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ABSTRACT
Semantic caching is a technique used for optimizing the evaluation
of database queries by caching  results of old queries and using
them when answering new queries. CoopSC is a cooperative
database caching architecture, which  extends the classic semantic
caching approach by allowing clients to share their local caches in
a cooperative matter. Cache entries of all clients are indexed in a
distributed data structure constructed on top of a Peer-to-Peer
(P2P) overlay network. This distributed index is used for
determining those cache entries that can be used for answering a
specific query. Thus, this approach decreases the response time of
database queries, because the server only answers those parts of
queries that are not available in the cooperative cache. 

Categories and Subject Descriptors
H.2 [Database Management]: Systems; H.3.4 [Information
Storage and Retrieval]: Systems and Software—distributed
systems, performance evaluation

General Terms
Performance, Measurement. 

Keywords
Cache, peer-to-peer system, semantic cache

1. INTRODUCTION
Client side caching is a commonly used technique for reducing
the response time of database queries [2]. Semantic caching [5]
is a database caching approach in which results of old queries
are cached and used for answering new queries. A new query
will be split in a part that retrieves the portion of the result,
which is available in a local cache (probe query) and a query
that   retrieves missing n-tuples for the database server
(remainder query). This approach is especially suited for low-
bandwidth environments or when database server is under
heavy load. Semantic caching was successfully applied for
optimizing the execution of queries on mobile clients or
over lousy-coupled wide-area networks. 
Peer-to-Peer (P2P) networks have been applied successfully
for improving the performance of cache systems [11]. In
consequence, this paper proposes using a P2P approach in
order to enhance the semantic caching technique. The outcome
of these development steps is CoopSC, an approach for
Cooperative Semantic Caching. CoopSC [13] extends the
general semantic caching mechanism by enabling clients to
share their local semantic caches in a cooperative matter.

When executing a query, the content of both the local semantic
cache and entries stored in  caches of other clients can be used.
A new query will be split into a probe, remote probes, and a
remainder query. The probe retrieves the part of the answer
which is available in the local cache. Remote probes retrieve
those parts of the query, which are available in caches of other
clients. The remainder retrieves the missing n-tuples from the
server. 

Consider the following example: the client C1 asks for all the
persons older then 15 (Q1 : select * from persons where age >
15). The server returns the result set, and client stores it in the
local cache. The client C2 asks for all persons between 5 and
10 (Q2 : select * from persons where 5 < age and age < 10). A
subsequent query, executed by C1, which asks for all the
persons younger then 20 (Q3 : select * from persons where age
< 20) will be split in a probe, a remote probe and a remainder.
The probe query retrieves, from the local cache, all persons
between 15 and 20. The remote probe, which will be sent to C2
returns the persons between 5 and 10. Then remainder
retrieves the missing n-tuples from the server (select * from
persons where 0 < age and age <= 5 or 10 <= age and age
<= 15). These sub-queries are executed in parallel and after
their executions their results are integrated into a final result.
This approach increases the throughput of database servers,
because servers only handle the portions of queries that can not
be answered using the cooperative cache. Also, the amount of
data sent by database servers is significantly reduced.

Therefore, this paper solves the following problem: given a
database server and a number of clients that execute queries in
parallel and cache the results of old queries, design an
architecture that allows the cache entries to be shared between
clients.

This paper is organized as follows: While Section 2 discusses
related work, Section 3 outlines the architecture of CoopSC.
Section 4 describes the implementation of a prototype system,
based on the architecture outlined in Section 3. Some initial
evaluation results are presented in Section 5. Finally, some
concluding remarks and an overview of the future work are
given in Section 7. 

2. RELATED WORK
The semantic caching approach was introduced originally in
[5]. This paper describes semantic caching concepts and
compares the approach with page and tuples caching. The
cache is organized into disjoint semantic regions. Each
semantic region contains a set of n-tuples and a constraint
formula, which describes the common property of the n-tuples.
Experiments were performed for single and double attribute
selection queries. [6] runs an extensive performance study of a



semantic caching prototype implementation. It shows that the
performance of semantic cache systems degrades rapidly when
increasing the number of dimensions of the selection predicate.

XCache [3] determines a semantic caching architecture
developed for XML (eXtended Markup Language) queries.
The system implements algorithms for checking the query
containment for XQueries and algorithms that perform query
rewriting.

The first two approaches described ([5], [3]) do not allow
clients to share their caches in a cooperative way. Thus, only
local cache entries can be used for answering queries. In
contrast, CoopSC extends the approach described in [5] by
allowing clients to cooperate in order to increase the efficiency
of caching system. 

The Wigan system [4] caches old results of database queries in
order to answer new queries and to allow for the  entries
cached to be shared between clients. In Wigan, a cached query
Q1 can be used for answering a query Q2 only, if Q2 is strictly
subsumed by Q1. In real world applications, the number of
cases, in which this happens, is limited. In the same way
CoopSC does also support cases, in which there is only an
overlap between Q1 and Q2. A difference between Wigan and
CoopSC is the way, in which the system finds an entry in a
remote cache that can be used for answering a query. Wigan
uses a centralized approach, where a tracker knows the content
of the caches of all clients, while CoopSC uses a completely
distributed approach. A centralized approach may show in
certains cases scalability and reliability problems (the tracker
represents a single point of failure) [9], which can be avoided
in a fully decentralized approach. 

[8] describes a cooperative caching architecture for answering
XPath queries with no predicates. Two methods of organizing
the distributed cache are proposed: (a) IndexCache: each peer
caches the results of its own queries; and (b) DataCache: each
peer is assigned a particular part of the cache data space. The
IndexCache approach has similarities with the CoopSC
approach. In both approaches results of old queries are indexed
in a distributed data structure. The main differences are related
to the type of queries supported and the way, in which  cached
entries are used for answering new queries. While [8] works
with the XML data model and support XPath queries,  CoopSC
is built on top of a relational database and supports selection
queries. XPath queries assumes a hierarchical XML structure
and returns a sub-tree of the structure, while the selection
query return n-tuples which for which a particular predicate is
true.When answering a query, the XPath approach searches for
a cache entry that strictly subsumes the given query. Thus,
partial hits are not supported. In contrast, CoopSC supports
partial hits by splitting queries into probes, remote probes, and
remainders.

ACS (Adaptive Caching Service) [10] is an adaptive caching
service built on top of the Gedeon data management system
[12]. It provides a flexible programming interface that allows
for new types of cache approaches to be implemented. The
system does a separation between query and object caches. It
also allows cache entries of clients to be shared in a
cooperative matter. The cooperation is done using a flooding
approach, but the ACS allows new types of cache resolution to
be added. In order to overcome the scalability issues of
flooding, the clients are divided into communities. Thus, only
clients that are in the same community can cooperate. CoopSC
uses a distributed index in order to determine which remote

cache entries can be used for answering a query. ACS handles
point queries, while CoopSC supports range selection queries.
Also, ACS only supports strict hits between query entries,
while CoopSC also handles partial hits.
In summary, Table 1 illustrates the key differences between
the semantic caching approaches investigated. 

3. ARCHITECTURE
The new CoopSC approach developed handles the execution of
range selection queries. Its architecture must allow clients to
store  results of old queries and use them for answering new
queries. A mechanism must also be provided to allow  cache
entries to be shared between clients.
Similarly with the approach presented in [5], the local cache is
organized into disjoint semantic regions. A semantic region is
defined as a set of n-tuples and a constrained formula which
determine the common property of the n-tuples. Clients
interrogating a specific database server form the P2P overlay
network, which is used for indexing the semantic regions.

3.1 Components
The main components of the CoopSC architecture are
illustrated in Figure 1
The Query Executer handles the execution of queries. It first
splits the query into probe, remote probes and remainder sub-
queries. Further, it executes each sub-query, in parallel, by
accessing the local cache entries or by sending it for execution
to either a different client to database server. After an

Table 1. Cooperative Semantic Caching Approaches

Approach Data 
Model Query Types Cache Hit 

Types
Resolution 

Method

Wigan [4] Relational Range 
selections

Strict Centralized 
tracker

XPath 
IndexCache 

[8]

XML XPath
(no predicates)

Strict Distributed 
index

ACS [10] Gedeon Point queries Strict Flooding

CoopSC 
[13]

Relational Range 
selections

Strict, 
Partial

Distributed 
index

Figure 1. CoopSC Architecture
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execution of sub-queries, the Query Executer integrates their
result sets and returns the final result of the query. It also
handles the execution of queries, which originated from other
clients. 

The Cache Manager (cf. Figure 1) stores  semantic regions and
implements the LRU (Least Recently Used) replacement
policy. LRU is motivated by the concept of temporal locality: a
recently used entry has a good chance to be used the near
future.. The distributed index must be synchronized with the
content of the clients’ caches, thus when a semantic region is
added or removed from the cache it. updates the distributed
index 

The Query Rewriter (cf. Figure 1) splits a query into probes,
remote probes, and remainder sub-queries. In the first step, the
Query Rewriter determines the probe, which is the part of the
query that is available in the local cache. This is accomplished
by scanning local semantic regions and checking, if they
overlap with the query. This first step also returns the local
remainder, which represents the portion of the query, which is
not available in the local cache. In order to determine remote
probes and the remainder, the distributed index is interrogated
with the local remainder. The query rewriting process in
illustrated in Figure 2.

All semantic regions are indexed in a Distributed Index
(illustrated in Figure 1. The purpose of the distributed index is
to make the query rewriting process efficient. For each query
given as input the distributed index component returns a list of
semantic regions that semantically overlap the query and
minimize the portion of query that must be executed by the
database server. The distributed index is described in
Section 3.3.

The Database Executer (cf. Figure 1) execute queries on
database server and returns result sets, while the Peer Executer
executes queries that return n-tuples from the semantic caches
of other CoopSC clients. 

The CoopSC API (Application Programming Interface) is a
programming interface that allows writing applications that
use the CoopSC architectures

3.2 Interactions
The interactions between the CoopSC components are also
illustrated in Figure 1.

The Query Executer first the split the queries into probes,
remote probes and remainder using the Query Rewriter (5).
The sub-queries are executed by either accessing the local
cache (6) or sending them to Peer Executer (4) or to Database
Executer (3).

The Query Rewriter first accesses the local cache (8) in order
to calculate the probe and local remainder. Remote probes and
the remainder are calculated by interrogating the distributed
index (8).

The CoopSC API provides an interface that allows the
execution of database queries. The queries are first parsed (1)
and then sent to Query Executor (2). 

3.3 Distributed Index
This section describes the distributed structure that is used for
indexing semantic regions. Only single attribute selections are
considered, but, afterwards, the way in which this approach
can be generalized for multi-attribute selections is presented. 

As mentioned in the beginning of the section, semantic regions
are defined by a set of n-tuples and a predicate. Under the
given assumptions, the predicate is a single attribute selection.
(Example : 10 <= age and age <= 30 or 40 <= age and age
<= 50 ). Queries are also single attribute selections (Example :
select * from persons where 20 <= age and age <= 45 ).
Single attribute selection predicates can be represented as sets
of non-overlapping intervals (Example: {[10, 30], [40, 50]}).
This representation will be used for both semantic regions and
queries. Semantic regions must also contain information about
the clients that store them and local identifiers, for
differentiating regions stored by the same client. In order to
simplify the notation, the name of selection attribute is
discarded. Thus, a semantic region is represented as a triple
that contains the address of the client, the local identifier and
the set of intervals (Example: R = (192.168.100.40, 1, {[10,
30], [40, 50]}) while a query is represent as a set of intervals
(Example: Q={[20, 45]}). 

3.3.1 Problem Description
Given a query Q, the distributed index must return a list of
semantic regions that overlap the query and minimize the part
of the query that is not covered. The result is named the
rewriting of query Q. 

Example: 

Consider the following four semantic regions: 

• R1=(192.168.0.100, 1, {[10, 30], [40, 60]}), 

• R2=(192.169.0.202, 2, {[100, 120]}), 

• R3=(192.168.20.23, 4, {[20, 50], [180, 190]}), 

• R4=(192.168.0.100, 2, {[80, 90]}), 

and a query Q={[0, 50]}. The semantic regions R1 and R3
minimize the portion of query Q not covered ([0, 9]).

3.3.2 Solution 
DST (Distributed Segment Tree) [14] is a distributed data
structure that supports the execution of range and cover queries
in a structured P2P environment. DST was adapted in order to
support the type of queries described in Section 3.3.1.Figure 2. Query Rewriting
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Figure 3 illustrates the distributed segment tree for the interval
[0, 7]. Each node of the tree is stored in a member of the P2P
overlay. The association between nodes and peers is done by
applying a hash function on intervals and selecting, for each
interval, the peer that has the closest ID to the hash value. 
These intervals from the tree are available in the form of [x *
2y , (x + 1)* 2y - 1], which are called dyadic intervals [6]. Any
interval of size R can be expanded by a union of no more then
2*log R dyadic intervals [6]. Example: the interval [2, 6] can
be expanded as [2, 3], [4, 5], [6, 6] (cf. Figure 3).
Semantic regions are indexed in the following way: intervals
associated with regions are expanded into dyadic intervals. For
each dyadic interval, the DST stores the client’s address and
the local identifier. Example: when indexing the region
R=(192.168.0.1, 4, {[2, 6]}), nodes [2, 3], [4, 5] and [6, 6] will
store the entry (192.168.0.1, 4). 
In order to determine the rewriting of a query, its intervals are
expanded into dyadic intervals. The rewriting is calculated
separately for each dyadic interval, in the following way: if the
node associated with the dyadic interval contains entries, the
first entry is returned. Example: interval [4, 5] has entries,
thus, the region (192.168.0.1, 4) is returned. Otherwise,
ancestor nodes (e.g., parent, grandparent) are checked. If any
of ancestor contains entries, the first one is returned. Iterating
through ancestors is done in logarithmic time. Example:
interval [2, 2] does not have any entries, but its parent has.
Thus, region (192.168.0.1, 4) is returned. If no such ancestors
are found, the rewriting must be calculated by checking
descendant nodes. Example: the rewriting of interval [0, 3] is
the region (192.168.0.1, 4), which is only present in node [2,
3]. In order to avoid accessing all descendants nodes, which is
executed in linear time, for each node, the rewriting that
contains only descendant intervals is precalculated, when
semantic regions are added to the index. Thus, for each dyadic
interval, the distributed index stores the set of semantic regions
that contain the given interval and the rewriting that contains
only descendants nodes. 
Figure 5 illustrates the content of the distributed index after the
regions (192.168.0.1, 4, {[2, 6]}) and (192.168.0.1, 5, {[1, 2]})
were added. R is set the regions that contains the given interval
while L is the rewriting that contains only descendant nodes. 
For each node, the rewriting L is calculated in the following
way: if the left child contains regions, the first regions is
added; otherwise left child’s L rewriting is added. The same
operation is executed for the right child. The algorithm is
presented in Figure 4. When adding or removing semantic

regions in the index, the L rewriting is recalculated for all
ancestors nodes. This operation is performed in logarithmic
time.l
DST can be generalized to work with multiple dimensions
[14]. For d dimensions, each node has 2d children. [14]
describes how a multi-dimensional interval can be expanded
into dyadic multi-dimensional intervals. The rest of the
algorithm for calculating the rewriting is independent of the
number of dimensions. 

4. IMPLEMENTATION
A prototype C++ implementation of the CoopSC architecture
was developed. The implementation works with the
PostgreSQL database and uses the Chimera P2P overlay [15].
PostgreSQL was chosen because it is free, full-feature, and a
very mature database system. Chimera is a light-weight and
efficient P2P overlay developed in C++. 
In order to demonstrate the functionality of the CoopSC
architecture, a graphical user interface (GUI) was also
implemented. The CoopSC GUI enables users to execute SQL
(Structured Query Language) queries using the CoopSC
cooperative cache. Both the result of the execution and the way
in which the query was executed are displayed Figure 3
illustrates the CoopSC graphical user interface. The
application windows is divided into three parts. The upper-left
text box allows user to enter queries that are to be executed

Figure 3. Distributed Segment Tree

[0, 7]

[0, 3]

[4, 5][0, 1]

[4, 7]

[2, 3] [6, 7]

[0, 0] [1, 1] [2, 2] [3, 3] [4, 4] [5, 5] [6, 6] [7, 7]

procedure calculateL(node)
begin

node.L = {}
if (isLeaf(node)) return
if (not node.left.R.empty()) 

node.L = node.left.R[1]
else

node.L = node.left.L
if (not node.right.R.empty()) 

node.L = node.L U node.right.R[1]
else

node.L = node.L U node.right.L
end

Figure 4. Descendant Rewriting Pseudo-code
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[0, 0] [1, 1] [2, 2] [3, 3] [4, 4] [5, 5] [6, 6] [7, 7]
R={ (192.168.0.1, 4) }
L={}

R={ (192.168.0.1, 4) }
L={}

R={ (192.168.0.1, 4) }
L={ (192.168.0.2, 5, [2, 2]) }

R={}
L={ (192.168.0.1, 4, [4, 5]),
      (192.168.0.1, 4, [6, 6]) }

R={}
L={ (192.168.0.2, 5, [1, 1]) , 
      (192.168.0.1, 4, [2, 3]) }

R={ (192.168.0.2, 5) }
L={}

R={ (192.168.0.2, 5) }
L={}

R={}
L={ (192.168.0.2, 5, [1, 1]) }

R={}
L={ (192.168.0.2, 5, [1, 1]), 
      (192.168.0.1, 4, [2, 3]), 
      (192.168.0.1, 4, [4, 5]),
      (192.168.0.1, 4, [6, 6]) }

R={}
L={ (192.168.0.1, 4, [6, 6]) }

Figure 5. CoopSC Distributed Index



using CoopSC. The lower-left table displays results of query
executions. The right side of the window contains a tree
structure that shows how queries were split into probe, remote
probes and remainders. 

The UML (Unified Modeling Language) diagram of the
CoopSC implementation is illustrated in Figure 7. 

The Query Executer component is implemented using the
classes coopsc::Connection and coopsc::PeerServer. The class
coopsc::Connection handles the execution of local queries
while coopsc::PeerServer handles the execution of queries
originated from other clients.

The classes coopsc::PeerPool and coopsc::Peer implement the
Peer Executer component. coops::PeerPool maintains a list of
connections to other clients (instances of coopsc::Peer class).
Maintaining such a list increases the performance of the
system because a single connection can be used when
answering multiple queries

The class coopsc::CacheManager contains a list semantic
regions. Each semantic region is modeled as an instance of the
class coopsc::Region.

The distributed index is implemented in the class
coopsc::p2p::DSF. The distributed index accesses the Chimera
P2P overlay when a new entry is added or removed from the
index.

The class coopsc::QueryRewriter implements the query
rewriting algorithm, as described is Section 3.

5. EVALUATION
The CoopSC system was evaluated using a PostgreSQL
database server and a number of clients that execute, in
parallel, single attribute selection queries on a indexed
unclustered attribute. Servers and clients are locate in the same
LAN (Local Area Network), as shown in the evaluation
scenario setup as illustrated in Figure 8. The set of same
queries were executed under three different scenarios: (a)
without using the cache; (b) using only the local semantic
cache; and (c) using the cooperative semantic cache. In each
scenario, the average response time was measured.  
The evaluation was done using the Wisconsin benchmark
relation [1] of 10 million n-tuples, where each n-tuple contains
208 bytes of data. Each query is a range selection on unique1
attribute (Example: select * from wisconsin where 4813305 <
unique1 and unique1 < 4823306), which returns 10,000 n-
tuples. Similarly with the evaluation of other cache
architectures [5], [6], queries executed by each clients have a
semantic locality. For each client, the centerpoints of queries
were randomly chosen to follow a normal distribution curve
with a standard deviation of 180,000. Means of these curves
are uniformly distributed over the range of the unique1
attribute. 
The size of clients’ caches is 64 MB. The number of clients are
varied from 2 to 45. When 45 clients are used the response
time for the no-caching scenario becomes unreasonable high
(more then 13 seconds) and the evaluation is stopped. Clients
first execute 50 warm-up queries. The response time, for each
client, is calculated by averaging the response time of
following 500 queries. In order to determine the average
response time of a particular scenario, the response times of all
clients are averaged again. The warm-up queries were
necessary in order to make sure that the clients’ caches are full
before starting these measurements. In order to improve the
precision, a single measurement is made after the execution of
500 queries and the average response time is computed by
dividing the result obtained to the number of queries. 
Key results of this evaluation are presented in Figure 9. As it
can be seen, the response time of the cooperative caching
approach is lower compared to the scenario when no caching is
used or when only local semantic caching is utilized. As the
number of clients increases, the database server has to handle
the execution of more queries in parallel, thus, the average
response time increases. When running queries using the
semantic caching approach, the server has to execute only parts
of these queries that were not found in local caches of these

Figure 6. CoopSC GUI

Figure 7. CoopSC UML Diagram
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clients. This decreases the average response time. When using
CoopSC, cache entries are shared between clients. This causes
a further decrease of the average response time, because the hit
rate of the cache system increases.

6. DEMOSTRATION DESCRIPTION
The demonstration to be shown consists of a running
PostgreSQL database server and a number of CoopSC-GUI
instances that execute various selection queries. Results of
queries executions and the way in which the original queries
were split into probes, remote probes, and remainders are
displayed. Response times of queries are also shown and
compared with the classic semantic caching approach. This
clearly demonstrates the performance improvements of
CoopSC architecture.

7. CONCLUSIONS AND FUTURE WORK
This paper presents CoopSC, a cooperative semantic caching
architecture, that optimizes the execution of database queries
by caching old query results in order to answer new queries,
allowing clients to share their cache entries in a cooperative
matter. The key components of the CoopSC architecture were
described, details outlined, and implemented. The proposed
architecture was evaluated and compared with the classic
semantic caching approach. The evaluation results show that
CoopSC reduces the response time of range selection queries
when the database server is under heavy load. 

Further experiments will investigate how the size of the
selection, size of the cache and semantic locality of the queries
affect the performance of the system. Evaluations for multi-
dimensional selections are also planned. 
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Figure 9. Evaluation Results


