000 —| os
00010110 —| o6
00110010 —| o7
00010110 —| og
10100001 —| 09
| 01100001 —| 010
11100000 —| oiy
11000001 —| o
11000010 — o3
_| 01000011 —| o
10000011 —| o1

Fig. 5. lllustration for multilevel signature files.

the paths visited are of the same length, or say, the graph is
“balanced.” In the worst case, such a graph degrades to a
signature file. In the following, we discuss the method of
signature trees in great detail, by means of which all the
drawbacks of S-trees as well as multilevel signature files can
be removed.

3 SIGNATURE TREES

A signature tree works for a signature file like a trie [20],
[25] for a text. But in a signature tree, each path is a signature
identifier (defined below) which is not a continuous piece of
bits, quite different from a trie, in which the bits (or
characters) labeling a path are consecutive. In fact, the
signature identifiers can be considered as a generalization
of the concept of position identifiers [2], [11], extended to
handle inexact matchings. As mentioned above, by the
inexact matching, we ask for matches at the 1 bit positions
of a query and indifferent at the 0 bit positions.

In comparison with the methods described in Section 2,
the signature tree has the following advantages:

1. The slice checking in the bit-slice method is replaced
with a single bit checking and less time is needed for
both the insertion and deletion of signatures.

2. The checking of signatures in an internal node of an
S-tree is changed to a binary tree searching and
much less space is needed for the tree structure.

3.1 Definition of Signature Trees
Consider a signature s; of length m. We denote it as

si = si[1]si]2] ... si[m],

where each s;[j]€{0,1}(j=1,...,m). We also use

si(j1,...,Jn) to denote a sequence of pairs with regard

to si: (j1, 8i[51])(Jo, silga]) - - - -(Jn, sildn]), where 1 <j. <m

for ke {l,...,h}.

Definition 1 (signature identifier). Let S =s1.50... .5,
denote a signature file. Consider s;(1 < i < n). If there exists
a sequence: ji, ..., j, such that for any k # i(1 < k <n), we
have s;(j1,.-.,jn) # sk(j1,- -, Jn), then we say s;(ji,- .., Jn)
identifies the signature s; or say s;(j1,...,Jn) is an identifier
of s; with regard to S.

For example, in Fig. 4a,
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S1- 011 001 000 101
$2- 111011001 111
$3- 111101 010 111
S4- 011001 101 111
Ss- 011 101 110 101
S6- 011 111 110 101
$7-011001 111 111
Sg- 111011 111 111

(@) (b)

Fig. 6. A signature files and a signature tree.
0)(7,1)(4,1)(5,1)

is an identifier of s; since for any i# 6, we have
$i(1,7,4,5) # s6(1,7,4,5). (For instance,

s1(1,7,4,5) = (1,0)(7,0)(4,0)(
s9(1,7,4,5) = (1,1)(7,0)(4,0)(

and so on. Similarly, s;(1,7) = (1,0)(7,0) is an identifier for
s1 since any ¢ # 1 we have s;(1,7) # $1(1,7).)

In the following, we'll see that in a signature tree, each
path corresponds to a signature identifier.

86(1a 774a 5) = (17

70) 7é 86(17 77475)7

5
57 1) # 56(17 77455)7

Definition 2 (signature tree). A signature tree for a signature
file S = s1.55....5,, where s; # sj for i # j and |s;| = m for
k=1,...,n,is a binary tree T such that

1. For each internal node of T, the left edge leaving it is
always labeled with 0 and the right edge is always
labeled with 1.

2. T has n leaves labeled 1,2, ... ,n, used as pointers to
n different positions of si, so,... and s, in S. Let v be
a leaf node. Denote p(v) the pointer to the correspond-
ing signature.

3. Each internal node v is associated with a number,
denoted by sk(v), to tell which bit will be checked.

4. Letiy,...,1; be the numbers associated with the nodes
on a path from the root to a leaf v labeled i (then, this
leaf node is a pointer to the ith signature in S, i.e.,
p(v) =1). Let py,...,py be the sequence of labels of
edges on this path. Then, (j1,p1) ... (jn, pn) makes up
a signature identifier for s;, s;(j1,...,jn)-

Example 1. In Fig. 6b, we show a signature tree for the
signature file shown in Fig. 6a. In this signature tree, each
edge is labeled with 0 or 1 and each leaf node is a pointer
to a signature in the signature file. In addition, each
internal node v is marked with an integer sk(v) to tell
which bit will be checked. Consider the path going
through the nodes marked 1, 7, and 4. If this path is
searched for locating some signature s, then three bits of
s:s[1], s[7], and s[4] must be checked. If s[4] =1, the
search will go to the right child of the node marked “4.”
This child node is marked with 5 and then the fifth bit of
s : s[5] will be checked. Also, see the path consisting of
the dashed edges in Fig. 6b, which corresponds to the
identifier of s¢ : s¢(1,7,4,5) = (1,0)(7,1)(4,1)(5,1). Simi-
larly, the identifier of sz is s3(1,4) = (1,1)(4,1) (see the
path consisting of thick edges).

In the following sections, we discuss how to construct a
signature tree for a signature file and how a signature tree is
searched.

3.2 A Simple Way for Constructing Signature Trees
Below, we give an algorithm to construct a signature tree
for a signature file, which needs only O(n - m) time, where n
represents the number of the signatures in the signature file
and m is the length of a signature.

At the very beginning, the tree contains an initial node: a
node containing a pointer to the first signature.

Then, we take a next signature and insert it into the tree.
Let s be the next signature we wish to enter. We traverse the
tree from the root. Let v be the node encountered and
assume that v is an internal node with sk(v) = i. Then, s[i]
will be checked. If s[i] =0, we go left. Otherwise, we go
right. If v is a leaf node, we compare s with the signature s
pointed to by v. s cannot be the same as v since in 5, there is
no signature which is identical to anyone else. (If we have
two identical signatures, one will be removed and the
remaining one will be associated with two OIDs.) But,
several bits of s can be determined, which agree with s.
Assume that the first & bits of s agree with sy; but, s differs
from s in the (k + 1)th position, where s has the digit b and
sp has 1 — b. We construct a new node u with sk(u) = k+1
and replace v with u. (Note that v will not be removed. By
“replace,” we mean that the position of v in the tree is
occupied by u and v becomes one of u’s children.) If b =1,
we make v and the pointer to s be the left and right child of
u, respectively. If b = 0, we make v the right child of u and
the pointer to s the left child of u. The following is the
formal description of the algorithm.

Algorithm sig-tree-generation(file)
begin
construct a root node r with sk(r) = 1; /*where r
corresponds to the first signature s; in the signature file*/
for j=2ton do
call insert(s;);
end
Procedure insert(s)
begin
stack «— root;
while stack not empty do
{v « pop(stack);
if v is not a leaf then
{i — sk(v);
if s[i] = 1 then
{let a be the right child of v; push(stack, a);}
else {let a be the left child of v; push(stack, a);}
}
else (*vis a leaf.*)
{compare s with the signature s, pointed by p(v);
assume that the first & bit of s agree with s;
but s differs from s in the (k + 1)th position;
w « v; replace v with a new node u with
sk(u) =k+1;
12 if s[k+ 1] =1 then
make s and w be respectively the right and left
children of u

= W N =

= = 0 0N O Ul

_ O
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insert s; insert s insert s3 A inseﬂ;% insert s5
A A
|
A insert sg ﬁ\\ insert s7 A insert sg ’ﬂ\\
— — —
() GEBO mige
) ONe (%)

Fig. 7. Sample trace of signature tree generation.

13  else make w and s be the right and left children of u,
respectively;}

14 )

end

In the procedure insert(), stack is a stack structure used
to control the tree traversal.

In Fig. 7, we trace the above algorithm against the
signature file shown in Fig. 6a.

In the following, we prove the correctness of the
Algorithm sig-tree-generation(). To this end, it should be
specified that each path from the root to a leaf node in a
signature tree corresponds to a signature identifier. We
have the following proposition.

Proposition 1. Let T" be a signature tree for a signature file S. Let
P =wvj.e1...v41.€4-1.v5 be apath in T from the root to a leaf

node for some signature s in S, where v;(i=1,...,9) is a
node and e;(i = 1,...,g — 1) is an edge from v;_y to v;. Then,
we have p(v,) =s. Denote j; =sk(v;)(i=1,...,g—1).

Then, S(jl,jg, e ,jgfl) = (jl, b(el)) e (jg—h b(egfl)) makes
up an identifier for s.

Proof. Let S = si.55....5, be a signature file and T a
signature tree for it. Let P = vie; ... v4_1¢4-1v, be a path
from the root to a leaf node for s; in 7. Assume that there
exists another signature s; such that

st(d1, 72, -y dg-1) = Si(J1s Jas - -+ 5 Jg-1)s

where j; = sk(v;)(i =1,...,9— 1). Without loss of gen-
erality, assume that ¢ > i. Then, at the moment when s, is
inserted into T, two new nodes v and v' will be inserted
as shown in Figs. 8a or 8b (see lines 10-15 of the
procedure insert()). Here, v/ is a pointer to s; and v is
associated with a number indicating the position where
p(v;) and p(v') differ.
It shows that the path for s; should be

vy.€q ... Vg_1.€.0€ 0,

or vi.ej...v4.e.ve”.v, which contradicts the assump-
tion. Therefore, there is not any other signature s; with

sdn—1) = (J1,b(€1)) - - - (Jn-1,b(€n-1))-

,Jn—1) is an identifier of s;. O

5¢(J1, 25 - - -

SO, Si(j17j27 ce
The analysis of the time complexity of the algorithm is
relatively simple. From the procedure insert(), we see that

there is only one loop to insert all signatures of a signature
file into a tree. At each step within the loop, only one path is
searched. Obviously, each path is bounded by m. Thus, we
have the following proposition.

Proposition 2. The time complexity of the algorithm sig-tree-
generation is bounded by O(n - m)).

Proof. See the above analysis. 0

3.3 Searching of Signature Trees

Now, we discuss how to search a signature tree to model
the behavior of a signature file as a filter. Let s, be a query
signature. The ith position of s, is denoted as s,[i]. During
the traversal of a signature tree, the inexact matching is
done as follows:

1. Let v be the node encountered and s,[i] be the
position to be checked.
2. If s4[i] = 1, we move to the right child of v.
3. If s4[i) = 0, both the right and left child of v will be
explored.
In fact, this process just corresponds to the signature
matching criterion, i.e., for a bit position i in s, if it is set
to 1, the corresponding bit position in s must be set to 1; if it
is set to 0, the corresponding bit position in s can be 1 or 0.
To implement this kind of inexact matching, we search
the signature tree in a depth-first manner and maintain a
stack structure stack, to control the tree traversal.

Algorithm signature-tree-search
input: a query signature s;;
output: a set of signatures which survive the checking;
1. R—0.
2. Push the root of the signature tree into stack,.
3. If stack, is not empty, v < pop(stack,); else return(R).

/

Fig. 8. Inserting a node v into 7.
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Fig. 9. Signature tree search.

4. If v is not a leaf node, i « sk(v);
If 5,(i) = 0, push ¢, and ¢ into stack,; (where ¢, and ¢
are v’s right and left child, respectively.) otherwise,
push only ¢, into stack,.

5. Compare s, with the signature pointed by p(v).

/*p(v)—pointer to the block signature*/

If s, matches, R — RU {p(v)}.

6. Go to (3).

The following example helps for illustrating the main
idea of the algorithm.

Example 2. Consider the signature file and the signature tree
shown in Fig. 6 once again. Assume s, = 000 100 100 000.
Then, only part of the signature tree (marked with thick
edges in Fig. 9) will be searched. On reaching a leaf node,
the signature pointed to by the leaf node will be checked
against s,. Obviously, this process is much more efficient
than a sequential searching since only three signatures
need to be checked while a signature file scanning will
check eight signatures. For a balanced signature tree, the
height of the tree is bounded by O(log, 1), where n is the
number of the leaf nodes. Then, the cost of searching a
balanced signature tree will be O(\-log,n) on the
average, where )\ represents the number of paths
traversed, which is equal to the number of signatures
checked. Let ¢ represent the number of bits which are set
in s, and checked during the search. Then, A = O(n/2"). It
is because each bit set to 1 (in s,), which is checked during
the search, will prevent half of a subtree from being
visited. Compared to the time complexity of the signature
file scanning O(n), it is a major benefit. We will discuss
this issue in Section 3.5 in great detail.

3.4 Balanced Signature Trees

A signature tree can be quite skewed as shown in Fig. 10.

But, the tree shown in Fig. 11 is completely balanced for
the same signature file. However, the signature identifiers
for the signatures are different from those shown in Fig. 10b.

The problem is how to control the process of construct-
ing a signature tree in such a way that the generated
signature tree is almost balanced.

In the following, we propose a weight-based method,
which needs more time than the method discussed above,
but always returns a balanced tree.

3.4.1 Weight-Based Method

An observation shows that a signature tree for a signature
file corresponds to a recursive partitioning of the file. For
instance, the left and right subtrees of the root divides the

$1- 100 100 100 100
§2- 010010010 010
$3-001 001 001 001
S4- 000 110 010 010
$5- 000011 001 001
S6- 000 001 100 100
$7-000 000 110 010
$8- 000 000 010 110

(@) (b)
Fig. 10. A skewed signature tree.

signature file into two parts: A and B. If |A| = |B|, we say
the signature file is evenly divided. Again, each of A and B
is further divided along the signature tree. If the partition-
ing at each level is even, then the corresponding signature
tree must be well balanced and its height is on the order of
O(logn). Based on the above observation, we propose a
method to recursively divide a signature file in such a way
that any time a subfile is partitioned as evenly as possible.
The signature tree is created as a data structure “recording”
this process.

Intuitively, a signature file S =s1.52... .5, can be
considered as a Boolean matrix. We use S[i] to represent
the ith column of S. We calculate the weight of each S[i],
i.e., the number of 1s appearing in S[i], denoted w(S[i]). This
needs O(n-m) time. Then, we choose a j such that
lw(S[i]) —in| is minimum. Here, the tie is resolved
arbitrarily. Using this j, we divide S into two groups g; =
{8i,8iys -+, 8, with each s, []] =0 (p=1,...,k) and gy =
{Sirer> Sigsas - - -» 8y With each s; [jl=1(¢=k+1,...,n);
and generate a tree as shown in Fig. 12a. In a next step,
we consider each g¢;(i = 1,2) as a single signature file and
perform the same operations as above, leading to two trees
generated for g; and gs, respectively. Replacing ¢; and g¢»
with the corresponding trees, we get another tree as shown
in Fig. 12b. We repeat this process until the leaf nodes of a
generated tree cannot be divided any more.

In Fig. 12a, g1 = {s1,53,55,5¢} and go = {s2, 54, 57,53};
and, in Fig. 12b, g11 = {s3,55}, 912 = {6, 51}, g1 = {88, 57},
and goy = {54, 52}

Below is a formal description of the above process.

Algorithm balanced-tree-generation(file)
input: a signature file.
output: a signature tree.
begin
let S = file, N —|S|;
if N > 1 then {
choose j such that [w(S[i]) —§N| is minimum;
let g1 = {si,, 8iy, ..., 8, } witheachs; [j]] =0 (p=1,...
let g2 = {Sik 19 Sippar e Si;\"} with each
sl =1g=k+1,...,N)

Jk);

)
A8 AT

CIGEIEI]

Fig. 11. A balanced signature tree.
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Fig. 12. lllustration of generation of balances signature trees.

generate a tree containing a root  and two child nodes
marked with ¢; and ¢», respectively;
skip(r) < j;
replace the node marked ¢; with
balanced-tree-generation(gi);
replace the node marked ¢, with
balanced-tree-generation(gs);}
else return;
end

By applying this algorithm to the signature file shown in
Fig. 10a, a balanced signature tree as shown in Fig. 9 will be
created. Since O(n - m) time is needed to generate the nodes
at each level of the tree, the time complexity of the whole
process is on the order of O(n - m - logn).

3.5 Average Number of Checked Nodes

For a balanced binary tree of size n, it takes O(logn) time to
search along a path. However, when exploring a balanced
signature tree, more than one path is traversed. An
interesting question is, how many nodes in the tree will
be checked? In the following, we give a probabilistic
analysis to answer this question.

Denote by t a signature tree, in which the edges are
labeled with 0 or 1. Let s =s[l]s[2]... .s[m] be a query
signature, where s[i] € {0, 1}. Then, 1 in s matches only 1 in
t, while 0 in s matches both 0 and 1 in ¢t. We use ¢(t) to
represent the cost of searching ¢ against s. In addition, we
use s',s",s",... to designate the patterns obtained by
circularly shifting the bits of s to the left by 1, 2, 3, ...
positions.

Obviously, if the first bit of s is 0, we have, for the
expected cost of a random string s,

cs(t) =1+ co(tr) + co(t2), (1)
where t;, and ¢, represent the two subtrees of the root of ¢.
See Fig. 13 for illustration.

It is because in this case, the search has to proceed in
parallel along the two subtrees with s changing cyclically to
s'. If the first bit in s is 1, we have

cs(t) = 1+ cy(ta) (2)
since in this case, the search proceeds only in ¢,.

Given n (n > 2) random nodes in ¢, the probability that

il =p,fto =n—p (3)

can be estimated by the Bernoulli probabilities

(erer=+(7). @

Let ¢, denote the expected cost of searching a signature
tree of size n against s. We have the following recurrences:
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v
if s[i] = 0, move along both / \
edges labeled with O and 1. 0 1

Fig. 13. lllustration for signature tree searching.

if s starts with 0, ¢, =1+ %Z (Z)csq,,, n>2; (5)
P

if sstarts with 1, ¢,, =1 "‘%Z (Z)csf_p, n>2. (6)
P

Let \; = 1 if ith bitin s is 1, and \; = 2 if ith bit in s is 0.

The above recurrence can be rewritten as follows:

n
Csn = 1 +%Z (p)cs’ﬁp - 677,,0 - (Sn,lv (7)

P
where 6, ;(j = 0,1) isequal to 1 if n = j; otherwise, equal to 0.
Proposition 3. The exponential generating function of the

average cost

Cu(2) =Y con’y (8)
n>0
satisfies the relation
2 o, (P 29 _
Cs(z) = X e” Cy (2) +ef—1-z 9)

Proof. In terms of (7), Cs(z) can be rewritten as follows:

Cq(Z) = Z (1 + )\1 (%)’LZ <Z>cs’,p - 671,0 - 671,1)27;

n>0 p
= Z le; +Z )\] (%)TIZ (n ) CS/:F% —Z 6%0%

n>0 » n=0 \P n>0 "

- Z 67@1% ( )

n>0
=e“+ )\ Z%—%)pz Cs’ip((z,/i);; —1—z
p n>0
= Alez/QCsr (g) +e—1-2z
O

In the same way, we will get Cy(z), Cs(2), ..., and so on.

Concretely, we will have the following equations:

CQ(Z) = )‘162/209’ (%) + e —1- 2
Cy(2) = Me™?Cy (5) +

e—1—z

(11)

Cnn (2) = Ane??Cy (G +e—1-2
These equations can be solved by successive transporta-
tion. For instance, when we transport the expression of

Cy(z) given by the second equation in (11), we have

Ci(2) = a(2) + Me%a(Z) + Mdoe?e? o (2),

4 (12)

where a(z) =e* — 1 — z.
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In a next step, we transport Cy» into the equation given in
(12). This kind of transformation continues until the relation
is only on C; itself. Then, we have

MAg ...

Aneap[z(1 — )] Cu()
m—1

S S e
7=0

Cy(z) =

=2"Fexp [2(1 = 55)]C()
m—1
+ Z)\l/\Q . --/\jelp[z 1-— QL)} ezp( ) —-1- %),
=0
(13)
where £ is the number of 1s in s
Leta=2"""%p=1- le, A= W and
m—1
= Z Ao - - Ajexp [z(l 72%)} (exp(3) —1-%).
=0
We have
Cy(2) = ae®Cy(\2) + A(2). (14)

This equation can be solved by iteration as discussed
above:

zafexpw ) A

m—1

— j(m—k) Z)\l)\2 A\ ea;p( )

]:0
—eap(=(1 - ﬁ)) (14 gr3m) -
Using the Taylor formula to expand exp(z) and
exp(2(1 — 355)) (1 + 3i5m) in Cs(2) given by the above
sum, and then extracting the Taylor coefficients, we get

(15)

m—1

¢ ":Z)‘l)‘Q"'
h=0

where Dyy(n) =1 and for j > 0 and h > 0,

)\h, Z 2j(m—k) Djh, (n)’

Jj=0

(16)

Djp(n) =1 — (1 —27mi=hy" — pa=mi=h(q — g=mi=hyn=1 (17)

To estimate c¢;,, we resort to the complex analysis, which

shows that ¢, ~ nlm. If , we have

Con = O(no“r’). (18)

(See the Appendix, which can be found on the Computer
Society Digital Library at http://computer.org/tkde/
archives.htm, for a detailed computation based on the
contour integration of complex variabled functions.)

In terms of above analysis, we have the following
proposition.
Proposition 4. Let T' be a signature tree over a signature file
Spwith [sil =k (i=1,...,
signature of length m with k bits set to 1. Then, the average

S =51.5... n). Let s, be a query

nodes checked dkuring the searching of T' against s, is on the
order of O(n* m).

SN

(@) (b)
Fig. 14. lllustration for deleting a signature.

Proof. See the above analysis. 0

4 SIGNATURE TREE MAINTENANCE

In this section, we address how to maintain a signature tree.
First, we discuss the case that a signature tree can entirely fit
in main memory in Section 4.1. Then, we discuss the case
that a signature tree cannot be put in main memory once for
all in Section 4.2.

4.1 Maintenance of Internal Signature Trees

An internal signature tree refers to a tree that can fit entirely
in main memory. In this case, insertion and deletion of a
signature into a tree can be done quite easily as discussed
below. When a signature s is added to a signature file, the
corresponding signature tree can be changed by simply
running the procedure insert() with s as the input (see
Section 3.2). When a signature is removed from the
signature file, we need to change the corresponding
signature tree as follows:

1. Let 2, u, v, and w be the nodes as shown in Fig. 14a
and assume that v is a pointer to the signature to be
removed.

2. Remove u and v. Set the left pointer of z to w. (If u is
the right child of z, set the right pointer of z to w.)

The resulting signature tree is as shown in Fig. 14b.

From the above analysis, we see that the maintenance of

an internal signature tree is an easy task. However, after
several insertions and deletions, a signature tree may
become unbalanced. For this reason, we will maintain a
variable to record the difference between the lengths of the
longest and the shortest paths. If the value of the variable is
above a given threshold, the signature tree should be
reconstructed by running balanced-tree-generation( ).

4.2 Maintenance of External Signature Trees

In a database, files are normally very large. Therefore, we
have to consider the situation where a signature tree cannot
fit entirely in main memory. We call such a tree an external
signature tree (or an external structure for the signature tree).
In this case, a signature tree is stored in a series of pages
organized into a tree structure as shown in Fig. 15, in which
each node corresponds to a page containing a binary tree.
Formally, an external structure ET for a signature tree T
is defined as follows (to avoid any confusion, we will, in the
following, refer to the nodes in ET" as the page nodes while
the nodes in 7" as the binary nodes or simply the nodes.):

1. Each internal page node n of ET is of the form:
by (T, @nt, - - -, ani, ), where b, represents a subtree of 7',
ry is its root, and a1, . . ., an;, are its leaf nodes. Each
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Fig. 15. An external signature tree.

internalnode u of b, is of the form: < v(w), [(u), r(u) >,
where v(u), [(u), and r(u) are the value, left link, and
right link of u, respectively. Each leaf node a,;; of b, is
of the form: < v(ay;;), Ip(ani,), rp(an;) >, wherev(ay;,)
represents the value of a,,;;, and Ip(a,;;) and rp(a,;;) are
two pointers to two pages containing the left and right
subtrees of a,;,, respectively.

2. Let m be a child page node of n. Then, m is of the
form: by, (7, @1, - - -5 @i, ), Where b, represents a
binary tree, 7, is its root and a1, . . . , am;,, are its leaf
nodes. If m is an internal page node, a1, ..., am;,
will have the same structure as a,...,a,,; de-
scribed in (1). If m is a leaf node, each a,,;, = p(s), the
position of some signature s in the signature file.

3. The size |b] of the binary tree b (the number of nodes
in b) within an internal page node of KT satisfies

lb] < 2F,

where k is an integer.

4. The root page of ET contains at least a binary node

and the left and right links associated with it.

If 271 < || < 2* holds for each node in ET, it is said to
be balanced; otherwise, it is unbalanced. However, accord-
ing to the analysis of Section 3.4, an external signature tree
is normally balanced, i.e., 27! < |b| < 2% holds for almost
every page node in ET.

As with a B*-tree, insertion and deletion of page nodes
always begins from a leaf node. To maintain the tree
balance, internal page nodes may split or be merged during
the process. In the following section, we discuss these issues
in great detail.

4.2.1 Insertion of Binary Nodes

Let s be a signature newly inserted into a signature file S.
Accordingly, a node a, will be inserted into the signature
tree T for S as a leaf node. In effect, it will be inserted into a
leaf page node m of the external structure ET of T'. It can be
done by taking the binary tree within that page into main
memory and then inserting the node into the tree as
discussed in Section 4.1. If for the binary tree b in m we have
|b|2¥, the following node-splitting will be conducted:

1. Letby(rm,ami,--.,ami,) be the binary tree within m.
Let 7,1 and 7,2 are the left and right child node of
Tm, respectively. Assume that

bml (Tmh mly ey amij)(ij < Zm)

is the subtree rooted at r,,; and

bm? (rml» amij‘ 19000 amim)

is rooted at r,,,2. We allocate a new page m' and put

. : !
b2 (Tmis Qmiyyys - -+ 5 Qi) into m'. Afterwards, pro-

mote 7, into the parent page node n of m and

remove o (Tmts Gmijyys - - - 5 G, ) from m.

2. If the size of the binary tree within n becomes larger
than 2, split n as above. The node-splitting repeats
along the path bottom-up until no splitting is

needed.

4.2.2 Deletion of Binary Nodes

When a node is removed from a signature tree, it is always
removed from the leaf level as discussed in Section 4.1. Let a
be a leaf node to be removed from a signature tree 7'. In
effect, it will be removed from a leaf page node m of the
external structure ET for T'. Let b be the binary tree within
m. If the size of b becomes smaller than 2¥~!, we may merge
it with its left or right sibling as follows:

1. Let m/ be the left (right) sibling of m. Let

bm(rma Amly .-y amim)

and by (Th, Gty - - -, Gy, ) be two binary trees in m
and m/, respectively. If the size of b,, is smaller than
21 move b,, into m and afterwards eliminate m/'.
Let n be the parent page node of m and r is the
parent node of 7, and 7,. Move r into m and
afterwards remove r from n.

2. If the size of the binary tree within n becomes
smaller than 2¢°!, merge it with its left or right
sibling if possible. This process repeats along the
path bottom-up until the root of ET is reached or no
merging operation can be done.

Note that it is not possible to redistribute the binary trees
of m and any of its left and right siblings due to the
properties of signature trees, which may leave an external
signature tree unbalanced. According to the analysis of
Section 3.4, however, it is seldom. If it is the case, i.e., if the
difference between the lengths of the longest and the shortest
paths is above a given threshold, we will use balanced-tree-
generation( ) to reconstruct the whole signature tree.

5 ON THE GENERAL SIGNATURE TREES

In this section, we extend the above signature tree structure
by assigning each internal node v a sequence: iy, is, . . ., ¢; for
some [ to tell that the 4;th, sth, ..., and 4;th bits in s, will be
checked when v is encountered during the searching of a
signature tree against s,. In this way, the size of a signature
tree can be significantly reduced.

5.1 Definition of General Signature Trees

Assume that S = s1.57....5, is a signature file. For each s;,

we denote it as s; = s;[1]si[2]...si[m], where each

silf € {0,1}(j=1,...,m).

Definition 3 (general signature tree). A general signature tree
with respect to an integer | for a signature file
S = s1.55....8,, Where s; # s; for i % j and |sy| =m for
k=1,...,n,is a binary tree T(l) such that

1. Each internal node v is associated with a sequence:
i1,92,...,% for some I, denoted c(v), to tell that the
i1th, ioth, ..., and ith bits in the query signature will
be checked when v is encountered.
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S1- 010 100 110 100
$2- 111010010010
$3- 001 001 001 001
S4- 110010010 010
S5 000 010 001 001
S6- 010 001 000 100
$7- 100 000 110 010
S3- 100 000 010 110

O ORI OINO!
n

(©

Fig. 16. lllustrations for the construction of general signature trees.

2. For each internal node of T(l), the number of its
outgoing edges is bounded by 2'. Each edge e is labeled
with a different bit string bib, ... by, denoted label(e).

3. T(I) has n leaves labeled 1,2, . .., n, used as pointers to
n different positions of s1, sy ... and s, in S. Let v be a
leaf node. Denote p(v) the pointer to the corresponding
signature.

4. Let vy,...,vy be the nodes on a path from the root
to a leaf v labeled i (then, this leaf node is a pointer
to the ith signature in S, ie., p(v)=1). Let
{i1,4),...,4} be the sequence associated with
vj(1<j<h—1). Let ey,...,ep—1 be the edges on
the path and let b, b),....b] be the bit string
labeling e;(1 < j < h —1). Then,

(i1, b1) ... (if, b)) o @B G e
makes up a signature identifier for

-h—1

1 h—1
TR ).

Si,Si(’L},... N

Example 3. In Fig. 16b, we show a general signature tree
with [ =2, generated for the signature file shown in
Fig. 16a. It is easy to see that this general signature tree
contains less nodes than the signature tree shown in
Fig. 16¢c, which is generated for the same file.

In addition, we notice that if the sequence associated
with each node is contiguous, we need to store only one
integer for a sequence. For example, the tree shown in
Fig. 16b can be stored as shown in Fig. 16d, in which a
contiguous sequence is implicitly implemented. The search-
ing of a general signature tree against a query signature s,
can be done in a way similar to that of a signature tree, but
different in the label checkings as described below:

1. Let v be the node encountered. Assume that the
sequence associated with it is 4,42, .. .,4; for some [.
Then, s,4[i1], ..., sq[4] will be checked.

2. Let e be an edge outgoing from v and labeled with a
bit string biby...b. Then, if biby...b; matches

Sqlt1], - -, 84li1], explore e. Recall that by “matching,”
we mean that for every j(1 < j <1I),if s,[j] =1, we
have b; = 1; if s,[j] =0, b; can be 1 or 0.

Example 4. Consider the signature file shown in Fig. 16a
once again. Assume s, =100 110 010 000. Then, only
part of the general signature tree (marked with thick
edges in Fig. 17a) will be searched. On reaching a leaf
node, the signature pointed to by the leaf node will be
checked against s,.

We also notice that, when we search the signature tree
established for the same file, more edges will be
accessed. (See the dashed edges in Fig. 17b.)

From the above example, we can see that in comparison
with the signature trees, the general signature trees have the
following two advantages:

1. A general signature tree tends to have fewer nodes.
2. When searching a general signature tree, fewer
edges will be visited.

5.2 Construction of General Signature Trees
Now, we discuss how a general signature tree is con-
structed for a given signature file S.

Given an integer [, we choose, from S, the ith, isth, ...,
and 4;th columns to divide the whole S into j(< 2') groups:

_fol ol 1 [ Jj .
g1 =1{51,85,-.-,5, ,...,gjf{shsz,...,si/} such that:

1. In each gy(1 <k < j), for any two signatures s* and
sy, we have st[i1] = sf[i1], ..., and sF[ij] = sf[i].

2. For any two different groups g, and g,, there exists
atleastan i, € iy,4s,...,%} such that for any s; € g,
and sy € g,, we have s;[i.] # so[i.].

3. max{|gi|,...,|gj|} —min{|gi],...,|gj|} is minimized,
which guarantees that S is divided as evenly as
possible.

Then, we can generate a tree Ts of two levels with the
root labeled with a sequence {iy,%s,...,4;} and j leaf
nodes with each labeled with a g;. For instance, for the
signature file shown in Fig. 16a, we can generate a tree as
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Fig. 18. lllustration of generation of general signature trees.

shown in Fig. 18a. In this tree, g1 = {s3,55}, g2 = {s1,56},
g3 ={s7,s8}, and go = {s2,s4}. In the next step, we
consider each gi(k=1,...,7) as a single signature file
with 4;th,ésth,..., and 4th columns removed, and per-
form the same operations as above. Assume that T, (k =
1

for each k in T, we get another tree which is three levels

,...,J) is the tree generated for g;. Replacing g, with T,

high. For example, for the signature file shown Fig. 16a, a
tree as shown in Fig. 18b can be created, in which
g ={s3}, gi2={s1}, g1 ={s6}, 922 ={s1}, 931 = {ss},
932 = {s7}, gu = {s4}, and g = {s2}.

We repeat this process until the leaf nodes of a generated
tree cannot be divided any more. Below is a formal
description of the above process.

Algorithm general-tree-generation(file, 1)
input: file—a signature file; [-an integer.
output: a general signature tree.
begin
let S = file; n— |S|;
ifn > 1 then {
choose the ith,isth, ..., and 4;th columns to divide the
whole S into j(< 2!) groups:
g1 = {sl, s, .. g5 =1{sl, ). ,s{]} as described
above; generate a tree containing a root r and j child
nodes marked with g, ..., g;, respectively;
C(’I“) — {’il, iQ, cee ,il};
for (: =1 to j) do
{replace the node marked g; with
general-tree-generation(g;, 1);}
else return;
end

1
S

By applying this algorithm with [ = 2 to the signature file
shown in Fig. 16a, a general signature tree as shown in
Fig. 16b will be created. Since O((";") - I - n) time is needed
to generate the nodes at level i in the tree, the time
complexity of the whole process is on the order of

(b)

[(logn)/1] <m _1. Z>
E -l-n.
. l
i=1

In the above discussion, a very important issue has not
yet been addressed. That is, for a file with the signature
length m, what [ should be chosen?

In the following, we discuss a heuristics for this task.

Consider a complete balanced signature tree 7" with
the outdegree of each internal node k= 2!, constructed
for a signature file containing n signatures. Let v, vs,. ..,
and v, be the child nodes of a node v in T, and
e1 = (v,v1),e9 = (v,12),..., and e, = (v,v;) be the out-
going edges from wv. If k£ is not so large, we can arrange
an array A of size k to accommodate these edges in such
a way that each entry A[j] stores a link to a node v; iff
label(e;) = j. So, when we meet v during the searching of
T against s, all those child nodes, which should be
further explored, can be easily located. Assume that
c(v) = {i1,12,..., 4} and sgfi1]...sq[il] = b1 ...b. Then, any
entry A[j] with j equal to the value of a bit string
by ...b should be explored if for any ¢ with b; =1, we
have 0, = 1. It is easy to show that the average number
of entries in A, which may be explored, is

2%(2% (i)QH + (é>2l*2+---+1> ="

Therefore, the average number of the nodes, which may

(19)

be visited during the searching of( T ] against a query
(3/2)llez2n] _7
(3/2)' -1 )
However, if k is large, we cannot store the children of a

signature, can be estimated by O(

node in an array as shown above since it can be quite
sparsely populated, leading to a high space overhead. In
this case, we need to store them in a linked list to avoid
wasting space. In this way, to locate the child nodes to be
explored, the linked list has to be scanned and at average
O(2'1) time is needed. So, in this case, the average number

of the nodes to be checked is estimated by O(%)
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nodes to be checked

average number of

number of bits in 54 to be checked
Fig. 19. Average number of the nodes to be checked.

Assume that, when k < 2 for some [, the child nodes
are stored in arrays while when k > 2", they are stored in
linked lists. Then, the average number of nodes to be
checked when searching a general signature tree is of the
pattern shown in Fig. 19.

In practice, we can try different s with the child nodes
stored in arrays until the size of the general signature tree
becomes larger than a given threshold. For instance, one of
the goals of the general signature tree approach is to reduce
the tree size. However, if due to the sparse population of
child links in the arrays the size of a general signature tree
with respect to an integer | becomes larger than the
corresponding signature tree for the same signature file,
we should set Iy to be an integer smaller than [.

6 EXPERIMENT RESULTS

We have implemented a test bed in C++, with our own
buffer management (with first-in-first-out replacement
policy). The computer was Intel Pentium III, running
standalone. The capacity of the hard disk is 4.95 GB and
the amount of the main memory available is 46 MB.

The tests are organized into two groups. In the first
group, we test seven methods: sequential signature files
(SSF for short) [13], [15], bit-slice files (BSSF for short) [19],
compressed bit-slice files (CBSSF for short) [14], S-trees [11],
improved S-trees (which uses the cubic algorithm to find
a-seed and (-seed) [28], (MLSF for short) [23], and the
signature trees (ST for short) discussed in this paper. In the
second group, we compare the signature tree approach with
different versions of general signature trees.

6.1 Experiment |

In this experiment, we apply the seven methods mentioned
above to different signature queries against the signature
files of different sizes. All the signatures are created
randomly using a uniform distribution for the positions
that will be set to 1. The performance measure was
considered to be the number of page accesses and the time
required to satisfy a query. For each query, an average of
20 measurements was taken.

The considered parameters and the tested values for
each parameter are given in Table 1.

For SSF, S-trees, and the signature tree method, an entry
in a signature file contains two fields: a signature and an
object identifier as shown in Fig. 20a. A bit-slice file is stored
as shown in Fig. 2b and a compressed bit-slice file is stored
as shown in Fig. 3. In addition, an S-tree is stored as shown
in Fig. 4a and a multilevel signature file is stored as shown
in Fig. 5. A signature tree is stored as discussed in
Section 4.2. Each entry in an internal node of an S-tree also

TABLE 1
Considered Parameters and the Tested Values
for Each Parameter

parametors data | groupl| groupll| grouplIl| groupIV
number of signatures (x1024) | 50 100 50 100
signature size/weight (in bits) | 64/32 | 64/16 | 128/64 | 128/32
page size (in KB) 1 2 1 2

contains two fields: a signature and a pointer to a child page
while the node structure for a signature tree contains three
fields: an integer to indicate which bit of a query signature
will be checked, and two pointers to the left and the right
child of a node, respectively. (See Fig. 20b for illustration.)

Fig. 21 shows the test results for group I. The query
signatures are generated randomly with all those positions
to be set 1 uniformly distributed. Each of the queries is
evaluated by different strategies.

From Fig. 21, we can see that the signature tree structure
outperforms all the other three strategies. First, we discuss
why the signature tree is better than the S-tree. In this test,
the size of each page is 1 K. So, each page can accommodate
10 signatures (and the corresponding OIDs) and all the
signatures are stored in 5 x 1,024 = 5,120 pages. However,
for the S-tree, to increase the filter ability of the signatures in
an internal node, a page should not be fully populated since
in this case, a signature in an internal node will be with too
many 1s, degrading the performance dramatically. We have
tested different population ratios from 30 to 80 percent of
the page capacity and report the average test results over
30 percent, 40 percent, 50 percent, 60 percent, and 70 percent
of the page capacity since when each page is 80 percent
populated, the performance is much worse than when each
page is 70 percent populated. If each page is 70 percent
populated, then all the signatures need 7,312 pages to store
instead of 5,120 pages. The number of the internal page
nodes is about 824 and the outdegree of an internal page
node cannot be larger than 7. However, although the
number of the internal nodes of the signature tree is about
(50 x 1,024) = 25,100, each node only occupies 30 bits and
each page can accommodate 32 nodes, i.e., a subtree of
height 5. Then, the number of the internal page nodes is
about 785. More importantly, the outdegree of an internal
page node can be up to 16. So, the height of the signature
tree should be lower than that of the S-tree. Another reason
why the signature tree outperforms the S-tree is that each

for group I and II: for group I and II:

64 bits 32 bits 6 bits 13 bits 13 bits
e P
[sk( [ left-child [ right-child |
for group III and IV: for group III and IV:

128 bits 32 bits 7bits 13 bits 13 bits
[sk0) | tef-child [ right-child |

(a) (b)

Fig. 20. lllustration for storage structures.
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Fig. 21. Test results of group 1.
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Fig. 22. Test results of group 11.

internal page node of the signature tree is a tree itself (a
nonlinear structure) while each internal node of the S-tree is
a set of signatures (a linear structure). Normally, a nonlinear
structure should be stronger as a filter than a linear
structure.

Using the bit-slice file strategy, all the signatures are
stored in 64 files with each containing 50 x 1,024 bits. So,
the size of each file is 50 pages. For evaluating a query s,
we will check these files one by one. But, for a bit set to 0 in
4, the corresponding file need not be checked. In addition,
the result of checking a bit s,[i] against the ith file can be
used to reduce the number of the pages to be checked when
examining the s[i + 1] against the (i + 1)th file. This is the
main reason why the bit-slice file is better than the S-tree in
some cases, especially when the query weight is low.
However, as a filter, the bit-slice file is not so efficient as the
signature tree since each time when checking a page for an
internal node, the signature tree can examine up to 5 bits,
which may need more than one page access by means of the
bit slice file.

In addition, we notice that the compressed bit-slice file is
much worse than the bit-slice file. It is because in this test,
the signature file is not a sparse one and the size of all
linked bucket lists is actually much bigger than that of all
bit-slice files.

The multilevel signature file is slightly better than the
S-tree. Theoretically, the multilevel signature file needs
more space than the S-tree. But, in practice, each node in the
S-tree is at most 70 percent populated. So, the space
occupied by the multilevel signature file is just a little bit
more than that of the S-tree. On the other hand, however, a
signature at a higher level in the multilevel signature file is

-o- SSF
roup 1
- BSSF g P
1000 —— CBSSF
-0— S-tree
- 800 —  improved S-tree
E o -~ MLSF
g -+ ST
= 400
200
100
t t t t t =
5 10 20 30 40 50
number of signatures (x 1024)
1 —- SSF roup II
- BSSF £ P
10001 — CBSSF
-0— S-tree
/é} 800 T - improved S-tree
g | — MLSF
E 600 - ST
E 400 T
200 +
100

10 20 40 60 80 100
number of signatures (x 1024)

normally a more powerful filter than a signature in an
internal node in the S-tree.

Fig. 22 shows the test results for group II. From this, we
can see that when the weight of signatures in a signature file
is low, the performance of the S-tree becomes better. It is
because in this case, the signatures in the internal nodes of a
S-tree will be less heavily populated. In contrast, the
performance of the bit-slice file degrades because the more
1s a bit-slice file has, the more chance a bit in a next bit-slice
file will be checked. However, the compressed bit-slice file
is better since less 1s are in the file, leading to less addresses
stored in the linked bucket lists. Also, the signature tree
becomes worse because in this case, we have much more Os
than 1s and the tree cannot be well balanced.

Fig. 23 and 24 show the test results for groups Il and 1V,
respectively. In these two cases, since the signatures are
much longer, the number of the internal nodes of a S-tree
are greatly increased since each internal node needs more
space for the signatures stored, which are used as filters.
However, the size of an internal node of a signature tree is
only one bit augmented. So, the number of page accesses is
almost not changed. The BSSF becomes worse because for
longer signatures, more bit-slice files need to be checked.

In the above tests, the impact of compressed bit-slice files
cannot be observed since each signature file generated is not
a sparse matrix. To see in what cases the compression of bit-
slice signature files is beneficial, we did an extra test, by
which the number of 1s in signatures is limited. The test
result is shown in Fig. 25. For the test, the signature file
contains 50 x 1,024 signatures.

From this, we can see that, when a signature file contains
less 1s, the compression is quite effective. However, as a
signature file is populated with more 1s, the benefit
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Fig. 23. Test results of group III.
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Fig. 24. Test results of group IV.

diminishes. Especially, when a signature file is half-
populated with 1s, the compressed bit-slice file is worse
than the bit-slice file without compression.

Fig. 26 shows the impact of page sizes. For this test, the

number of signatures is 50 x 1,024.
From Fig. 26, we can see that the page access of both

BSSF and the improved S-tree reduces almost linearly as the
size of pages increases. However, the page access of the
signature tree decreases a little bit faster. It is because the
larger a page is, the less space in it is wasted. This can also
be seen from Fig. 15. Smaller page sizes make more space in
a page not used. Finally, the weight of a query signature
(i.e., the percentage of 1-bits in a query signature) affects
BSSF, the S-tree, and signature trees greatly. Fig. 27 shows
the number of page access when the three methods are used
to search a signature file containing 50 x 1, 024 signatures to
locate query signatures with different weights.

-+ BSSF
—+~ CBSSF

page access

T
8 16 24 32 40
number of 1s in signatures

Fig. 25. Comparison of bit-slice and compressed bit-slice signature files.
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From this, we can see that as the weight of a query
signature increases, the searching time of both the signature
tree method and the S-tree reduces. It is because each bit set
to 1 in the query signature may cut off a subtree. For BSSF,
however, each bit set to 1 in the query signature entails
more access to bits in bit-slice files. The weight of a query
signature has almost no impact on SSF.

6.2 Experiment Il

We have also experimentally compared the signature tree
approach (ST) and the general signature tree approach
(GST). For the GST, only two versions are tested: two
contiguous bit checking (TwoCBC) and three contiguous bit
checking (ThreeCBC). By the TwoCBC, each time when a
node is encountered, two contiguous bits in the query
signature will be checked, while by ThreeCBC, each time
three contiguous bits in the query signature will be checked.
They are applied to different signature queries against the
signature files of different sizes. All the signatures are
created randomly using a uniform distribution for the
positions that will be set to 1. The performance measure was
considered to be the number of page accesses required to
satisfy a query. For each query, an average of 20 measure-
ments was taken.

For the comparison purpose, a general signature trees is
also stored page-wise as illustrated in Fig. 28.

The considered parameters and the tested values for
each parameter are given in Table 2.

For all the methods implemented, an entry in a signature
file contains two fields: a signature and an object identifier
as shown in Fig. 29a. Each internal node structure for a
signature tree contains three fields: an integer to indicate
which bit of a query signature will be checked, and two
pointers to the left and the right child of a node,
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TABLE 2
Considered Parameters and the Tested Values for Each
Parameter
parameters data | groupV| groupVIgroupVII|groupVIII
number of signatures (x1024) | 100 200 100 200
signature size/weight (in bits) | 64/32 |64/16 |128/64 |[128/32
page size (in KB) 1 2 1 2

respectively. (See Fig. 29b for illustration.) Similarly, each
internal node of a general signature tree with [ = 2 has an
integer to indicate a contiguous bit string of length 2 to be
checked, and four pointers to its child nodes. (See Fig. 29¢

for illustration.)
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Fig. 30 shows the test results for group V. The query
signatures are generated randomly with all those positions
to be set 1 uniformly distributed. Each of the queries is
evaluated by different strategies.

From this figure, we can see that TwoCBC is much better
than ST. But, ThreeCBC is not much better than TwoCBC as
we expect. It is because although the tree size of ThreeBCB
is smaller than that of TwoCBC, a tree generated by
ThreeCBC may not be so balanced as a tree generated by
TwoCBC. However, as the length of signatures increases,
we have more chance to find a balanced tree for threeCBC.
So, the discrepancy between ThreeCBC and TwoCBC
increases as shown in Fig. 31.

In Fig. 32 and Fig. 33, we show the results of Group VII
and Group VIII, respectively. These results also confirm the
above analysis.

In addition, the weight of a query signature (i.e., the
percentage of 1-bits in a query signature) affects both
signature trees and general signature trees greatly. Fig. 34
shows the number of page access when the three
methods are used to search a signature file containing
100 x 1,024 signatures to locate query signatures with
different weights.

From this, we can see that as the weight of a query
signature increases, the searching time of both the
signature trees and the general signature trees reduces. It
is because each bit set to 1 in the query signature may cut
off a subtree. However, more bits set to 1 in a query
signature impacts the general signature trees more than it
does to the signature trees.

7 CONCLUSION

In this paper, a new method to organize signature files has
been proposed. The main idea of this approach is the
concept of signature identifiers, which can be used to
distinguish signatures in a file from each other. Based on
this concept, we transform a signature file into a balanced
signature tree, in which each edge is labeled with 0 or 1, and
each node is associated with a number, indicating which bit
in a query signature to check. In this way, the searching of a
signature file is replaced by a binary tree searching. In
addition, a general signature tree structure is discussed. In
such a general structure, each node is associated with a
sequence of integers showing what bits in a query signature
to check. This can be quite useful in the cases where the
signatures are very long. Next, a probabilistic analysis of

for group V and VI: for group V and VI: for group V and VI:

64 bits 32 bits 6bits 10 Dbits 10 bits 6 bits 10 bits 10bits  10bits 10 bits
(_)Hr_H
[ sk [ left-child [ right-child | [sk0) ] st child [ 2nd child [3th child[4th child]
for group VII and VIIL:  for group VII and VIIIL: for group VII and VIII:

128 bits 32 bits 7bits  10bits 10 bits 7bits  10bits  10bits  10bits 10 bits
f—H
[5%0) ] tefe-child [ right-child ] [ sk | 1stchild | 2nd child [3th child[4th child]

(@) (b)

©

Fig. 29. lllustration for storing signature file entries and internal nodes in signature trees.
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Fig. 30. Test results of group I.
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Fig. 32. Test results of group IlI.

signature tree searching is conducted, which shows a
sublinear time complexity. Especially, if a query signature
is half-populated, the cost of searching a signature tree is
bounded by O(n"?). In order to show the efficiency of the
signature tree method, a series of experimental tests were
performed to compare it with the most important existing
methods, such as sequential signature files, bit-slice
signature files, compressed bit-slice signature files, S-trees,
and multilevel signature files. All the conducted tests show
that the signature tree method significantly outperforms all
such methods. Finally, the maintenance of a signature tree
is discussed, which shows that it can be done in a way
similar to B*-trees.
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