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Abstract

We introduce the XML database architecture to
build very large, scalable, loosely structured distributed
data storage.

Traditionally data is regarded as passive records
operated by DBMS software. Our idea is that every data
unit should be active, capable of communication with
other data units and database clients. Combined with the
special overlay structure incrementally formed by data
units (Metrized Small World Graph) this provides for
effective distribution of data units among database servers
and unbounded scalability of the resulting storage
ensuring logarithmic search and append complexity.

Each active data unit is represented as an XML
document addressable by a unique URL having a locally
stored extendable set of XLink links to other data units,
and a software module driving the communication with
other data units and clients. Search in this structure is
performed by sequential and/or parallel crawling
following the links in the list obtained on each step.

The active data units communicate by sending
XML messages over a transport protocol such as HTTP.
The communication includes the retrieval of XML
content and link lists, addition of new links, calculating
query relevance and work delegation (so that every unit
can actively propagate the process initiated or mediated
by another unit).

Since there are no central controlling nodes in
the structure, multiple processes of adding new data units
and searching for existing data can be performed
independently and simultaneously, and begin with any
existing data unit. Moreover, because the data units are
active, these processes may propagate on they own
without being fully dictated by originator. This allows
distribution of the data processing along with distribution
of the data itself.

We have built a prototype implementation of the
architecture. The analysis of the small world overlay
structure properties confirmed the possibility of building
efficient XML data storages which contain hundreds of
petabytes of data.
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1 INTRODUCTION

The traditional approach to building databases
can be characterized by the following statements:

1. Data items are considered passive entities
operated by the DB management software.

2. Data items are stored in centralized structures
with a single entry point.

But modern applications set the requirements
which make this model not optimal, namely the
requirement to store and process large amount of data
generated by steadily increasing number of uncoordinated
sources having no common control center and queried by
numerous and uncoordinated data consumers. To fulfill
this requirement, new data storage architectures are
required with the following properties:

1. Decentralization of both data and data access,
since the sources of data and queries are
uncoordinated and geographically distributed.

2. Ability to retrieve data in relatively short time
compared to the large volume of data in the
storage.

3. Scalability, because the amount of data and
query sources grows constantly.

4. Ability to work with weakly structured data,
since imposing restrictions on the structure of
data elements generated by numerous
uncoordinated sources is impractical.

The Active Data Units section describes the
proposed method of data item representation which
provides for decentralization and distribution of both data
and processes pertaining to the data. The Overlay
Metrized Small World Structure section describes the way
to connect data items which allows for finding the
relevant data in relatively short time even when number
of data items is huge and constantly growing, permitting a
multitude of search and addition processes occurring at
the same moment of time. In the Processes section we
describe how the aforementioned processes are
performed. Finally, the Simulation section provides
analysis of the properties of Metrized Small World
Overlay structure.



2 ACTIVE DATA UNITS

Each active data unit (ADU) consists of the
following components:
1. XML content.
2. List of XLink links to other ADUs.
3. Message processing module (the active
component).

Each of these components has a unique URI
which is a sub-URI of the base URI of the active data
unit, so that if the URI of any of components is known,
the URIs of other components can be trivially calculated.
Links in the list (2) point to the base URIs of other ADUSs.
The links to other ADUs are not semantically related to or
embedded in the XML content and serve no purpose other
than creating the overlay network to facilitate the search
process. The message processing module is represented
by an in-memory object (class instance) containing the
module state which is linked to the executable code
shared by message processing modules of all ADUs on
the same server. Thus the state of the message processing
module is the component of the ADU to which it belongs
while the executable code of the module is a shared server
component.

ADUs communicate with each other and with
non-ADU actors (such as database clients) by means of
XML messages. Each message contains the following
information:

1. Message identifier which determines the
semantics of processing of the message.

2. List of string parameters which further specify
the details of processing.

3. List of attached XML documents involved in the
processing of the message.

Messages are exchanged in request-response
manner, which means that after a message is processed,
the response message is returned to the sender of the
original message. If HTTP is used as transport protocol,
the original message would be sent in an HTTP POST
request and the response message would be received in
the HTTP response. The latter means that non-ADU
agents are not required to have URIs in order to send
messages to and obtain responses from ADUs, but cannot
receive messages other than responses to their own
messages.

Active data units use resources of the server
which hosts them and their base URIs are sub-URIs of the
server base URI. Therefore at the network level the
storage can be viewed as a set of servers processing
ADUs and exchanging messages pertaining to those
ADUSs, which is different from the approach described in
[1] in that all servers play the same role (there are no
“superpeers”). But ultimately the ADUs, not the servers,
are the endpoints of communication; hence the

distribution of ADUs between servers is irrelevant to the
semantics of the communication, influencing only the
time which is necessary for the messages to reach the
destination. The communication of ADUs processed by
the same server is logically indistinguishable from the
communication of ADUs processed by different servers
but can be significantly faster because the network is not
involved. Thereby the proposed architecture can be
considered as an unstructured p2p system with storage
and execution autonomy according to the classification
provided in [2].

The following operations are possible on ADUs:
Retrieve XML content of the ADU.

Retrieve the list of links of the ADU.

Add a link to the list of links of the ADU.
Calculate the metric value between the XML
content of the ADU and a given XML document
(the metric values are described in the section 3).
Each operation is initiated by sending a message
with the corresponding identifier to the target ADU. The
result of the operation is retrieved in the response
message.
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3 OVERLAY METRIZED SMALL
WORLD STRUCTURE

The overlay Metrized Small World graph
structure (MSW, described in greater detail in [3]) is
formed by the ADUs which represent the vertices of the
graph and the links locally stored in each ADU which
represent the edges of the graph. For every link (A, B)
stored in ADU A, there is a reverse link (B, A) stored in
the ADU B, so the MSW graph can be considered
undirected. No ADU can contain a link to itself.

To ensure that the overlay structure formed by
ADUs has the properties listed in the Introduction section,
the following requirements must be met:

1. Any ADU in the structure must be able to serve
as an entry point of access to other elements.
This is necessary for decentralization since
having fixed entry points would create a
bottleneck for data access.

2. A relatively short path must exist between any
two ADUSs to ensure search in a small number of
operations compared to the number of ADUs.

3. Any ADU must store a relatively small number
of links so that the access to individual links will
not present storage and search complexity
problems in itself.

There are also requirements pertaining to the
method of construction of the structure rather than to the
structure itself:
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Figure 1. Active distributed MSW XML database architecture.

1. The structure must be formed incrementally with
the addition of new ADUs, i.e. the addition of a
new ADU must not require reconfiguration of
the links between previously added ADUs.

2. The addition of a new ADU must not require
iteration over the whole set or a large subset of
ADUs.

Nowadays the structures are known which
satisfy the three requirements above: the Small World
graphs [4, 5, 8]. It was noted that the Small World graphs
have the following properties:

1. Power law vertex degree distribution.

2. The average shortest path length between two
vertices proportional to the logarithm of the
number of vertices.

3. The clustering coefficient independent of the
number of vertices.

The existing methods of construction of Small
World graphs described in [9] are not suitable because
they fail to satisfy the second structure formation
requirement above by requiring the iteration over the
whole set of vertices each time a new vertex is added.
There is also a way to reorganize the data in a peer to peer
system to establish the small world properties described in
[10], but it fails to satisfy both requirements on the
construction of structure by requiring both iteration over

the whole set of links and rewiring of the existing links.
The dynamic incremental Small World graph construction
method in application to MSW structure which satisfies
both requirements is described in the Processes section.

The Small World graph structure is a necessary
prerequisite for effective search since it ensures the
existence of a short sequence of links between any two
ADUs. But there also must be a way to find this sequence
without trying any possible direction on each step, i.e.
there must be some useful measure of proximity of an
ADU to the search pattern which will govern the choice
of the next link on each step. Furthermore, a proximity
measure between ADUs is necessary for construction of
the structure in order to make the relative position of the
elements consistent with the search algorithm, i.e. to
create useful pattern-to-ADU proximity gradients and to
clusterize similar ADUs. The latter means that ADUs
which are measured as close to each other are separated
by a smaller than average number of links.

We propose the unified proximity measure
between ADUs or between the search pattern and an
ADU which we call the semi-metric. The semi metric is
calculated between two arbitrary XML documents, i.e.
either between the contents of two ADUs or between the
content of an ADU and the search pattern. The search
pattern is considered to have the same structure as ADUs



which are expected to match the pattern having relevant
XML elements or attributes set to specified values and
irrelevant XML elements omitted from the pattern.

Figure 1 gives an overview of the proposed
architecture on the component level. Multiple ADUs are
hosted by each MSW server and share the common server
software platform. The servers are connected by a LAN
allowing multiple servers per a single local area network.
Ultimately each server can connect to any other server via
WAN.

4 PROCESSES

There are three possible processes in the MSW

structure:
1. Modifying existing ADUs.
2. Searching for existing ADUs.
3. Adding new ADUs.

The first process is performed by marking the
ADU being modified as obsolete and creating a new
version of that ADU with different URI and modified
data. While this may be considered inefficient from the
storage space usage point of view, this approach preserves
the existing links of the ADU being marked as obsolete
thereby retaining the small world properties of the
structure without link rewiring. MSW-preserving obsolete
ADU removal is a subject of further research. The ADUs
marked as obsolete will not appear in search results but
still can serve as intermediate points in a search process.
There is also the possibility to use these obsolete ADUs to
query the data pertaining to the particular moment in the
past by returning obsolete versions of ADUs instead of
the actual ones if the actual ones were added after the
specified moment of time.

Assuming that the search process can be reduced
to set operations on the sets of results of searching ADUs
which are relevant to a set of patterns, we will further
consider the search process as process of finding ADUs
relevant to a single search pattern.

The search process in the MSW storage starts
from an arbitrarily selected ADU (the entry point) and
continues by following the links obtained on each step
until the relevant ADU is reached or the time or step
number quota is exhausted. If more than one relevant
ADU is expected, the process can be branched after
acquiring the first result ADU to obtain the entire set or a
subset of relevant results. The relevance of an ADU to the
query can be expressed as a function of the semi-metric
value between the ADU and the query, which is the key
difference from the hash-like approaches described in [6]
and [7] where only complete key matches are found. The
branched process is limited by the boundary of the
relevant ADU cluster. Additionally, a maximum depth
constraint can be applied to the branches to further limit
the number of obtained results and search time.

We propose the following algorithm of adding
new ADUs to the existing MSW structure, which is also
the algorithm by which the MSW structure is
incrementally constructed. In this algorithm nis the
number of algorithm steps per single addition (determines
MSW characteristics preservation), m is the number of
links established by the ADU being added, n > m.

Let’s assume that the structure already contains
i —1 ADUs and we want to add the i-th ADU. Then the
algorithm is as follows:

1. Arbitrarily select an ADU v, where
1<k<i-1

2. Let VisitedList be the set of visited ADUs.

3. Let CandidateList be the set of candidate ADUs
for link establishment sorted by value of semi-
metric to v; in ascending order.

4. Assume that CandidateLists initially contains
only v,.

5. Forj<—1tondo

a. Sort CandidateList by value of semi-
metric to v; in ascending order.

b. Select the first ADU p from
CandidateList not  contained in
VisitedList. If no such ADU exists then
break.

c. Add p to VisitedList.

d. Add the set of p neighbor ADUs to
CandidateL.ist.

6. Mutually connect the v; ADU with m arbitrary
ADUs from VisitedList.

One  important  consequence  of  the
decentralization of the MSW structure is that processes in
it can be performed entirely independently and
simultaneously since they are unlikely to involve the same
ADUs. If the process P1 involves the set of ADUs A1 and
the process P2 involves the set of ADUs A2, they can
occur totally asynchronously (i.e. not causing each other
to wait for a common resource) if A1nA2=0. If
A1 n A2 = Ac # @, a separate synchronization lock will
be required on each ADU from Ac, assuming the worst
case of ADUs processing messages sequentially. This will
only cause either P1 or P2 to wait for a lock if they
happen to access the same element from Ac
simultaneously.

The processes in the MSW database can be
driven either externally or internally. In the former case a
database client communicates individually with each
ADU involved in the process, making the decision on
each step regarding how the process will continue. The
ADUs only respond to the messages described in the
Active Data Units section without initiating any messages
themselves. In this approach the client has full control
over the addition and search processes, which has the
disadvantage of the fact that consistence of the MSW



structure is dependent on the compliance of each client
with the addition algorithm described above.

The internal approach to the processes control
consists in creation of a special ADU containing the
search pattern which does not participate in the MSW
structure, but communicates with the ADUs of the MSW
structure to obtain search results in the same way as a
client would communicate with ADUs in the external
approach. The communication of the search pattern ADU
and the client can be arranged as follows:

1. The client creates the search pattern ADU As.

2. The client sends the search initiation message
Msi to As and waits until As responds.

3. As performs the search process and sends the
response message Msr back to the client
containing the set Sr of URISs of the result ADUs
in the form of an attached XML document
containing XLink links to each result ADU.

4. The client reads the result set Sr from the Msr
message and retrieves the contents of the result
ADUs.
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The addition process using the internal approach
is performed in a similar way, but the acting entity is the
ADU being added.

The advantage of the internal approach is that all
actions of the ADUs are controlled by the server software
as opposed to the client software in the external approach.
Therefore the responsibility for MSW structure
consistency lies on the servers, not on clients, which is
preferable from the security and reliability point of view.

5 SIMULATION

We provide the results obtained from execution
of the proposed ADU addition algorithm using XML
media item descriptions as test data. Structures containing
1000, 5000 (not shown on the graph), 10000 and 20000
elements were assembled using this algorithm. The graphs
of vertex degree and shortest path length distributions are
shown on Figures 2-4. On Figure 5 you can see how the
average shortest path length between vertices changes as
the number of vertices in the structure increases.
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Figure 2. Vertex degree distribution and shortest path length distribution. The number of vertices in the structure is 1000.
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Figure 3: Vertex degree distribution and shortest path length distribution. The number of vertices in the structure is 10000.
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Figure 4. Vertex degree distribution and shortest path length distribution. The number of vertices in the structure is 20000.

4,5

IS

w
%}

0/'/

&
<4

y=0,377In(x) + 0,3074

]
oW

[N}

Average Path Length

-
%}

[

o
n

T
100 1000

T
10000

Verex Count

1
100000

Figure 5. Average shortest path length vs. vertex count.
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