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Abstract. Structured P2P systems are effective for exact key searches
in a distributed environment as they offer scalability, self-organization,
and dynamicity. These valuable properties also make them a candidate
for more complex queries, such as range queries. In this paper, we de-
scribe PRoBe, a system that supports range queries over multiple at-
tributes in P2P networks. PRoBe uses a multi-dimensional logical space
for this purpose and maps data items onto this space based on their at-
tribute values. The logical space is divided into hyper-rectangles, each
maintained by a peer in the system. The range queries correspond to
hyper-rectangles which are answered by forwarding the query to the
peers responsible for overlapping regions of the logical space. We also
propose load balancing techniques and show how cached query answers
can be utilized for the efficient evaluation of similar range queries. The
performance of PRoBe and the effects of various parameters are analyzed
through a simulation study.

1 Introduction

Peer-to-peer (P2P) systems are a popular paradigm for exchanging data among
users in a decentralized manner. Currently P2P systems efficiently support exact
key lookups in addition to offering properties such as scalability, decentraliza-
tion, self-organization, and dynamic node insertion and departure. These valu-
able properties also render them a candidate for more complex queries, such
as range queries. Several techniques have been proposed for supporting range
queries over a singe attribute. Our goal here is to develop a scheme for support-
ing range queries over multiple attributes. Some example applications that can
benefit from a P2P architecture that supports multi-dimensional range queries
are as follows: Resource discovery in Grid Computing [1, 2], publish/subscribe
systems [3], multiplayer games [4], multi-dimensional data sharing in P2P net-
works [5], and P2P databases [6, 7].

In this paper, we describe PRoBe (P2P Range Queries over Multiple At-
tributes using Hyper-Boxes), a P2P architecture that supports range queries
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over multiple attributes. PRoBe maps data items onto a multi-dimensional log-
ical space. This space is divided into non-overlapping hyper-rectangular zones
and each zone is maintained by a peer in the system. Each range query also cor-
responds to a hyper-rectangle in the logical space and is answered by contacting
all the peers whose zones intersect with the query.

Supporting range queries in a P2P system introduces several challenges. Most
of the existing systems that are designed for exact key lookups rely on hashing
data items. Since hashing destroys locality, we cannot hash data items. In or-
der to support range queries we distribute data based on their values. This
distribution, however, may lead to skewed distribution of data in the system
because most real world data sets tend to be skewed. Hence we need to employ
load-balancing techniques to prevent peers from overloading. We also discuss
the utilization of cached query answers for the efficient computation of future
range queries. We propose a mapping that enables peers to advertise their cached
results and to locate the cached results that are similar to a given query.

The rest of the paper is organized as follows. Section 2 surveys the related
work. The design of PRoBe is explained in Sect.3. We describe techniques for
load balancing and incorporating caching into the system in Sect.4. Experimental
results evaluating different aspects of PRoBe are presented in Sect.5. Section 6
concludes the paper.

2 Related Work

Structured P2P systems impose a certain structure on the overlay network and
control the placement of data. For example, Distributed Hash Tables (DHTs) [8,
9, 10, 11] hash both peers and objects onto a logical space and assign each object
to a peer dynamically. They offer very efficient exact key lookups, which is
logarithmic or sublinear in the number of peers. However, hashing prevents DHTs
from supporting range queries. Several studies address this problem and support
range queries over a single attribute by distributing the data tuples based on their
attribute values and using explicit techniques to balance the load over the peers
[12, 13, 14]. These load balancing techniques are based on redistributing data
items among peer pairs and changing the locations of peers in the logical space,
and they achieve constant degree of imbalance ratio among the peers. Another
structured P2P system, Skip Graphs [15, 16], supports range queries over a single
attribute by organizing the peers into a distributed skip list structure based on
their key values. To support range queries, PePeR [17] assigns domain intervals
to peers, whereas the inverse Hilbert curve is used for mapping the attribute
domain to a d-dimensional CAN space in [1]. Data structures for prefix search
in P2P networks are described in [18, 19].

Recently interest has increased to support multi-dimensional range queries.
Ganesan et al. [20] investigate two approaches: 1) SCRAP maps both data items
and queries from higher dimensions to 1 dimension with space filling curves
and then uses existing schemes for routing [15, 16] and load balancing [12], 2)
MURK uses a multi-dimensional logical space to distribute data items among
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peers and to identify peers with data relevant to queries. Mercury [4] creates a
separate overlay for each attribute. Range queries are forwarded to a single hub
based on node-count histograms constructed through a sampling mechanism.
MAAN [2] and Squid [21] map multi-dimensional objects to the Chord identifier
space using uniform locality preserving hashing and Hilbert curve, respectively.
SkipIndex [22] partitions the space into regions and maintains them in a Skip
Graph using their split histories.

PRoBe is built on top of MURK as it uses a logical space for data distri-
bution, routing and query answering. In contrast to MURK, it also proposes
and evaluates techniques for load balancing and investigates the issue of using
cached results. A number of techniques have been proposed for load balancing
in DHTs [23, 24, 13], but they are not directly applicable to PRoBe since they
rely on hashing and require a one dimensional identifier space. The idea of using
cached results for efficient evaluation of future queries in a P2P environment have
been explored in the context of range queries [25, 26, 27], OLAP queries [28], and
conjunctive lookups [29].

Orthogonal to our work, P2P systems have also been used for more complex
functionality such as sharing relational data and query processing [6, 7, 30, 31].
The adaptations of popular spatial index methods, such as R-trees and quad-
trees, for a P2P setting have been devised [32, 33], but these methods still rely
on certain statically fixed parameters.

3 The Design of PRoBe

To support range queries over multiple attributes, PRoBe organizes peers into
a multi-dimensional logical space, similar to that used by CAN [9]. The dimen-
sionality of this space is set to the number of range attributes, i.e., attributes
over which range predicates can be specified1. Each dimension corresponds to
an attribute and is bounded by the domain of the corresponding attribute.

The logical space is divided into non-overlapping rectangular regions called
zones. Each peer in the system is assigned a zone and is responsible for main-
taining the data items mapped to its zone. When a data item is inserted into
the system, it is mapped to the point corresponding to its values for the range
attributes. Figure 1(a) shows a 2-dimensional logical space corresponding to two
range attributes: Ax with domain [100 − 200] and Ay with domain [0 − 80]. The
space is partitioned among 7 peers, P1 to P7. A data item with Ax = 150 and
Ay = 35 is thus mapped to point P (150, 35) and assigned to peer P4. When a
new peer Pn joins the system, it contacts an existing peer Pe in the system. Pe

then splits its zone into two in such a way that both halves contain the same
number of data items and assigns one half to the new peer. In Fig.1(b), peer
P8 joins the system and contacts peer P4, which then splits its zone and hands
over one half to P8. For routing in the system, each peer keeps information (zone
coordinates and IP addresses) about its neighbors in the logical space. During
1 We assume that the number of range attributes is known at initialization time, or,

in the worst case, all attributes can be considered range attributes.
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Fig. 1. Management of the Logical Space

routing, each intermediate hop forwards the message to the neighbor closest to
the destination. Figure 1(b) shows the path for a message routed from P2 to P8.

Range Queries
A range query specifies ranges over a subset of the range attributes. If it does not
specify any range for a range attribute, then the domain of that attribute is used
as the corresponding range predicate. Notice also that equality predicates are
just a special case where the lower and upper bounds of a range are equal. Each
range query then corresponds to a hyper-rectangle in the logical space, which
will be referred to as the query box. Figure 2(a) illustrates two range queries Q1
and Q2, where Q1 ={(116<Ax <160)∧(20<Ay <40)} and Q2 ={Ax >185}.
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Fig. 2. Multi-Dimensional Range Queries

Since the data items and range queries are directly mapped onto the logical
space, locality is preserved and the range queries can be answered by only visiting
the peers with relevant data. All data items that are mapped to a point inside
the query box satisfy the query and have to be returned. Thus answering a range
query requires contacting all candidate peers, i.e., peers whose zones overlap with
the query box. The query answering occurs in two phases in the following order:



336 O.D. Sahin et al.

1. Routing: The query is routed from the initiator to a peer whose zone in-
tersects the query box.

2. Retrieval: The query is forwarded to all candidate peers, which in turn
identify and return qualifying data items.

When routing the query, the initiator sets the destination to the center of
the query box. Each peer that receives the query during routing checks if its
zone overlaps with the query box. As soon as the query reaches a peer in the
query box, the routing ends and that peer initiates the query retrieval. In the
retrieval phase, each peer that receives the request passes over the data items
it is assigned and returns those that satisfy the query to the query initiator. It
also forwards the retrieve request to its neighbors whose zones intersect with
the query box. Hence every peer in the query box will receive the query and
all qualifying data items will be returned. In Fig.2, peer P4 initiates query Q1
and sends it towards the center of the query box, i.e., point q. When the query
reaches peer P7, which is the first peer whose zone overlaps with the query box,
the retrieval phase begins and the query is forwarded to candidate peers P2, P5,
and P6. These four peers then identify the data items matching the query and
return them to peer P4.

4 Improvements

4.1 Load Balancing

Most of the load balancing algorithms proposed for structured P2P systems
cannot be used for PRoBe because:

– They rely on hashing, but PRoBe does not hash data,
– They require peers to hand over their partitions to their neighbors, however

PRoBe uses a multi-dimensional logical space so it is not always possible to
find a neighbor that can be used for merging zones.

Thus we use a load balancing scheme based on virtual servers [23]. The basic
idea is to allow a peer to manage multiple zones rather than a single zone. These
zones are called virtual peers. The load balancing scheme works by allowing peers
to start and stop virtual peers depending on the load distribution. When a peer
P finds that the ratio between the load of the most loaded peer it knows of and its
own load has crossed some fixed threshold T , it initiates the load redistribution
process. First, peer P hands over its virtual peers to the peers responsible for
the neighboring zones. The neighbor with the least load is used for handover.
Then P splits the load with the most loaded peer such that after splitting their
loads are nearly equal. This is achieved by transferring some virtual peers from
the most loaded peer to P and if necessary splitting a virtual peer into two
by dividing it across the current splitting dimension of the virtual peer. The
splitting dimension for a virtual peer is chosen cyclically among all dimensions.
A similar scheme is followed when the load of a peer is above T when compared
to the least loaded peer.



PRoBe: Multi-dimensional Range Queries in P2P Networks 337

A peer joins the system by splitting the load with the most loaded peer it can
find. This splitting is similar to the load distribution process explained above.
The load balancing scheme depends on a peer knowing the most loaded peer in
the system. This can be achieved either by maintaining a separate 1-dimensional
index on the load values [14, 12] or by polling random peers periodically about
their load [13].

4.2 Sharing Cached Results

Caching is a widely used technique in databases for improving query processing
performance. It is also used in P2P systems mainly for improving routing and
lookup performance. For example, peers can cache the identity of other peers
that are the recipient of messages or that return good lookup results. In PRoBe,
we use caching for efficient evaluation of range queries. The idea is that if the
answer of a range query is already computed and cached by a peer, then future
range queries asking for similar ranges can benefit from that result. Note that
the peers usually keep the answers of their range queries locally for a while. In
such a data sharing environment, it is a realistic assumption that peers are also
willing to share their cached results with others. These cached answers then can
be used for efficiently evaluating future queries [25, 26, 27].

To facilitate the sharing and retrieval of cached results, PRoBe allows peers
to share their cached results similar to the way they share data items. A cached
result is mapped to the center point of the corresponding query box in the logical
space. Thus whenever a peer wants to share its cached result for a given query,
it sends an advertise message towards the center point of the query box and the
peer responsible for that point then stores the identifying information, i.e., the
range of the cached result and the address of the peer sharing it.

The query answering scheme presented in Sect.3 should be modified accord-
ingly to consider cached results. A range query is still destined towards the
center of the query box. However, now the routing does not stop when it reaches
a zone intersecting the query box, instead the query is routed all the way to the
destination peer Pd that is responsible for the center point. Pd then checks the
advertised cached results it maintains and tries to locate a cached result that
can be used for evaluating the query answer, i.e., a result that has a high overlap
with the query range. If such a result is found, Pd contacts the caching peer so
that it returns the matching portion of the cached result to the querying peer.
Pd also generates sub-queries for the remaining parts of the query and forwards
them to the corresponding peers. Thus the sub-queries are answered from the
system, whereas the result for the rest of the query is obtained from the peer
sharing the cached result.

This scheme uses the heuristic that if two queries are similar, then the centers
of their query boxes will be close. However it is possible that the centers of two
similar queries can map to different peers. The accuracy of the scheme can be
increased by advertising the cached results for multiple points (e.g., k different
points on the diagonal of the query box) and having Pd also ask its immediate
neighbors for overlapping cached results upon receiving a query. Additionally, in
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order to avoid stale results, caching peers periodically refresh their results and
stop sharing a result after a certain time period. Thus the advertised cached
results are removed from the system if they are not refreshed (for example when
the caching peer leaves the system or stops sharing the result). Using a cached
result is usually more efficient since all the results are obtained from a single peer.
However the result might not be very accurate because there might have been
matching data items inserted or removed after the cached result was computed.
Thus the querying peer specifies in its query whether it is willing to accept cached
results. For example, it might prefer not to use cached results if the accuracy of
the query result is crucial.

5 Experiments

We implemented a simulator in C++ to understand the various aspects of
PRoBe. The domain of each attribute is set to [0, 10000), thus the data space
is a hyper-cube of side length 10000. We run each experiment using a uniform
dataset and a skewed dataset, and report the results for both datasets. The
uniform dataset is created by selecting data values uniformly at random from
the corresponding attribute domain. In the case of skewed dataset, each at-
tribute value is picked from a standard normal distribution, i.e., with mean 0
and standard deviation 1, and then scaled to the attribute domain as follows. It
is mapped to the [-5,5) interval using modular arithmetic, multiplied by 1000 and
added 5000. The insertion of data objects and peers into the system are inter-
leaved such that on the average one peer is inserted per 50 data objects. Queries
are performed once all data and peer insertions are complete. All queries are
hyper-cubes of specified coverage and they are uniformly spread over the data
space. Query coverage is defined as the ratio of the volume of the query box
to the volume of the data space. Each query is initiated at a random peer. We
study different aspects of the system by varying three main system parameters,
namely, the number of attributes (dimensions), query coverage, and the number
of peers in the system. In the experiments where the number of dimensions is
not varied, we use 2 and 4 dimensions as representative dimensions. Similarly
coverages of 10−5 and 10−2 are used as representative query coverages. Unless
otherwise stated, the number of peers in the system is 10000 and the load bal-
ancing algorithm is turned on. However caching is not used by default and is
studied separately to isolate the effects of caching from other parameters of the
system. For more efficient routing, whenever a peer has virtual peers, it considers
the neighbors of all its zones to forward messages.

5.1 Response Time

Response time is the time interval between the time a range query was issued
by a peer and the time the first result is received in response. We measure the
number of hops taken by the query message from the querying peer to the first
candidate peer and use it as an approximation for response time. This cost is
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Fig. 3. Dimensionality vs. Routing Cost

referred to as the routing cost. Even though the number of hops may not always
be an accurate measure in an Internet scale dynamic system, for the purpose of
simulation and for understanding the nature of range query processing by the
system it is a reasonable assumption.

Figure 3 shows that the routing cost decreases with increasing dimensions.
That is because the number of neighbors per peer increases with the increased
number of logical space dimensions, and thus there are more alternatives to
forward the message at each intermediate hop. The routing is efficient for both
datasets when the dimensionality is greater than 3. However the routing cost for
lower dimensions (for 2 and 3 dimensions) is high. Therefore there is a need for
an enhanced routing scheme for lower dimensions. A generalization of the long
distance pointer scheme used in one dimensional schemes might mitigate this
problem. For example, [20] suggests using random pointers and pointers based
on building a one dimensional index on the centroids of zones to speed up routing.
[34] discusses and evaluates different schemes for selecting long distance pointers.
Similarly, [35] shows that it is possible to achieve O(logN) routing performance
in CAN by keeping neighbor pointers at different granularities (Each peer keeps
O(logN) routing information in this case).

While CAN divides the zones evenly between peers during joins, the ex-
pected routing cost is O(dN1/d). In our case the partitioning is with respect
to load and hence the data space is unevenly divided among the peers. We ex-
perimentally measure the impact of uneven partitioning on the routing cost by
varying the number of peers. The results are shown in Fig.4. For 4 dimensions,
the system scales well as the routing cost increases slowly with the increasing
number of peers. However for 2 dimensions the rate of increase is higher. As
already discussed, routing in 2 dimensions can be improved using long distance
pointers.

As seen in Fig.3 and Fig. 4, the routing cost is higher for the skewed dataset.
That is because there are more zones in the system due to our load balancing
scheme, which creates virtual peers to cope with the data skew. The efficiency of
the load balancing scheme will be investigated in Sect.5.4. For the skewed dataset
in Fig.4, there is an unexpected increase in the routing cost in 2 dimensions
around 8000 peers. That is because the number of virtual peers created in the
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case of 8000 was relatively fewer. Note that a peer uses the neighbors of all its
virtual zones while deciding the next hop during routing for efficiency.

5.2 Retrieval Time

Retrieval time is the total time spent in the retrieval phase, which begins once
the query reaches a candidate peer. We use the number of peers that are visited
to retrieve the results as an approximation of the retrieval time. This is referred
to as the retrieval cost. We first vary the number of dimensions from 2 to 9
and measure the change in the retrieval cost. The results are shown in Fig.5
for two different coverages of 10−5 and 10−2 (y-axis is in log scale). It can be
seen that the space partitioning scheme is afflicted by the well-known curse of
dimensionality. The performance degrades rapidly with increasing number of
dimensions. The inefficiency is particularly acute for high coverage.

We also measure the effect of the number of peers and query coverage on
the retrieval cost. Figure 6 plots the retrieval cost against the number of peers.
The retrieval cost increases almost linearly with increasing number of peers.
The effect of query coverage is shown in Fig.7. The performance is excellent
for low coverages and is acceptable for coverages up to O(10−3). Beyond this,
performance rapidly degrades. This inefficiency is more pronounced in higher
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dimensions which limits the utility of PRoBe for higher dimensions. However
queries of high coverage can be efficiently cached as shown in Sect.5.5. Note that
the query coverage affects only the retrieval cost since the routing scheme is
independent of the query coverage.

5.3 Maintenance Cost

In order to maintain the overlay network, a peer has to know all its neighbors and
send heartbeat messages periodically. This is necessary for routing, recovering
from peer failures, and processing range queries. Thus we use the maximum
number of neighbors for any peer and the average number of neighbors over all
peers as measures of the maintenance cost.

In Fig.8, the maintenance cost is plotted against the number of peers. For
both datasets the average number of neighbors remain constant with increasing
number of peers. However due to the uneven partitioning of the zones, the num-
bers are greater than the expected value O(2d) [9]. The number of neighbors
for the skewed dataset is slightly higher than that of the uniform dataset. The
maximum number of neighbors shows a slightly uneven behavior with increasing
number of peers especially for the skewed dataset. This can also be explained by
the uneven partitioning of the space.
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Figure 9 depicts the number of neighbors as a function of the number of
dimensions. The average number of neighbors per peer is low and increases rather
slowly with increasing dimensions. However the maximum number of neighbors
for the skewed dataset shows an uneven behavior with increasing dimensions. In
spite of the uneven behavior two characteristics can be observed from the graphs
for both datasets. The maximum number of neighbors is considerably higher
than the average number of neighbors and the maximum number of neighbors
degenerates to a very high cost for dimensions greater than 6. This is the price
paid for the uneven partitioning of the space.

5.4 Load Balancing

The efficiency of the load balancing scheme is shown in Fig.10. The graph shows
the corresponding number of peers for different values of storage load, i.e., the
number of data objects assigned. In all runs, the load threshold is set to 4 and
new peers join the system by splitting the highest loaded peer. Thus the load
balancing scheme bounds the ratio of load between the maximum loaded peer to
the minimum loaded peer to 4. In the case of uniform dataset, there are no virtual
peers created. That is because the the load in the system is already balanced
without the intervention of the dynamic load balancing scheme. As seen from
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the graph, most peers have load around 40 and the ratio of maximum load to
minimum load is around 2. The dynamic scheme, however, effectively balances
the load for the skewed dataset. In this case, there is one virtual peer per peer
on the average, and the ratio of maximum load to minimum load is slightly less
than 4 (For both dimensions, the maximum and minimum load are 83 and 21,
respectively). Additionally, for both datasets, changing the dimensionality from
2 to 4 does not affect the load distribution.

5.5 Caching Efficiency

The efficiency of the caching protocol is shown in Fig.11. These results are ob-
tained by running 10000 queries for different coverages. The y axis shows the
percentage of the query volume covered by the local cached result that has the
highest overlap with the query box. The percentage of results fetched from cache
hits increases steadily with increasing query coverage. This can be readily ex-
plained since the amount of overlap between different queries is higher for high
coverage queries. In all cases, the cache hit percentage rises to more than 40%
for query coverage of 10−1. The results are higher for the skewed dataset due
to large zones in sparse regions of the space. For a given dataset, the cache
hit behavior with respect to increasing coverage is similar for 2 dimensions and
4 dimensions. Additionally, for any given coverage, the cache hit percentage is
higher for 4 dimensions.

5.6 Discussion

From the experiments we conclude that:

1. PRoBe is best suited for low dimension and low coverage applications. For
such applications, it provides excellent performance with low maintenance
costs. It also scales well with increasing number of peers, which is an impor-
tant criterion for dynamic P2P systems.

2. The routing performance is good for high dimensions. However a long dis-
tance pointer scheme is necessary for acceptable routing performance in low
dimensions. The CAN-like routing alone is inefficient for low dimensions.
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3. For high coverage queries in higher dimensions, PRoBe almost degrades to
broadcasting among all peers (Figure 5). This suggests that for P2P systems
for which these kind of queries are important a super-peer based broadcast
architecture would be more efficient.

4. The above inference is further strengthened by high maintenance cost for
higher dimensions. This can be reduced in exchange for less efficient perfor-
mance by mapping higher dimensions to a lower dimensional logical space.

5. For high coverage queries, the base scheme is not very efficient. However when
combined with caching, large portions of the query results can be answered
from cached results of earlier queries. This is due to the high overlap between
queries of high coverages.

6 Conclusions

In this paper, we have discussed the design and evaluation of PRoBe that effi-
ciently supports range queries over multiple attributes in a P2P environment.
PRoBe is based on a multi-dimensional logical space that is partitioned among
participating peers, and also implements techniques for load balancing and shar-
ing cached range query results.

There are several future directions we want to pursue. We plan to analyze how
PRoBe compares to other schemes. We want to investigate routing improvements
to accomplish more efficient routing in the system by keeping more routing
information at peers. We will also explore the possibility of implementing a
fully dynamic and decentralized tree-like index structure that efficiently supports
range queries.
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