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Abstract. Scientific advances in the development of video processing
algorithms now allow various distributed and collaborative vision-based
applications. However, the lack of recognised standard in this area drives
system developers to build specific systems, preventing from e.g. content
analysis components upgrade or system reuse in different environments.
As a result, the need for a generic, context-independent and adaptive
system for storing and managing video analysis results comes out as
conspicuous. In order to address this issue, we propose a data schema-
independent data warehouse backed by a multiagent system. This sys-
tem relies on the semantic web knowledge representation format, namely
the RDF, to guarantee maximum adaptability and flexibility regarding
schema transformation and knowledge retrieval. The storage system it-
self, namely data warehouse, comes from the state-of-the-art technologies
of knowledge management, providing efficient analysis and reporting ca-
pabilities within the monitoring system.

1 Introduction

Automatic processing of data coming from video cameras is currently a field
of activity stirring up the utmost attention in the pattern recognition commu-
nity. State-of-the-art advances in this area enable the reliable extraction of huge
amounts of low-level features (e.g. colour, texture and shape of mobile objects,
object tracks. . . ). The analysis and interpretation of this metadata then allow
complex event processing such as event detection and scenario recognition (e.g.
face/object recognition, abandoned luggage detection. . . ). Nevertheless, the way
the produced knowledge is used and shared in closed circuit television (CCTV)
systems calls now for more considerations so as to bridge the gap between specific
analysis algorithms and end-users expectations. For instance, a security opera-
tor may not only want to be informed in case of important event detection, but
also to rapidly and dynamically analyse the produced metadata to understand
how/why an unexpected event has been identified. He may also want to analyse
the generated metadata over a long period, so as to discover general pattern of
events/activities within the monitored architecture. Ultimately, these operations
should be achieved without interrupting the ongoing real-time analysis.
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In this context, the need to centralize and benefit from the extracted meta-
data in an efficient way becomes more and more present. Recent works have
explored the use of dedicated data management systems for video monitoring
purposes [12,20]. In VSAM project [4], results from each video processing units
are archived in an object/event database of known objects, allowing object-
and activity-oriented retrieval. In the IBM Smart Surveillance System [17], the
metadata produced by the surveillance engines is indexed into predefined tables,
providing event-based retrieval. In the SFinX system [16], the trajectory of each
object is extracted using sequence data representation, and stored in the events
database, enabling video retrieval via a variety of attributes. In RETRIEVE
project [15], MPEG-7 metadata descriptors are used to describe video content;
operators can then search the metadata by any available descriptor. Due to the
lack of standards regarding analysis output format and storage, such systems
are usually dedicated to specific contexts and data standards, and rely on rela-
tional databases structured according to these predefined schemas. As a result,
the specification of transmitted data must be a priori known, ruling out any a
posteriori modification of the used schemas and content extraction modules.

In this paper, we present a management system for distributed video process-
ing offering both data schema1 independence and highly reactive behaviours. The
proposed system allows to handle metadata without being aware of its structure
before initialization, thus providing an open, generic and flexible monitoring
architecture. More precisely, our contribution in this context is twofold:

- With the intention of building a real-time distributed system, we first propose
to resort to Agent-Oriented Programing (AOP) to handle metadata transfer, in-
sertion, and retrieval. Indeed, AOP offers a high degree of flexibility, autonomy
and proactivity that has already demonstrated its relevance and suitability for
sharing knowledge in distributed environments [3]. Moreover, we suggest to ex-
ploit the possibilities offered by AOP through a special kind of data-oriented
agent providing an efficient handling of metadata within the system.

- Our second contribution is to use data warehouses’ concept for the storage
task. Data Warehouses (DW) are specific databases which were developed dur-
ing the last decades to meet a growing demand for information management and
analysis that could not be provided by classical databases [11]. Nevertheless, ex-
ploiting DW capabilities in a video analysis environment appears to be very inter-
esting [13], especially due to its ability to support complex queries and analysis on
the stored data without slowing down the on-going analysis task. In this context,
our contribution is to perform the distributed mass storage of metadata using an
RDF-based DW, associated to the agent-oriented environment.

The paper is organised as follow; the application context is firstly presented in
Sec. 2. Sec. 3 then focuses on the storage system architecture, from the knowledge
flow management in the system to the DW specifications. Sec. 4 finally introduces
evaluation results, whereas conclusions and perspectives are drawn in Sec. 5.

1 A data schema is a description format, typically expressed in terms of constraints
on the structure, syntax and content of the description document.
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2 Monitoring System Overview

So as to detail the developed system, it is necessary to precise its operational con-
text as well as the functionalities it intends to take on. The considered monitoring
environment aims at assessing multimedia knowledge-based content extraction
and analysis components developed within the IST CARETAKER project. More
precisely, the project focuses on both:

- the reliable extraction of structured knowledge from data acquired over a
network of camera/microphones (surveillance network of Roma/Torino metros).
This is currently achieved thanks to the investigation of distributed techniques
for real-time extraction of semantic metadata from audio/video data streams;

- the relevant exploitation of the extracted information to ease end-user mis-
sions (metro monitoring by safety/security operators), which is addressed through
event-based retrieval functionalities, and off-line processes of metadata for extrac-
tion of longer term patterns of activity.

Fig. 1 present the architecture of the CARETAKER monitoring environment
in which both on-line and off-line parts are clearly identifiable.

Fig. 1. Design configuration of the audio/video monitoring architecture
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Real-time processing. As depicted in Fig. 1, the acquired audio-visual streams
are analysed by two different real-time modules. In a first time, raw data coming
from the sensors are automatically analysed by a first processing unit responsible
for the low-level features extraction (REAL-TIME LOW-LEVEL ANALYSIS MODULE).
This layer allows to extract some primitive characteristics from the audio/video
raw data such as ambient sounds, mobile objects, crowd density, object tra-
jectories. . . The low-level semantic descriptors (metadata) resulting from this
analysis are then incorporated into the knowledge management system (AGENT-

BASED DATA WAREHOUSE). A second layer of higher-level analysis (REAL-TIME

HIGH-LEVEL ANALYSIS MODULE) then processes the previously computed meta-
data, so as to identify events of interest, such as turnstile jumping, left-luggage
detection. . . Resulting high-level metadata is also incorporated in the DW.

Off-line analysis. Regarding the offline part of the architecture, a knowledge
discovery module (OFF-LINE KNOWLEDGE DISCOVERY MODULE) allows to analyse
the stored metadata using clustering/data-mining techniques. This module aims
at identifying general trends in the stored metadata, computing statistics (flow
of people. . . ) and exploring the relationship between different types of events.

Graphical user interfaces. With respect to both on-line and off-line process-
ing, the extracted information is exploited through two dedicated subsystems.
A first EVENT RECOGNITION SUBSYSTEM offers the standard monitoring inter-
face through a web server, triggering alarms corresponding to events detected in
real-time. It also allows event driven queries on the DW, and retrieval of related
audio/video data. A second KNOWLEDGE DISCOVERY SUBSYSTEM allows users to
query combinations of higher-level semantic event and to run off-line algorithms
on the stored metadata (e.g. to compute statistics about space usage. . . ).

Metadata structure and exchange. As highlighted in Fig. 1, the system
has to handle three kinds of data: results from analysis (performed in low and
high-level analysis modules), queries and replies (mediated by the web-server
and the knoweldge discovery module). In order to guarantee system consistency
and compliance with standards, these three kinds of data share the same markup
language, i.e. the eXtensible Markup Language (XML). In order to avoid sending
raw XML documents over the network, every transferred data is wrapped in an
RSS feed. The data exchange is thus reduced to the handling of an RSS flow.

3 Agent-Based Data Warehousing Architecture

As the way the metadata is generated within the architecture has been delin-
eated, more attention can be given to the knowledge storage itself. The agent-
based system architecture, and more especially the knowledge flow management
and the data-oriented agents used to handle the metadata within the system are
first presented in Sec. 3.1. The knowledge structure used for the storage task, as
well as the DW storage specifications, are then addressed in Sec. 3.2.
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3.1 Agent-Oriented System Description

As mentioned in Sec. 1, the system we propose is composed of two kinds of
agents: process-oriented and data-oriented. As detailed below, process-oriented
agents are in charge of the RSS and knowledge flow management while data-
oriented agents are reactive entities incarnating knowledge pieces.

Process-oriented agents. Fig. 2 sketches the agent system overview and high-
lights the interactions among process-oriented agents. Note that the RSS flow
arrows in the upper part of the figure are the links between the agent-based data
warehousing and the rest of the architecture presented in Fig. 1.
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Fig. 2. Agent system architecture overview

As illustrated in Fig. 2, the roles of the different process-oriented agents are
the following:

– RSSFlowHandler handles the data flow coming from the RSS publishers, and
transmits the XML extracted from the RSS feeds to the concerned agents
(e.g. unwraps and transmits XML to DataHandler, wraps/transmits XML
replies from QueryHandler to the queries’ emitters. . . ).

– DataHandler transmits low-level analysis results to the RSSFlowHandler to
obtain high-level analysis results. It also identifies, from high-level results,
semantic links to add to formerly received metadata and transmits them to
the DataWarehouseHandler.

– DataWarehouseHandler saves data in cache, and transmits commit requests
to DataWarehouse3SHandler. It also removes committed data from cache
after transaction completion. It is last in charge of running queries from the
QueryHandler and returning results.
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– DataWarehouse3SHandler asynchronously saves data on a non-volatile sup-
port, and confirms commit completion to the DataWarehouseHandler.

– QueryHandler handles query execution coming from the RSSFlowHander by
maintaining a pending query queue. It transmits queries to and retrieves
replies from the DataWarehouseHandler.

Data-oriented agents. In order to allow the efficient handling of data within
the system, we developed dedicated data-oriented agents named autotroph agents
(AA) [10]. These AAs form a set of agents corresponding to XML documents
handled by the various components of the system. An AA does not have to be as-
similated to a simple XML document containers as it embodies XML documents
and enables the following operations: self-replication, i.e replicate its structure
and content; self-reification, i.e. retrieve the knowledge stored in the DW and
instantiate its structure with it; self-exportation to XML, i.e. generate an XML
document corresponding to its structure; self-exportation to RDF/query XML
and N-Triples, and optimisation of the graph in order to minimise reification time
and storage space; updating its components; modifying its structure from new
data; merging with other AAs of possibly different types; and applying a mask
on the exported data.

Since the schemas of the XML files coming from low/high-level analysers are
not a priori known, they have to be specified at system initialisation. The struc-
tures of the agents for both level are thus obtained at run-time by interpreting
the low/high-level XML schemas2, and exploiting the AAs adaptive capabili-
ties. More precisely, when a new XML file is received, its type (low/high-level)
is recognised and the matching structure is replicated. The structure of the
replicated agent is adapted and instantiated with the structure/values enclosed
in the XML. An AA is thus a dynamic, and self-managing structure consid-
ered as the smallest knowledge unit processable by the system. Therefore, these
generic, context-independent and adaptive AAs allow to handle any kinds of
XML meta-data in the system, without any restrictions on their format and/or
content.

Indeed, AAs are dormant entities not actually aware of their environment evo-
lutions. The events they handle take the form of Java method calls that cannot,
rightly to our opinion, be considered as agent-level events. Nevertheless, they
do not stop running after the execution of a specific action. They are also goal
driven and interact much with their environment, notably during the reification
phase. What highly differentiates them from classic structures such as vectors is
that they are aware of their own structure and can completely modify and up-
date it. Even though AAs cannot be considered as pure agents, we showed they
represent much more independent and smart structures than traditional object
approaches. Furthermore they are very similar entities to those addressed by the
KidSim [18] and IBM agents [7]. Consequently, even if disputable, we classified
them as data-oriented agents.

2 The XML schemas are designed in Relax NG (REgular LAnguage for XML Next
Generation), which is an XML schema definition language.
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3.2 Data Warehouse Storage

As highlighted previously, a key feature of the monitoring system we propose
is that the schema used for formatting the metadata is not a priori known,
which rules out any a priori storage optimization or database schema definition.
The XML meta-data handled by the system is thus considered as knowledge we
want to structure, manage and store in an optimized and unsupervised way. To
achieve such storage task, we resort to Resource Description Framework (RDF),
a technology used in the semantic web to represent and share knowledge.

Stored knowledge schema. Main advantages of RDF are that stored knowl-
edge is incrementaly built and that no schema need to be a priori determined
before being instantiated. Another interesting feature of RDF is that duplicated
literals in XML files (which are very frequent) are not duplicated in the DW.
Last, syntactically different XMLs can express the same semantic information;
indeed, while XML’s primary function is to describe data, RDF’s primary role
is to describe knowledge. Consequently, using RDF to perform the storage task
yields to a storage-independent data structure providing a more sophisticated
representation of the knowledge than classical raw XML storage.

RDF graphs are defined as sets of triples, also called statements, of the form 〈
subject predicate object 〉. The predicate is a directed arc going from the subject
to the object. It can be seen as a property linking the object to its subject.
For example, one way to represent the notion “Blob has id 5” in RDF is as
a triple made of the subject “Blob”, the predicate “has id”, and the object
“5”. More formally [8], if we define U as an infinite set of RDF URI references,
B = {Ni : i ∈ IN} as a set of RDF blank nodes and L as an infinite set of RDF
literals (e.g. string, int. . . ), a triple (s, p, o) ∈ (U ∪ B) × U × (U ∪B ∪L) where
s is a subject, p a predicate and o an object is called an RDF triple and a graph
G ⊆ (U ∪ B) × U × (U ∪ B ∪ L) is an RDF graph. However, RDF graph-based
approach does not prevent deep tree structures. To avoid following long paths
in XML files, some optimisations on the structure of the schemas have to be
performed. In this context, we propose to reduce the RDF graph to a depth of
four nodes, no matter its initial schema. As highlighted in Sec. 4, this schema
restructuring allows to significantly reduce knowledge retrieval costs.

3store. The storage of RDF graphs is commonly performed in triple stores. For
this purpose, we rely on 3store [9] which is a MySQL backed RDF triple store
implemented in C. The main advantages of 3store are that it performs a reduced
set of inferences, benefits from optimisations realized in MySQL, fully supports
the SPARQL (SPARQL Protocol And RDF Query Language) query language
and appears to better support mass storage.

Cache. Aware of the huge amount of disk access to perform in such a real-time
system, keeping as much information as possible in main memory is of the utmost
importance. The cache memory we use is implemented by means of a red/black
tree guaranteeing query, insertion, and deletion time of O(log n). Each node in
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the tree is an AA whose access, comparison, and deletion key is its unique id
determined by a 64-bit integer.

For brevity reasons, the selection process for the most suitable engine for RDF
physical storage, the concerns and specifications of the RDF-graph depth reduc-
tion, the reification process associated to XML document retrieval, the query/re-
ply mechanisms implemented, the cache dimensioning and purging strategies, as
well as technical motivations related to the agent-oriented data warehousing in
its whole are not presented here. Interested readers should refer to [10] for more
detailed information.

4 Performance Evaluation

In this section, we present results obtained while measuring the system perfor-
mance through the technical/computational point of view; adaptiveness capabil-
ities are also highlighted with respect to the current achievements in the project.
Note that the Video Content Analysis (VCA) used for the evaluation are not
themselves evaluated in this section, but in the referred papers.

4.1 Storage/Retrieval Performance

In a first part, a performance evaluation was performed using low-level VCA
aiming at detecting moving objects (people) in the video streams. Due to the
status of the high-level stubs (under development), XML files produced were
sent over the system to a high-level simulator, which was randomly sending
XML results back at a real-scale rate (from 5 to 25 results per second). While
this configuration does not fully correspond to the final one, it already allows to
validate the real-time aspect and the storage capabilities of the system, as well
as the scalability of the architecture.

For this first set of experiments, different moments of the day with vary-
ing crowd density levels (e.g. rush hour, evening. . . ) from Roma metro CCTV
system were used; the standard for formatting metadata was a subset of the
INRIA (surveillance-oriented) ontology [2]. Tab. 1 summarises the main results
obtained after 50 minutes of video processing at 5 frames per second. Queries
were based on selected values appearing in analysis results (e.g. people ids, time

Table 1. Storage/retrieval performance

System features Value AA capabilities Value

DW size 291 MB

Query (from cache) 3 ms Agent replication 0 ms
Query (from 3store) 50 ms Agent initialisation 5 ms

Reification (from cache) 0 ms Agent → XML 5 ms
Reification (from 3store) 40 ms Agent → RDF 5 ms

Insertion (in cache) 0 ms
Insertion (in 3store) 70 ms
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(a) Evolution of data warehouse’s size over time.

(b) Evolution of data warehouse’s insert number over time.

Fig. 3. Statistics of data warehouse’s storage

intervals. . . ). Values related to query, reification and insertion are average values
for a single XML document.

As highlighted in Tab. 1, the system performance is markedly improved when
using the cache memory. Moreover, this evaluation allows to measure the interest
of the RDF optimisation; the reification time from 3store with a non-optimised
RDF structure (not reported in Tab. 1) was about 1600 ms, whereas the one with
our optimised RDF structure (depth limited to four nodes) is about 40 ms, i.e.
40 times faster. Other basic operations, i.e. replication, initialisation, and conver-
sions, take only some milliseconds to complete, which ensures to fullfill the real-
time constraints. Fig. 3 provides corresponding statistics from the DW part.

During the trial, the system was almost continuously receiving meta-data
coming from the content analysis process; as shown in Fig. 3-(a), the memory
usage of the DW (DW disk storage) has thus grown throughout the trial, ex-
hibiting a ramp-up behavior. Moreover, analysis of Fig. 3-(b) shows that data
rows were inserted in large bursts separated by idle time. This observation con-
firms that the system is caching received data, then writing them periodically
to the database. While such process may not be the most optimal in terms of
DW throughput, it allows to control the front-end system workload, which is of
primary importance. So as to confirm these observations, a similar experiment
was performed for a longer period (around seven hours); corresponding statistics
are provided in Fig. 4.

We can see in Fig. 4 that the ramp-up behavior observed during the first hour
of the experiment is clearly lessened over the time. Indeed, this point highlights
the fact the stored knowledge is incrementaly built; more precisely, when most
of the possible RDF node’ values and their corresponding hashed value (i.e. all
possible XML elements, attributes and corresponding values) have been stored
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Fig. 4. Evolution of data warehouse’s size over seven hours

once, only the triple they are related to has to be stored. In other words, once
a defined position of a bounding box has been stored, next XMLs enclosing this
position will just refer to the firstly stored position, which represent a significant
storage cost reduction and point out the interest of using RDF for the storage
task. Furthermore, another noticeable point is the sawtooth wave form of the
DW size evolution; this can be easily explained taking into account the memory
allocation at the database level; indeed, when additional memory allocation is
needed, the DW content is compressed; this phenomena yields to a significant
decrease of the DW size at each memory reallocation.

Regarding the DW size itself, the entire trial yield to a 700 Mo database
for approximatively seven hours of processing; while this could first appear in-
hibitive, it worth noting that the used schema was voluntarily very verbose, and
that the quantity of stored data was overly huge (and useless), so as to assess
the system scalability for longer and more relevant metadata mass storage.

4.2 Adaptiveness Evaluation

Within the context of the project, the system adaptiveness was then validated by
building the real-scale configuration corresponding to Fig. 1. The used architec-
ture contained five modules including a module for audio/video data acquisition
and streaming. These five modules and the system itself were mapped on a Local
Area Network (LAN) of a dozen of computers.

In a first time, the module responsible for the sensing and streaming of the
data coming from the audio/video sensors was set up. A first VCA module
was used to segment the video frames into a static background and moving
foreground objects [6]. A second one was then activited to track detected objects
over time [1] (see Fig. 5-(a)). A “left-luggage” module was last applied, to detect
objects appearing in the scene and identifying whenever they remain stationary
for a certain duration [19] (see Fig. 5-(b)). Regarding the audio part, an audio
analysis was employed to detect abnormal audio events [5].

During the architecture building, the Relax NG schemas characterizing the
low/high level analysis have been constinuously updated to support newly added
modules in the architecture. At each module adding, the storage system was
restarted using the newly updated schemas. This building allowed to assess the
efficient storage and fast retrieval capabilities of the system.
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(a) Long-term tracking (Roma site). (b) Left luggage detection (Torino site).

Fig. 5. Examples of VCA modules integrated within the system architecture

5 Conclusion

In this work, an innovative system for video analysis results handling in distrib-
uted environments has been presented. The main contribution lies in the use of
an agent-based data warehouse to manage the audio/video analysis metadata.
More precisly, the proposed system is context-independent and allows to handle
metadata without being aware if its structure before initialisation, thus providing
an open, generic and flexible monitoring system. Dedicated kind of agents called
autotroph agents have been also proposed to improve the way the knowledge is
handled within the system. Moreover, RDF graphs were used to efficiently man-
age and store the huge amount of data available. Several optimisations dealing
with RDF graph depth and cache memory usage were also implemented to en-
hance the system reactivity. Local tests conducted with real metadata and in
a real-scale configuration demonstrated the efficiency and adaptiveness of the
proposed system.

Future works will include real-scale evaluations within a complete monitoring
environment, i.e. including different analysis processes running in parallel and
GUI subsystems accessing/querying the system at the same time. The exploita-
tion of the stored knowledge will also be addressed by linking the storage system
with advanced algorithms of knowledge modelling and discovery available in the
project consortium [14].
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