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ABSTRACT
Pre�x search is a fundamental operation in information re-
trieval, but it is di�cult to implement in a peer-to-peer
(P2P) network. Existing techniques for pre�x search su�er
from several problems: increased storage/index costs, unbal-
anced load, fault tolerance, hot spot, and lack of some rank-
ing mechanism. In this paper, we present KISS (Keytoken-
based Index and Search Scheme), a simple and novel ap-
proach for pre�x search to overcome the above problems.

1. INTRODUCTION
Pre�x search is a fundamental search operation in infor-

mation retrieval (IR). It allows users to retrieve desired ob-
jects even though they have only partial information about
the objects. For example, a query like \comp*" can match
any objects with keywords computer, company, or competi-
tor that have pre�x comp. Pre�x search is often used in
combination with keyword search, for example, like \ACM
SIG* proceedings" to search proceedings from all ACM spe-
cial interest groups.

Pre�x search is more general than keyword search, as the
latter can be viewed as a special case in pre�x search. So a
system that supports pre�x search can easily facilitate key-
word search, but not vice versa. There are, however, some
techniques to extend keyword search to pre�x search. The
most common way is to use the n-gram technique [16, 7, 9].
This technique augments each keyword w with all its pre-
�xes to describe an object associating with w. For example,
in Fig. 1, object O1 has three keywords abc, abd, and ce.
By expanding the keywords with their pre�xes, we have the
following six keywords to describe the object: a, ab, abc,
abd, c, and ce. Using this technique, a pre�x query of \ab*"
in Fig. 1 can be converted into an ordinary keyword search
with query \ab" to retrieve the matching objects O1; O2,
and O3.

To implement keyword search, an inverted index data
structure is typically used. The idea is to \reverse" the
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Figure 1: An inverted index of three objects.

object-keyword mapping. That is, for a given list of pairs
(�; K) specifying the set of keywords K associating with
each object �, we build a list of pairs (w; O) specifying the
set of objects O that have keyword w. For example, Fig. 1
shows the inverted index list after keyword expansion. With
the inverted index, keyword search is easy to accomplish:
simply look up the list for the queried keyword, and return
the object set associated with it. Some set operations may
also be performed if necessarily. For example, suppose one
wishes to retrieve objects with three pre�xes in Fig. 1: ab*,
ad*, and ce*. Then by looking up the entries for ab, ad, and
ce and then performing an intersection of the corresponding
object sets, the system returns the matching object O2.

The above approach, although commonly used in existing
centralized information systems, su�ers from several serious
problems when implemented in a distributed environment,
in particular, P2P networks. First, keyword frequency|the
count of a keyword’s occurrences in objects|varies enor-
mously. This has been observed in many real world cor-
pora. So a straightforward way of distributing keyword-
object pairs to peers in a P2P network would result in a
very unbalanced load. The problem is magni�ed when tak-
ing pre�x search into account. For example, in English,
many words have a common pre�x, e.g., in-, co-, etc. In
a preliminary study, we examined three datasets and ob-
tained the following statistics:1 the top 0.1% most frequent
keywords already account for 43.4% of the total occurrences
of the keywords, but after pre�x expansion, the percentage
increases to 62.6%. Therefore, simply mapping each entry
in an expanded inverted index to a node makes the indexing
load extremely uneven.

Secondly, the n-gram technique will expand the (original)
keyword set size by approximately l-fold, where l is the av-

1 The three datasets are: (1) half million of book entries
from a library, (2) 300,000 news articles from Reuters, and
(3) half million music records from FreeDB. The statistics
is the average of them.

1



erage keyword length (note that some keywords may have a
common pre�x). We see that even for keyword search only,
\distributed" inverted index already makes object insert,
delete, and maintenance very expensive. This is because if
an object has k keywords, then any insert/delete of the ob-
ject has to access k nodes. When the keyword set size is
expanded to l � k, the maintenance cost increases by l-fold
as well.

Third, although an object is indexed at several places,
each pre�x/keyword is still handled only by a single node. So
any failure to the node would then block all queries involving
the pre�x/keyword. The system is also vulnerable to hot
spots, as nodes responsible for some popular pre�xes may
be queried much more frequently than the others.

Finally, the above approach lacks some ranking mecha-
nism to allow the system to return objects in sequence. In
general, a short pre�x query may result in many possible
matching items. One would certainly prefer some ranking
mechanism to help select relevant objects. For example, a
query of \comp*" may return objects with keywords com-
puter, company, or competitor, etc. However, for a node
that indexes the pre�x comp, it has no idea the actual key-
word sets the matching objects have|unless the node also
maintains their object-keyword information. The latter, un-
fortunately, signi�cantly increases the index cost.

In this paper, we present a simple yet e�ective index mech-
anism for pre�x search in P2P networks that eliminates the
above problems. We call our system KISS (Keytoken-based
Index and Search Scheme), as it uses a novel technique to ex-
tract keytokens|character-position information|from key-
words to index objects over a hypercube. Below we present
the index and search scheme, followed by some experimen-
tal studies of the system. Related work and conclusions are
given in Section 4 and Section 5, respectively.

2. KEYTOKEN›BASED INDEX AND SEARCH
SCHEME

In this section we present KISS. We begin by present-
ing a very fundamental process in KISS called tokenization,
which extracts characters and their position information in
a keyword. Then we describe how to index objects in a hy-
percube using the character-position information extracted
from their keywords. Based on this index scheme, we present
search mechanisms to retrieve objects.

2.1 Tokenization
Let A be the set of alphabets in consideration. A keytoken

is a pair hc; ii, where c 2 A and i a nonnegative integer. For
notational simplicity, we sometimes write hc; ii as ci when
no confusion is possible. Let W � A+ be the set of keywords
used in the system. For each keyword w 2 W, we use w[i]
to denote the ith character of w, and jjwjj to denote the
length of w. A tokenization is a function � that extracts all
keytokens from a given keyword w; that is

� (w) =
n

hw[i]; ii j i � jjwjj
o

We call � (w) the keytoken set of w.
For example, � (webdb) = fw1; e2; b3; d4; b5g. Note that

the character positions in a valid keytoken set (a keytoken
set is valid if it is extracted from a word) must be continuous
and start from 1; i.e., 1, 2, : : :. Also note that given W, the
number of all possible keytokens that can be extracted from
W is no greater than jAj� lmax, where lmax is the maximum
length of a keyword. We shall use T to denote the set of all
possible keytokens considered in the system.
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Figure 2: The KISS index scheme.

2.2 Index Scheme
Our index scheme is based on an r-dimensional hypercube

Hr(V; E). The hypercube can be constructed directly from
a physical hypercube, or conceptually built on an underly-
ing DHT-based P2P network G = (V 0; E0) (e.g., [19, 14]).
To construct Hr(V; E) over G = (V 0; E0), we simply need a
mapping g : V ! V 0 so that every logical node in the hyper-
cube has a corresponding physical node in the network. As
most DHT-based P2P networks have a mechanism to han-
dle absence of nodes that are responsible for some identi�er
keys, we assume the hypercube, on which our index scheme
is based, is reliable and self-organizing. In the rest of the
paper by \nodes" we refer to the nodes in the hypercube.
Each node has a unique r-bit binary string as its id. We use
u[i], 1 � i � r, to denote the ith bit of u (counting from the
right). Below we describe how objects are indexed at the
nodes in the hypercube.

Recall that T is the set of all possible keytokens. Let
h : T ! f1; : : : ; rg be a hash function that uniformly and
independently maps every keytoken in T to an integer in
f1; : : : ; rg. We de�ne a mapping Fh : 2T ! V as follows:
Fh(T ) = u if, and only if, fi j u[i] = 1; 1 � i � rg =
fh(t) j t 2 Tg. In other words, Fh(T ) is the node with a
binary id whose bits are set by h according to the keyto-
kens in T . For example, suppose h(w1) = 3, h(e2) = 1, and
h(b3) = 7, and r = 8. Then the keytoken set fw1; e2; b3g is
mapped to the node 01000101.

We say that a node u is responsible for a keytoken set
T if Fh(T ) = u. Thus, for every possible set of keytokens
in the system, there is exactly one node in the hypercube
responsible for the set. Note that due to hash collision, a
node may be responsible for more than one set of keytokens
(as Fh(T ) might be equal to Fh(T 0) for some T 6= T 0).

To index objects at nodes, let � be an object and K� be
the set of keywords associated with �. Let T� = [w2K�

� (w)
be the set of keytokens extracted from the keywords of �.
Then, � is indexed at the node u such that Fh(T�) = u. It
should be clear that when an object � is indexed at a node
u, u needs to maintain, in addition to the keyword set of �,
the actual location information of � (e.g., source IP, port,
and �le path of the object) from where � can be retrieved.
For simplicity, we sometimes say that a node u has indexed
a keyword w if w belongs to a keyword set of some object
indexed at u. Fig. 2 illustrates the index scheme for an
object o that has two keywords bd and bade. The object is
indexed at node 1011010001.

2.3 Search Strategies
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Figure 3: (a) H4, (b) H4(0100), (c) H3.

In this section we present search methods in KISS. We �rst
observe that, due to our index scheme, pin search|given a
keyword set K, locating the object that is associated exactly
with K|is straightforward. This is because given K, we
simply need to extract the keytoken set T = [w2K� (w),
and then �nd the node responsible for T , that is, the node
Fh(T ). The node Fh(T ), given its identi�er, can be easily
located using the routing scheme in the underlying DHT
network. From the node, by a local search of its index table,
it can return the actual location of the object.

For example, in Fig. 2, to search objects with keyword set
fbd; badeg, we �rst obtain the keytoken set T = fa2; b1; d2,
d3; e4g, and then �nd the node Fh(T ) = 1011010001. Then
we can issue a query to node 1011010001 to retrieve the
objects. Pin search is particularly useful when one wishes
to locate an object for maintenance (e.g., updating its index
record), or when one has a precise description about his
target object.

We now turn our attention to pre�x search, where given a
pre�x w, we need to retrieve objects that contain a keyword
w0 such that w is a pre�x of w0. We shall use ‘�’ to denote
the pre�x relation. So w � w0 means that w is a pre�x
of w0. We begin by noting that if a node u is responsible
for the pre�x w, i.e., Fh(� (w)) = u, then for every w0 such
that w � w0, every node that may index w0 must have an
identi�er v satisfying the following condition: u[i] = 1 )
v[i] = 1, 1 � i � r. So, to search objects whose keyword
sets contain pre�x w, we need only to search nodes that
have bit ‘1’ at the positions that u also has, i.e., at the
positions fh(t) j t 2 � (w)g. These nodes, in fact, form a
\subhypercube" of Hr, as de�ned below:

De�nition 2.1. Let Hr = (V; E) be a hypercube and u 2
V be a node. A subhypercube induced by u, denoted by
Hr(u), is a subgraph G = (U;F ) of Hr such that every node
v 2 V is in U if and only if u[i] = 1 ) v[i] = 1, and every
edge e 2 E is in F if and only if its two end points are in
U .

Fig. 3 illustrates H4(0100) induced by node 0100 in H4,
which is isomorphic to H3.

So, given a pre�x w, nodes which may index a keyword
w0 with pre�x w must be in the subhypercube induced by
Fh(� (w)). For example, in Fig. 2, since Fh(fb1; d2g) =
0011000000, all nodes that may index a keyword beginning
with bd must have an identi�er like xx11xxxxxx, and all such
nodes are in the subhypercube induced by node 0011000000.

To explore nodes in a hypercube, we recall that nodes in a
hypercube can be traversed via a spanning binomial tree [10].
There are many ways to construct a spanning binomial tree.
For example, Fig. 4 illustrates two spanning binomial trees
of the hypercube induced by node 0100. For our purpose,
we need a spanning binomial tree that can assist ranking
and even reduce the search space. For example, consider
Fig. 5, which shows a spanning binomial tree of the sub-
hypercube induced by node 010100. The root node 010100
is responsible for the keytoken set fa1; b2g. Nodes 011100,
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Figure 4: H4(0100) (a) and its two spanning binomial
trees (b) and (c).
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Figure 5: Search in a spanning binomial tree.

010110, 110100, and 010101 are the �rst level nodes in the
tree. We identify the keytoken that sets a corresponding
bit to one on top of the bit. For example, keytoken c3 sets
bit 4 to one. We note that the tree is arranged so that if
we explore the tree in a breadth-�rst style (BFS), we can
�rst locate objects with keyword ab, then with keyword abc,
then with keyword abd, and so on. In contrast, a depth-�rst
search (DFS) will �rst locate objects with keyword ab, then
with abc, then with abd, and so on. It can be seen that,
with a few exceptions, keywords searched in BFS are sorted
in length and then in alphabetic order, while DFS retrieves
keywords sorted in alphabetic order and then in length (i.e.,
in lexicographical order).

Another important feature to observe is that not all of the
nodes need to be searched. For example, the node 110100
cannot possibly index any object. To see this, recall that
the character positions in a valid keytoken set must be con-
tinuous and start from 1. For a keytoken set T , we de-
�ne a function pos to project the positions in T ; that is,
pos(T ) = fi j hx; ii 2 Tg. For a given node u in our index
hypercube, let Tu be the maximal keytoken set responsi-
ble by u. Then, u cannot index a keyword w of length l if
pos(Tu) does not contain f1; 2; : : : ; lg. The node 110100 is
responsible for the keytoken set fa1; b2; d4g. However, since
it does not contain a keytoken with position 3, it cannot in-
dex a keyword of length greater than two. In fact, the node
cannot even index any object, as any object with a keytoken
set fa1; b2g will be indexed at node 010100, not at 110100.
Likewise, its child node 110101, which is responsible for the
keytoken set fa1; b2; d4; e5g, cannot index any object, ei-
ther. Such kind of nodes that cannot possibly index any
object are called null nodes. They allow us to reduce the
hypercube search space.

To construct a spanning binomial tree like Fig. 5, we need
some ordering on keytokens in T . Assume the alphabets in
A is totally ordered by a relation ‘�’. Then, we de�ne a
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