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Preface

Human information processing often involves the recognition, storage,
processing and retrieval of visual and multimedia information. Although
vast amounts of multimedia information are being continuously generated in
a variety of applications, current information systems are incapable of
dealing with them effectively, as these systems are primarily designed to
function with symbolic and structured data. While there is no difficulty for
humans to flexibly recognise and retrieve the contents in multimedia data,
this presents severe difficulties for current information systems.

Present day information systems are mainly based on alphanumeric
information, sometimes augmented by graphical RAD (Rapid Application
Development) tools together with simple diagrammatic and charting
techniques. The effective use of visual information for organisational
applications has been limited and is mostly confined to highly specialised
applications. Recent trends in the development of computer technology
have resulted in endowing machines with abilities to operate more like
humans, and future information systems will be required to have the
capability to process and retrieve visual information in a routine and
efficient manner.

Next generation information systems will have a high visual content, and
there will be a shift in emphasis from a paradigm of pre-dominantly
alphanumeric data processing to one of visual information processing. This
will lead to the development of a new kind of information system: Visual
Information Systems (VIS). While there has always been a demand for
visual information, the technology for such systems was either immature or
unavailable in the past. VIS is now becoming increasingly feasible because
of a number of factors.

1. Advances in multimedia hardware for the efficient capture, storage,
processing and delivery of visual information, which now pervades all
categories of computer usage and is not just confined to certain
specialised applications.

2. Ongoing improvement in software methodology and the development of
standards for the effective handling of visual data.
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3. Advances in digital communication such as FDDI, ATM and other high
speed networking equipment, which by providing a significantly higher
bandwidth, will enable the efficient transmission and delivery of visual
information.

4. Widespread adoption of multimedia chips and general-purpose chips
with multimedia functions.

It is expected that VIS will supersede existing information systems, while
maintaining all the strengths and fulfilling all the functions of the latter.

Visual information systems are not just about the incorporation of new data
types into existing information systems; rather, they require completely new
ways of managing, using and interacting with information. Visual
information systems will not only substantially enhance the value and
usability of existing information, but will also open up a new horizon of
previously untapped information sources which will greatly increase the
effectiveness of an organisation.

The origin of this volume may be traced back to February 1996 when the
First International Conference on Visual Information Systems was held. The
conference received enthusiastic support from the international research
community and provided a timely meeting point between two groups of
researchers: those working on image processing, and those working on
database and information systems. A steering committee was established
consisting of Shi-kuo Chang (University of Pittsburgh), Ramesh Jain
(University of California, San Diego), Tosiyasu Kunii (University of Aizu),
Clement Leung (Victoria University of Technology), and Arnold Smeulders
(University of Amsterdam). It is recognised that visual information systems
will permeate all aspects of computing in the future, and their design and
construction will require a new approach significantly different from that
used to build conventional computing applications systems.

This volume consists of a cross section of papers from the First International
Conference on Visual Information Systems. They have been especially
selected to furnish an informative and representative perspective on this
important new discipline. All the papers were fully revised, updated and
expanded subsequent to the conference. The papers here deal with the main
strands of visual information systems, covering the areas of:
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e Design and architecture

e Database management and modelling
» Content-based search and retrieval

e Feature extraction and indexing

e Query model and interface

e  Object recognition and content organisation

In addition, an introductory chapter on the principal characteristics and
architectural components of visual information systems is provided. The two
keynote papers included here are fully updated and rewritten versions
especially prepared for this volume after the conference.

July 1997 Clement H. C. Leung
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Characteristics and Architectural Components of

Visual Information Systems

Clement H. C. Leung and W. W. S. So
Victoria University of Technology, Ballarat Road,
P.O. Box 14428, MCMC, Melbourne 3001, Victoria, Australia
Email: {clement, simon}@matilda.vut.edu.au Fax: +61 3 9688 4050

Abstract

A Visual Information System represents a radical departure from the
rigid text-in/text out paradigm of conventional Information Systems.
It significantly enlarges the applications scope of information systems
and typically sits on top of a general purpose multimedia operating
system supported by multimedia hardware and a high bandwidth
network. Unlike a conventional Information System, the types of
storage and I/O devices required to support a Visual Information
System generally include a much greater variety of facilities for
efficient visual information presentation and visualisation. Apart
from providing multi-mode delivery, the effective correlation between
information of the same media type and information belonging to
different media types forms an integral part of such systems. The
essential building blocks of a Visual Information System are
described, and the management of different types of information
contents are discussed.

1. Basic Features of a Visual Information System
An Information System (IS) may be defined as an integrated, user-
machine system for providing information to support the operations,
management and decision-making functions in an organisation [Davi85]. At
the structural level, it is made up of a set of components or subsystems that
captures, processes, stores, analyses, condenses, and disseminates information
in various forms. Traditionally, information systems (Figure 1) are text-
oriented which provide reports, documents, and decision-making information
for all levels of the hierarchy within an organisation [Senn90]. It is
characterised by a text-in/text-out mode of operation, focusing primarily on
structured fields and free text. However, this style of IS is becoming obsolete
since information is no longer text-based, but instead it is based on a
combination of text, audio, video, image together with the semantic and
spatio-temporal relationships among them.
A Visual Information System can be defined as an integrated, user-
machine system for providing inter-related visual and multimedia



information to support the operations, management and decision-making
functions in an organisation. The inter-relationships between different
multimedia data may signify relationships between the same media type
(intra-media relationships) or between different media types (inter-media
relationships). A distinction may be sometimes made between a VIS and a
Multimedia System, where the latter tends to be more concerned with the
system and support aspects (Figure 2). A VIS, on the other hand, is
concerned with the semantics, and possibly pragmatics, of multimedia
information which occurs at a higher level much closer to the user. Figure 2
shows a distinction between the low-level support layer, and the high-level
application layer. A multimedia system may refer primarily to the
hardware/software support environment without reference to the applications
running on them. These applications can be quite diverse and may represent
different facets of the operations and business functions of an organisation.
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Figure 1. A Conventional Information System

Figure 3 illustrates the functionalities of a Visual Information System.
Many of the existing visual-based information systems are either model-
based [Gros92] or application specific and can accept only a limited number
of information sources. In order to be a general-purpose VIS, the system
must be able to handle a variety of information sources such as text, sound,
graphics, images and video. In particularly, the contents of these sources
ought to be properly indexed and easily accessible. Some of the main
characteristics of VIS are the following.

1. The use of multimedia platforms equipped with audio and video
facilities, large memory, large disk storage and fast I/O for the
effective handling of multimedia data, possibly based on multimedia
chips or general-purpose chips with rich multimedia instructions,



coupled with the use of high performance parallel servers and high
bandwidth networks.

2. Such systems will incorporate the strengths of traditional information
systems components, including Management Information System
(MIS), Executive Support System (ESS), Decision Support System
(DSS) and data warchouses, and integrates them into a unified VIS
architectural environment. As some of these components do not
always support a high degree of visual interaction (c.g. an ESS
making use of externally produced data) a visual interface filter may
be used to enhance their visual impact and information delivery.
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Figure 2. VIS and Multimedia (MM) Layers

3. The use of flexible hypermedia links between multi-type information is
a salient feature of VIS. Such links may exist between structured
information, unstructured information, still images, sounds, and video
clips as well as between information of the same type.

4, Flexible image and pictorial information analysis and synthesis tools
incorporating techmiques in image understanding and image
processing will be available routinely to the users of VIS. This will
assist the users in formulating and refining visual queries for
processing and information matching by the system.
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Figure 3. A Visual Information System

5. The presentation and delivery of information is highly graphical and
pictorial. This in itself do not guarantee a system to be a VIS, as some
conventional systems are also able to do this. Such presentation will
involve the extensive use of visualisation technigques, and will
significantly enhance the value and usability of the underlying
information.

6. A flexible query model involving different modes of input which
supports both visual information recovery and visual information
discovery will also be used. In addition to the common relational
operators, a new set of spatial, temporal, and dynamic operators
[Chan96] are needed in composing queries.

7. The use of object-oriented methodology in their design, analysis,
programming and implementation, coupled with the deployment of
visual RAD (rapid application development) tools, supporting a range
of display and modelling functions.

2. An Example Visual Information System

We use a law enforcement application where a collection of visual and
textual data for criminals are maintained. This provides a particularly
appropriate example to highlight the effectiveness of VIS because of the tight
coupling relationships among different data sources. Without the use of an
integrated visual information system, the inter-relationship between different
types of information will be difficult to manage and maintain.



There are many sources of information that need to be managed in a
visual information system for storing data on criminals. Personal details,
criminal history, fingerprints, for example, are some of the essential
components. Table 1 shows some of the media types of a criminal profile to
be used in building the visual information system.

Relevant Data Media Type
Personal Details Structured Information
Fingerprints Images or Graphics
Mug shots Images
Photofits Graphics
Voice Samples Audio
Photo / Video Clips Images / Video
Permanently Text or Images
Identifiable Features
Personal / Family Text
History
Psychiatric History Text
Criminal History Text

Table 1. The Data Types in a Criminal Profile VIS
To use the system effectively, a number of paradigms may be adopted:

e  Personal details can be retrieved using conventional database
and conventional query language such as SQL

e  Personal, psychiatric, and criminal historical information can be
indexed using free text indexing together with standard
information retrieval techniques

e  Techniques from content-based image retrieval and content-
based video retrieval will need to be employed for the indexing
and retrieval of mug shots and video clips of the criminal

e  Graphics contents can be scaled and modified numerically for
similarity search

o  Automatic extraction of primitive contents such as moustaches,
spectacles, contours of faces, voice features and other features of
the criminal

e  Fingerprint information may be matched and retrieved using a
combination of signature schemes

e  Voice characteristics may be matched and edited graphically

e  Complex contents from photos can be extracted and indexed
with human assistance

Managing fingerprint information is a typical component application
requiring VIS techniques. There are 200 million Americans who have their



fingerprints on file; with such a large number of prints, comparing and
retrieving them is non-trivial. Fingerprints are classified into groups such as
arch, loop, whorl and composite; they are generally composed of line
segments, but may contain complex noises and disconnected virtual lines.
Hence, it is often advantageous to use image enhancement techniques to
improve their quality and connectivity before classifying them based on the
main types and then indexing them using an appropriate signature scheme for
rapid identification.

The effectiveness of this system is evident when an integrated query is
performed. For example, a police detective may query the Criminal Profile
System for “a male criminal who is classified as extremely dangerous, has a
tattoo of an eagle on his back and his left-thumb fingerprint is whorl ”. This
query exploits the infer-media relationship among personal details (e.g. male),
psychiatric history (e.g. extremely dangerous) and permanently identifiable
features (e.g. tattoo and fingerprint), which are represented as structured
information, free text and images respectively. The intra-media relationship
of similarity search in tattoos (e.g. eagle) and fingerprint (e.g. whorl) will also
be required, which may be identified using image-based QBE (Query By
Example) techniques.

3. Building Blocks of a Visual Information System

The key components and organisation of a VIS is shown in Figure 4. Such
visual components will tend to permeate all information systems and in time
will not be regarded as a distinct element, but will form an essential part of
any information system, working alongside and in harmony with structured
information processing components. Here we primarily focus on the
processing of visual information, although it is to be understood that all the
conventional functions are also being carried out. The main building blocks
consist of the following four main subsystems.

1. Feature Extraction and Indexing. After the visual information has
been entered into the system, their use will be limited unless they are
appropriately indexed. With conventional approach, a visual data
object may be organised as a record, and structured information about
it (e.g. frame number, title, date, originator) may be regarded as
properties of the object and entered into a relational database tuple.
With this approach, only limited search on contents is possible using
the caption field (assuming one is available) within the structured
record. In situations where the visual contents are central to user
queries, however, then such an approach is inadequate, and different
data modelling and design structures have to be used. This subsystem
will be responsible for the automatic and semi-automatic feature
extraction and indexing of images [Zhen96], together with routines
which will suitably place the resultant information in a structured



database management subsystem for later access. Moreover, this
subsystem will also support incremental indexing subsequent to the
initial entry of the visual information. Such confinuous indexing may
take two forms. The first may relate to the background execution of
relatively  processor intensive algorithms required for image
understanding and feature recognition, while the second may relate to
index refinement as a result of evolving usage, arising from the
diverse non-unique ways of indexing visual information.
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Figure 4. Principal Components of a Visual Information System

2. Database. In addition to the raw visual data, which may form the
object of retrieval queries, content indexes are also stored to facilitate
flexible and rapid access. Unlike in a conventional database, the
indexes here typically consists of both structured tables as well as
visual-based information such as compressed images [Leun95]. In an
integrated system, both visual and conventional data are also stored,
although they may be physically separate. Links between different
kinds of media data signifying their relationships (e.g. intra- and
inter-media relationships) will also been represented, and suitable



storage structures and file organisations are adopted to facilitate their
speedy traversal and processing.

3. Integrated Database Management System. This includes modules for
the management of content indexes, storage structures, search
identification and image retrieval. Depending on the data model,
information related to the content of images may be organised into
conventional databases or, more likely, using an ORDBMS (object-
relational database management system). It also provides a level of
abstraction above the physical data store so that the users are shielded
from implementation issues such as parallel access to the visual data,
the data compression techmiques, the image file formats, and the
organisation of associated retrieval keys.

4. Query Model. Unlike in a conventional information system where
queries may generally be accurately specified by means of a
syntactically well-defined, alphanumeric-based query language, the
query interface for VIS will be richer and more diverse. It will not
confine to any particular method, but will support a number of query
paradigms: classification schemes, icons, visual query language, QBE
(Query By Example based on image similarity), text/keywords,
scanning/sketching, picture keys, signatures, as well as SQL style
specifications. Classification schemes together with thesauri such as
AAT, ICONCLASS or TELCLASS are particularly useful in
supporting ambiguous queries. Users can also provide sketches or
scanned images as part of the query model for similarity search.
Colour, texture, picture signature and other lower level primitives can
be used to formulate the query. A mechanism is normally included to
enable the users to provide feedback to the indexing subsystem so that
retrieval performance may improve with usage.

4. The Information Contents in a Visual Information System

The need for using a multi-paradigm approach is closely related to
the different types of visual information comtents. Although principally
geared to the processing of visual information, a VIS should also be able to
cater for the following types of contents.

4.1 Text-based Content

Text-based content is the most widely used in traditional IS and comes
in a variety of forms. It can be represented using keywords, free text,
structured records etc. Keywords and structured text can be indexed using
established automatic indexing algorithms [Salt89]. Relational and object-
oriented databases are the basic models for representing structured records.
Although object-oriented databases offer greater scope for accommodating
multimedia objects, they do not in general provide tools for their
manipulation and identification. Free text such as the annotation of images



and stratification of videos can be indexed using free text oriented databases.
The ambiguity inherent in English can be minimised by using a thesaurus
and classification methods.

4.2 Audio-based Content

Audio-based content is the least researched area in content-based
retrieval. It can be stand-alone content or tied to video-based content. Parsing
of audio content can be done by signal processing and spectrum analysis. For
musical data, the MIDI file format (SMF) has become a de facto standard
which can represent good quality sound at about 3.5 Kbits/second. Although
it is unlikely that automatic extraction is possible due to the multiplexing of
different sources of sound in real-life scenario, some simple sound patterns
such as door bells, hand clapping or engine vibration can be detected using
model-based approaches if the background noise can be minimised. Speech
or voice analysis can be done to locate the “signature” of any individual
voice. Audio content may be used in conjunction with visual-based content to
identify target image sets or video clips.

4.3 Graphics-based Content

Line arts, synthetic images and computer animation may be described
by their geometrical properties. VRML modelling and the Synthetic-Natural
Hybrid Coding (SNHC) scheme in MPEG-4 for creating models of inanimate
objects will clearly be useful in the representation of synthetically generated
contents. The line, polygon, surface patches and many mathematical entities
can be indexed numerically, and this form of content can be easily
manipulated and computed. The motion of objects in computer animation
can be traced and the sequences of events can be indexed. In some situations,
it may be more efficient to index the characteristics of the underlying
graphics generation algorithms, since fast searching and identification may
be done using text-based pattern matching procedures.

4.4 Image-based Content

Image-based content is the most researched area in content-based
retrieval [Jain93, Gudi95]. Image content such as colour, texture, object
shape, and sketch-based feature can be indexed [Nibl93]. Proximity among
objects can also be represented. Colour histogram, moment/centroid,
segmentation, and other primitive features can be used to form the signatures
of the images. The signatures can then be indexed for similarity retrieval.
Image compression techniques [Furh94] are useful not only for transmission
and size reduction, but can also be used for indexing and identification.
Visual queries, sketches and fuzzy matches are some of the techniques that
can be used for query formulation. Due to the imprecise nature of queries,
browsing through miniature icons, compressed images or picture keys would
seem to be indispensable operations in image retrieval systems [S096].
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Image-based contents can be categorised into complex contents and
primitive contents [Leun95] with different methods for their extraction.
Primitive contents are low-level contents which can usually be extracted
antomatically (e.g. textures, colours, boundaries, and shapes). Complex
contents are extracted manually or semi-automatically, and corresponds to
patterns within a picture which are considered as meaningful by human users
and may be applications dependent or applications independent. They cannot
normally be automatically identified and are often qualitative in character
{e.g. a class room, a bride, a sports car).

4.5 Video-based Content

Video-based content retrieval has been attracting substantial research
interests, possibly due to the demands arising from consumer electronics.
The use of a flexible arbitrary shape Video Object Plane (VOP) are being
supported as part of the MPEG-4 standard. In-house shopping, electronic
kiosk, and video-on-demand are some of the commercial driving forces.
Motion vectors, salient video stills, annotations and video partitioning
[Furh95] are some of the methods employed for their indexing and retrieval.
The spatio-temporal aspect of objects between frames is an important
property that needs to be indexed. A sufficiently fast index to support real-
time retrieval and playback of video-based content appears to pose a
considerable challenge {Gemm?95].

S. Discussion

The increasingly widespread adoption of muitimedia platforms has
made visual information more available, This also highlights the limitations
of current information systems, which are primarily based on a GUI-assisted
alphanumeric paradigm. Although certain forms of viswal information
processing systems already exist, they tend to be restricted to highly
specialised applications such as medical imaging and engineering design. As
human end users form an important part of an information system, and as
they often prefer non-alphanumeric multimedia interaction, traditional
information systems are expected to be superseded by visual information
systems. VIS will not only allow more natural interaction between human
and machine, but will pervade all applications areas and substantially
increase the functionality and effectiveness of information systems, opening
up a new horizon of previously untapped information sources. Due to the
diverse nature of the information contents, the construction of VIS will
require a multi-paradigm approach.

The proper construction of a VIS will be dependent on the
underpinning technologies, many of which are still in their infancy. For
example, MPEG clearly recognises this need, and the project MPEG-7 will
aim to address the issues of content search, standardised descriptions and
feature extraction. In a conventional IS, one of the indispensable
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components is a database management system responsible for the
management, updating and querying of structured information. Although
there are many research issues that need to be addressed in relation to the
design of VIS, analogous to a conventional IS, the key ones would appear to
be content-based indexing and retrieval of visual information, and the design
of a multi-paradigm query model to support the flexible specification, input,
and refinement of visual information queries. Although such technology will
take time to mature, any incremental advances is likely to offer substantial
advantages over the current situation.

References

[Chan96]  S. K. Chang, “Extending visual languages for multimedia”,
IFEEE Multimedia, Fall 1996, pp. 18-26.

[Davig5] G. B. Davis, and M. H. Olson, Management Information
Systems:  Conceptual ~ Foundations,  Structure,  and
Development, 2nd Edition, NY: McGraw-Hill, 1985.

[Furh94) B. Furht, “Multimedia Systems: An Overview”, I[EEE
Multimedia, Spring 1994, pp. 47-59.

[Furh95] B. Furht, S. W. Smoliar, and H. J. Zhang, Video and Image
Processing in Multimedia Systems, Boston: Kluwer Academic
Publishers, 1995,

[Gemm95] D. J. Gemmell, H. M. Vin, D. D. Kandlur, R. V. Rangan, and
L. A. Rowe, “Multimedia storage servers: a tutorial”, /EEFE
Computer, May 1995, pp. 40-49.

[Gros92] W. Grosky, and R. Mehrotra, “Image database management”,
in M.C. Yovits (ed), Advances in Computers, Vol. 34, San
Diego, CA: Academic Press, 1992.

(Gudi9s] V. N. Gudivada, and V.V. Raghavan, “Content-based image
retrieval systems,” JEEE Computer, Vol. 28, No. 9, September
1995.

[Jain93) R. lain (ed), NSF Workshop on Visual Information
Management Systems, ACM SIGMOD RECORD, Vol. 22, No.
3, September 1993, pp. 57-75.

{Leun95] C. H. C. Leung, and Z .J. Zheng, “Image data modelling for
efficient content indexing,” Proc. I[EEE International
Workshop on Multimedia Database Management Systems, New
York, August 1995, IEEE Computer Society Press, pp. 143-
150.

[Nibl93] W. Niblack (et al.), “The QBIC project: querying images by
content using color, texture, and shape,” IS&T/SPIE Proc.
Storage and Retrieval for Image and Video Databases, San
Jose, CA, Vol. 1908, February 1993, pp. 173-187.



12

[Salt89] G. Salton, Automatic Text Processing, Reading, MA: Addison-
Wesley, 1989,

[Senn90] J. A. Senn, [nformation Systems in Management, 4th Edition,
Belmont, CA: Wadsworth, 1990.

[S096] W. W. S. So, C. H. C. Leung, and Z. J. Zheng, “Picture coding
for image database retrieval,” Proc. International Picture
Coding Symposium, Melbourne, March 1996, pp. 69-74

[Zhen96] Z.]. Zheng and C. H. C. Leung, “Automatic image indexing for
rapid content-based retrieval,” Proc. IEEE International
Workshop on Multimedia Database Management Systems, New
York, August 1996, IEEE Computer Society Press, pp. 38-45.



Active Visual Information Systems

Shi-Kuo Chang
Visual Computer Laboratory, Department of Computer Science
University of Pittsburgh, Pittsburgh, PA 15260 USA
(Email: chang@cs.pitt.edu)

Abstract: To accomplish the discovery, fusion and retrieval of visual/multimedia in-
formation from diversified sources, active visual information systems capable of pro-
cessing and filtering visual/muitimedia information, checking for semantic consisten-
¢y, and structuring the relevant information for distribution are needed. We describe
a framework for the human- and system-directed discovery and fusion of
visual/multimedia information, which is based upon the observation that a significant
event often manifests itself in different media over time. Therefore if we can index
such manifestations and dynamically link them, then we can check for consistency
and discover important and relevant visual/multimedia information. This dynamic in-
dexing technique is based upon the theory of active index. An approach for rapid
prototyping of active visual information systems using Tele-Action Objects,
TAO_HTML Interpretor and active index system is then presented.

1. Introduction

The discovery, retrieval and fusion of visual/muitimedia information from diversified
sources in a heterogeneous information system is a challenging research topic of great
praciical significance. With the rapid expansion of the wired and wireless networks,
a large number of soft real-time, hard real-time and non-real-time sources of informa-
tion need  be quickly processed, checked for consistency, structured and distributed
to the various agencies and people involved in visual/multimedia information han-
dling. In addition to visual/muitimedia databases, it is also anticipated that numerous
web sites on the World Wide Web will become rich sources of visual/multimedia in-
formation.

However, since too much information is available, visual/multimedia information re-
lated to an important event could be missed because people are unable to track the
manifestations of an unfolding event across diversified sources over ime. What is
needed, from the information technology viewpoint, is an active visual information
system capable of processing and filtering visual/multimedia information, checking
for semantic consistency, discovering important events, and structuring the relevant
visual/multimedia information for distribution.

We describe a framework for the human- and system-directed discovery, fusion and
retrieval of visual/multimedia information so that important events can be discovered
and relevant visual/multimedia information retrieved. The framework is based upon
the observation that a significant event often manifests itself in different media over
time. Therefore, if we can index such manifestations and dynamically link them to
one another, then we can check for consistency and discover relevant information.
This dynamic indexing technique is based upon the theory of active index [1].
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The paper is organized as foilows. A framework for information discovery and fu-
sion is described in Section 2. Section 3 presents the formal definition of semantic
consistency and gives an example. Section 4 introduces the concept of horizontal
reasoning and vertical reasoning which can be applied to consistency checking. Sec-
tion 5 presents the active index and explains how it is applied to dynamic information
linking. Section 6 describes how we can prototype visual information systems using
Tele-Action Objects (TAO), the TAO_HTML Interpretor and the active index sys-
tem. Section 7 discusses further research.

2. Visual/Multimedia Information Discovery and Fusion

The framework for human- and system-directed visual/multimedia information
discovery and fusion [7] is best illustrated by Figure 1 and Figure 2. As shown in
Figure 1, we envision a three-level model for information: data, abstracted informa-
tion, and fused knowledge.

Information sources such as camera, sensors or computers usually provide continuous
streams of data, which are collected and stored in visual/multimedia databases. Such
data need to be abstracted into various forms of abstractions, so that the processing,
consistency analysis and combination of abstracted information becomes possible.
Finally, the abstracted information needs to be integrated and transformed into fused
knowledge. These three levels of information form a hierarchy, but at any given mo-
ment there is the continuous transformation of data into abstracted information and
then into fused knowledge. This transformation is effected by the coordinated efforts
of the user, the query processor, the reasoners, and the active index system.

As shown in Figure 1, the user is capable of controlling the sources to influence the
type of data being collected. For example, the user may turn on or turn off the video
camera or manually control the positioning of the camera. Data are then transformed
into abstracted information through the use of the active indices which also serve as
filters to weed out unwanted data. As to be described in more detail in Section 5, the
active index system is a message-based system. It receives input data as messages,
processes them, and sends abstracted information as its output to storage (the Black-
board). At the same time, it also sends messages to the reasoners, so that the reason-
ers can perform spatial/temporal reasoning [6, 7] based upon the abstracted informa-
tion to generate fused knowledge or updated abstracted information in the form of
assertions. The query processor then uses data, abstracted information and fused
knowledge, to answer user’s queries.

The above description proceeds in the "bottom-up” fashion, although the coordination
among the user, query processor, reasoners and active index system is not merely
hierarchical. The query processor can send messages to the active index system so
that it knows what index cells to activate as the appropriate agents to collect abstract-
ed information. The query processor can also interact with the reasoners to process
the user’s queries. Such interactions are illustrated by dotted lines in Figure 1.
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Figure 1. Information discovery and fusion from multiple sources.

Figure 2 illustrates the relationships among data sources, data, abstracted information
and fused knowledge, with emphasis on diversity of data sources and multiplicity of
abstracted representations. For example, a video camera is a data source that gen-
erates video data. Such video data can be transformed into various forms of abstract-
ed representations:

o text (video-to-text abstraction by human agent or computer)

o0 keyword (video-to-keyword abstraction by human agent or computer)

o assertions (logical representation of abstracted facts)

o time sequences of frames (both spatial and temporal relations are preserved)
0 qualitative spatial description QSD (for the most essential contents of video)
o frame strings (the video is abstracted into a sequence of strings)

o0 projection strings (each frame is abstracted into symbolic projection strings)

In Figure 2, a potentially viable transformation from data to abstracted representation
is indicated by a black dot. Thus, from video it is possible to transform into almost all
kinds of abstractions., A supported transformation is indicated by a large circle in
Figure 2. Thus the image data will be transformed into keywords, assertions, qualita-
tive spatial description (QSD) and projection strings. It should be emphasized that
there are more types of abstracted representations than are shown in Figure 2. Con-
versely, certain information systems may only support assertions, keywords and texts
as the only allowable types of abstractions.
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The information sources in Figure 2 may include hard real-time sources (such as the
signals captured by sensors), soft real-time sources (such as pre-stored video), and
non-real-time sources (such as text, images and graphics from 3 visual database or a
web site). The framework can be used to study the discovery, fusion and retrieval of
information from these diversified sources,
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Figure 2. Horizontal/vertical reasdning for information fusion.

3. Formal Definition and Example of Semantic Consistency

In order to address the problem of information discovery and fusion, a clear definition
of semantic consistency is necessary. Our definition of semantic consistency is
based upon the transformational approach illustrated by the framework of Figure 2. It
is different from the usual definitions of semantic consistency in database theory or in
Al theory, because we believe the problem of consistency for information discovery
and fusion must be first addressed at the level of characteristic patterns detected in
visual/multimedia objects. This is where the active visual information system can
make the most impact in drastically reducing the amount of visual/multimedia infor-
mation that ultimately must be handled by human operators.

We define consistency functions to check the consistency among media objects of the
same media type, by concentrating on their characteristic patterns. For example, two
assertions "there is a tank in the target area” and "there is no tank in the target area”
can be checked for consistency, and two images of the same target area can also be
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checked for consistency. These consistency functions are media-specific and
domain-specific. For example, to check whether two aerial photographic images are
consistent, the consistency function will verify whether the two images contain simi-
lar characteristic patterns such as buildings, bridges and other landmarks. For dif-
ferent application domains, different consistency functions are needed.

To check whether media objects of different media types are consistent, they need to
be transformed into media objects of the same media type so that the media-specific,
domain-specific consistency function can be applied. Our viewpoint is that each ob-
ject is characterized by some characteristic patterns that can be transformed into
characteristic patterns in different media type. For example, the characteristic pattern
is a tank pattern in the image media, which is transformed into the word "tank” in the
keyword media. The consistency function can then be applied to the characteristic
patterns of objects of the same media type.

Let o*; be the j* object of media type M. Let c’; be the k™ characteristic pattern
detecned in an object o* j of media type M. Let C* denote the set of all such charac-
teristic patterns of media type M*. Let ¢, be the u'ansfonnauon that maps charac-
teristic patterns detected in objects of media type M! to characteristic patterns of
media type M2,

For each media type M* there is a consistency function K; which is a mapping from
2€ (the space of all subsets of characteristic patterns in media type M*) to (T, F }. In
other words it verifies that a set of characteristic pattems of media type M* are con-
sistent.

A characteristic pattem ¢!, of media type M! is consxstent with respect to media tzpe
M? if the transformed characteristic pattern g‘ Acty)is cons1stent with the set C* o

all characteristic pattems of media type M2, ie. Ko {¢12(c!)} U CH=T. A
characteristic pattern ¢*; is consistent if it is consistent with respect to all media types
M/,

Finally, a multimedia information space is consistent at time t if every characteristic
pattern of every media type is consistent at time t, and a multimedia information
space is consistent if it is consistent at all times.

As an example, an aerial photograph of media type M' 1s examined and a possible
tank object is detected. This is a characteristic pattern ¢* 1 The keywords describing
findings for the mtelhgence officer is of media type M2 The transformation ¢, ,
maps characteristic pattern ¢, to ¢, »(c'}), which could be the keyword "tank”. If the
consistency function K, verifies that the fmdmg "tank” is consistent with other
ﬁndmgs, then the characteristic Pattem ¢!, is consistent with respect to media type
M?2, If we can also verify that c'; is consistent with other patterns detected in media
M!, and suppose the mformauon space contains only objects of these two media
types then we have verified that ¢!, is consistent.

The information space is consistent if all such findings are consistent at all times.
This of course can be verified only after we run the entire surveillance procedure.

In this example the transformation function is simply the labeling of characteristic
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patterns. The "tank™ characteristic pattern is the patiern detected by a pattern recog-
nizer. There are image processing algorithms which will produce characteristic pat-
terns. As for the consistency function, we can use similarity functions which accept
as inputs the characteristic patterns in some media space (the simplest being key-
words) and produce the output to verify whether the inputs are consistent [8]. In oth-
er words, we can use similarity functions to determine whether the inputs are ail
within a certain distance. We can also use fuzzy predicates or artificial neural net-
works as consistency functions. For different media, we need to investigate the most
suitable consistency functions.

4. Consistency Checking by Horizontal/Vertical Reasoning

As illustrated in Figure 2, knowledge discovery and fusion can be accomplished when
there are several circles in the same horizontal row. For example the current system
may only support the transformation of image and text into assertions and keywords,
so that consistency checking of assertions, or consistency checking of keywords, be-
come feasibie. We call such reasoning the horizontal reasoning because it can com-
bine information along horizontal rows.

Another type of reasoning works with different abstracted representations so that they
can be combined and checked for consistency. We call such reasoning the vertical
reasoning because it must combine information along vertical columns.

The active index to be described in Section 5 can be used by the reasoner in vertical
reasoning for consistency checking. For example, using active index, we can link an
image to a keyword to an assertion. Special algorithms can then be applied to check
their consistency. The active index is a dynamic collection of live index cells to ex-
change messages with one another as well as with the external environment. New in-
dex cells are activated by messages, and current index cells can be de-activated due to
unuse. Unlike an artificial neural network, an active index does not have a fixed to-
pology, and new cells can be instantiated any time from index cell types. Since the
index cells are activated only as needed, the index is compact and efficiently organ-
ized. Thus the active index is a dynamic data structure that can evolve, grow and
shrink. The active index has been applied to medical image prefetching {4], emer-
gency management and medical multimedia information retrieval {2]. We are current-
1y applying this approach 1o knowledge-based dynamic information linking for verti-
cal reasoning.

Vertical reasoning requires the combination of information in different representa-
tions. An artificial neural network with fixed connections is not as appropriate as an
active index with flexible connections. Horizontal reasoning may be more effectively
accomplished with the help of artificial neural networks. Horizontal reasoning re-
quires the combination of information abstracted from different media but encoded in
the same uniform representation. Therefore, artificial neural network will be a viable
approach.

Once a horizontally uniform representation is achieved, a consistency checking rea-
soner can check for semantic consistency. Thus, we can fuse information and check
for consistency in this framework. To speed up processing, the reasoners, the
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artificial neural networks and active indices can all be working in parallel on a paral-
lel processing computer.

5. Active Index for Dynamic Information Linking

In our approach of human- and system-directed information discovery and fusion, the
human can define index cells for the discovery of significant events. The system can
generate additional index cells (based upon the artificial neural networks) to monitor
significant events. We now describe in detail the index cell, which is the fundamental
building block of an active index.

An index cell (ic) accepts input messages and performs some actions. It then posts an
output message to a group of output index cells. Depending upon the internal state of
the index cell and the input messages, the index cell can post different messages to
different groups of output index cells. Therefore the connection between an index
cell and its output cells is not static, but dynamic. This is the first characteristic of the
index cell: the interconnection among cells is dynamically changing.

An index cell can be either live or dead. If the cell is in a special internal state called
the dead state, it is considered dead. If the cell is in any other state, it is considered
live. The entire collection of index cells, either live or dead, forms the index cell base
(ICB). This index cell base ICB may consist of infinitely many cells, but the set of
live cells is finite and forms the active index (IX). This is the second characteristic of
the index cell: only a finite number of cells are live at any time.

When an index cell posts an output message to a group of output index cells, these
output index cells are activated. If an output index cell is in a dead state, it will transit
to the initial state and become a live cell, and its timer will be initialized (see below).
On the other hand, if the output index cell is already a live cell, its current state will
not be affected, but its timer will be re-initialized. This is the third characteristic of
the index cell: posting an output message to the output index cells will activate these
cells.

The output index cells, once activated, may or may not accept the posted output mes-
sage. The first output index cell that accepts the output message will remove this
message from the output list of the current cell. (In case of a race, the outcome is
nondeterministic.) If no output index cell accepts the posted output message, this
message will stay indefinitely in the output list of the current cell. This is the fourth
characteristic of the index cell: an index cell does not always accept the input mes-
sages.

After its computation, the index cell may remain active (live) or de-activate itself
(dead). An index cell may also become dead, if no other index cells (including itself)
post messages to it. There is a built-in timer, and the cell will de-activate itself if the
remaining time is used up before any message is received. This parameter - the time
for the cell to remain live- is re-initialized each time it receives a new message and
thus is once more activated. (Naturally, if this parameter is set to infinity, then the in-
dex cell becomes perennial and can remain live forever.) This is the fifth, and last,
characteristic of the index cell: a cell may become dead if it does not receive any mes-
sage after a prespecified time.



20

Although there can be many index cells, these cells may be all similar. For example,
we may want to attach an index cell to an image, so that when a certain feature is
detected, a message is sent to the index cell which will perform predetermined actions
such as prefetching other images. If there are ten such images, then there can be ten
such index cells, but they are all similar. These similar index cells can be specified
by an index cell type, and the individual cells are the instances of the index cell type.
We developed a tool called the /C_Builder, which helps the designer construct index
cell types using a graphical user interface. The /C_Builder can run on a Unix works-
tation or on any PC with Windows.

To describe precisely the behavior of the active index, we will formally define an in-
dex cell.

Definition 1: An index cell is described by ic = (X,Y,S.,s, A f mas.f.g) Where:

X is the (possibly infinite) set of input messages including dummy input d.
Y is the (possibly infinite) set of output messages including dummy output d.
S is the (possibly infinite) set of states. S includes a

set of ordinary states S and a special state 54,4 called the dead state. If

an index cell is in the dead state, it is a dead index cell. Otherwise it

is a live index cell.
5, in 8 is the initial state of the index cell ic.
A is the set of action sequences that can be performed by this index cell.
¢ max is the maximum time for the cell to remain live, without receiving

any messages. If ¢,,, is infinite, the cell is perennial.

f is a function: 2X x 8 -> [0,1] where 2¥ is the power set of input X. If
f({x1,....xm }, 5) 2 6, then the cell accepts the input set {x,...,x,, } and
X 1,-.%m are removed from the output lists of those cells that produce these
output messages. The removal of messages is an atomic action which will occur
simultaneously. If f({x,.....x, ], ) < 0, the input messages are not accepted.
When several input sets can be accepted, one is chosen non-deterministically.

g is a function: 2 x § -> 2’ x Y x S x A such that given input messages
{X1,....x } Which have been accepted, i.e., f({x1,....xn },5) = 8, and
current state s, g(x,s) is a quadruple (Ic, y, s°, a) where

(1) Ic is a set of output index cells to be activated. If an output index cell is in
the dead state, it is changed to the initial state so that it becomes a live cell,
and the clock t is initialized to be t,,,.. If an output index cell is already live,
its current state remains unchanged, but its clock t is re-initialized to be 1.
If an output index cell is the special symbol nil, no output index cell is actual-
ly activated.

(2) y is the output message for the output index cells in Ic. The output could
be the dummy message 4, when there is no real output to the output index
cells. The first output index cell that accepts this output message y will re-
move it from the output list of ic.
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(3) s’ is the computed next state of ic. The true next state s” of ic is the dead
state if clock time t becomes zero or negative, and s’ otherwise. If the next
state s’ is the dead state, the index cell becomes dead.

(4) a is the action-sequence performed by this index cell, which can be regard-
ed as the output of the cell to the external environment.

Definition 2: The output list oL of an ic is of the following form: [(/c,, yJ, Uc2, ¥2),
«es (ICm, Ym)], where y; is the output message posted to the ic’s in the set Ic;. If any
ic in Ic; accepts y;, the tuple (Ic;, y;) is removed from the output list.

Definition 3: An index cell base ICB is a (possibly infinite) collection of index cells.
Given an index cell base ICB, an active index IX is a finite subset of ICB with n index
cells, denoted by an n-place ic vector <ic> = (ic,, ics, ..., ic, ), Where the ic’s are or-
dered by their (arbitrary) subscripts in ICB.

Definition 4: The instantaneous description id of an an active index IX is denoted by
id = (<ic>, <s>, <oL>), where <ic> is the ic vector, <s> is the corresponding state
vector, and <oL> is the corresponding output list vector.

Definition 5: The trace of an active index IX with respect to (<ic >, <s¢>, <oL¢>) is:

(<ico>, <sp>, <oL>) =>

(<icy>, <s;>, <ol >) =>

(<iCa>, <85>, <0Ly>)
where (<ic;>, <s5;>, <oL;>) => (<ic; 1>, <Si41>, <0L;.1>) due to the acceptance of in-
put messages by an index cell. The => symbol reads as "is transformed into". Such
transformations may occur in any arbitrary order. Each transformation step in the
trace takes exactly one clock cycle. If the trace is finite, the active index IX is ter-
minating with respect to (<icg>, <s¢>, <oL ¢>); otherwise it is nonterminating.

Therefore, an active index is initially specified by (<icp>,<s¢>,<0L¢>) where <ico> is
the initial ic vector, <sq> is the initial state vector and <oL > is the initial output list
VECLOT.

In 1] it was shown that an index cell ic can be modified to post n messages individu-
ally to n output index cells. An active index is a dynamically changing net. As
shown in [1] the active index can be used to realize Petri nets, generalized Petri nets
(G-nets), B-trees, etc. But its primary purpose is to serve as a dynamic index. One
application of this model is to improve the efficiency of on-line information retrieval
in hyperspace by prefetching. In [5] we defined a smart web page as a web page with
associated knowledge. The active index technique is used to describe the associated
knowledge and to support automatic knowledge-based information retrieval. Experi-
mental results show that a greater retrieval and navigation efficiency can be obtained.

The dynamic information linking proceeds as follows. Referring to Figure 1, the in-
put data can be regarded as input messages to the active index and processed by the
actions (such as pattern recognition routines) associated with the first-level index
cells. If no significant characteristic patterns are discovered, the processed abstracted
information will be stored. If, on the other hand, some significant characteristic pat-
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terns are discovered, the second-level index cells will be activated to perform hor-
izontal reasoning. If the horizontal reasoner (possibly an artificial neural network) re-
ports that the new finding is consistent with other findings, these consistent findings
can be fused into knowledge by activating the third-level index cells. The simplest
form of fusion is the generation of a report listing all the consistent findings, which
may be quite adequate for such media as keywords or assertions. Since three levels
of index cells are now activated and dynamically linked together, they constitute a
vertical reasoner to efficiently process future findings of a similar nature. Another
viewpoint is to regard the dynamicaily linked active index cells as an active filter to
report on similar findings efficiently.

6. Prototyping Active Visual Information Systems

In this section we describe an approach to prototype active visual information sys-
tems. This approach is based upon the concept of Tele-Action Objects or TAOs,
which are active index cells with a visual appearance. TAOs can be realized as
TAO-enhanced html pages. We can then use 2 TAO_HTML Interpretor to translate
the TAO-enhanced htmi pages into regular html pages. Since these htm! pages can be
interfaced with the active index system, the rapid prototyping of active visual infor-
mation systems is accomplished.

A. Tele-Action Objects

Tele-Action Objects [2] or TAOs are created by attaching knowledge structure (ac-
tive index) to the multimedia object which is a complex object that comprises some
combination of text, image, graphics, video, and audio objects. TAOs are valuable be-
cause they can improve the selective access and presentation of relevant multimedia
information. In the Virtual Library BookMan [3], for example, each book or mul-
timedia document is a TAQ because the user can not only access the book, browse its
table of contents, read its abstract, and decide whether to check it out, but also be in-
formed about related books, or find out who has a similar interest in this subject. The
user can indicate an intention by incrementally modifying the physical appearance of
the TAO, usually with just a few clicks of the mouse.

TAO can be realized as TAO-enhanced htmi page (see below). The physical appear-
ance of a TAO is described by a multidimensional sentence [3]. The syntactic struc-
ture derived from this multidimensional sentence is a hypergraph, which also controls
the TAO’s dynamic multimedia presentation. The TAO also has a knowledge struc-
ture (the active index) that controls its event-driven or message-driven behavior. The
multidimensional sentence may be location-sensitive, time-sensitive or content-
sensitive. Thus, an incremental change in a TAO’s physical appearance is an event
that causes the active index to react. To summarize, the TAQ’s syntactic structure
controls its presentation; and the knowledge structure its dynamic behavior.

A Tele-Action Object TAO has the following atiributes: tao_name, tao_type, ic,
p_part, links, where tao_name is the name of the TAQ, tao_type is the media type of
TAO such as image, text, audio, motion graphics, video or mixed, ic is the associated
index cell, p_part is the physical part of TAO (the actual image, text, audio, motion
graphics, video, or a multidimensional sentence for mixed media type), and link is the
link to another TAO (there may be none or multiple links).
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A TAO can have multiple links. A link has auributes link_type, link_rel and
link_obj, where link_type is either relational (spatial or temporal) or structural
(composed_of), link_rel is either the structural relation composed_of or a relational
expression involving spatial operators or temporal operators but not both, and
link_obj is the linked TAOQ.

Whenever the physical part of TAO is changed, such as the modification of the image
or the multidimensional sentence, message(s) are sent to the TAO(s) and associated
index cell(s). Sometimes no specific index cell is associated with the TAO, i.e., the
attribute ic is null, in which case message(s) are sent to all cells so that those who can
respond to the message(s) may be activated. The change of physical appearance of a
TAO may be due to (1) manual input, (2) external input, or (3) automatic input from
the active index system. Thus a TAO can react to manual or external inputs, and per-
form actions and change its own appearance automatically. For example, the user
clicks on a book TAQ, and all related book TAOs change their color.

B. TAO_HTML Interpretor

To prototype an active visual information system, each active component can be real-
ized as an ic associated with a TAO-enhanced htm! page. Given a TAO-enhanced
html page, we can construct an interpretor to read this page first. This interpretor will
abstract the necessary TAO data structure and generate the normal html page for the
browser. Therefore no matter which browser is used, the application program can run
if this TAO_HTML interpretor is installed in advance. This can give some security
guarantee. The user can also choose a favorite browser. Furthermore if in the future
HTML is out of fashion, the user just needs to update the interpretor and change it
into another language. The other parts of application will not be affected.

In order to use TAO_HTML to define a TAO, the data structure of a TAQ is extend-
ed. A TAO has the following attributes: tao_name, tao_type, p_part, links, ics and
sensitivity.

o ’tao_name’ is the name of the TAO, which is a unique identifier of each TAO.

o ’tao_type’ is the media type of TAO, such as image, text, audio, motion graphs,
video or mixed.

0o ‘p_part’ is the physical part of TAO. To implement it in the context of
TAO_HTML, ’'p_part’ here can be denoted by a template which indicates how a
HTML page looks like. Templates are some independent HTML pages to define the
fundamental display element and location arrangement. For example, if the TAO is of
image type, the template will just contain a HTML statement to intrigue an image. If
the TAO is of mixed type, the template will define some common parts and leave
some space to insert the elements that is specific to this TAO.

0 ’links’ is the link to another TAOQ. A link has auributes 'link_type’, (COMPOSED
OF). in the context of TAO_HTML, a spatial link describes visible relationship
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between sub_objects inside one mixed object. For example, a mixed taol contains an
image TAQ2 and a text TAO3, then TAO! has spatial link with both TAO2 and
TAO3. A temporal link usually refers to an invisible object which is not a display ele-
ment, but its activation time is influenced by the other. A structural link relates one
TAO with another dynamically via user input or external input. For example, the user
clicks a button in TAO1 will invoke another page TAQ2, then there’s a structural link
from TAOL1 to TAO2.

0 ’ic’ is the associated index cell.

o ’‘sensitivity’ indicates whether this object is location-sensitive, time- sensitive,
content-sensitive or none-sensitive. Then the same object can have different appear-
ance or different functionality according to the sensitvity. For example, if TAO1 is
content-sensitive, it is red when being contained in TAO?2 while it is green when be-
ing activated by TAO3 via a button. The detailed meaning of sensitivity should be
defined by user according to the requirement of applications.

The formal definition of TAO_HTML language can be described in BNF form:

TAO_HTML ::= <TAO> TAO_BODY </TAO>

TAO_BODY := NAME_PART TYPE_PART P_PART LINK_PART
IC_PART SENSI_PART

NAME_PART ::= <TAQO_NAME> "name” </TAO_NAME>

TYPE_PART ::= <TAO_TYPE> TYPE_SET </TAO_TYPE>

TYPE_SET ::= [image, text, audio, motion_graph, video, mixed]

P_PART ::= <TAO_TEMPLATE> "template_name" </TAO_TEMPLATE>
LINK_PART := empty | <TAO_LINKS> LINK_BODY </TAO_LINKS>
LINK_PART

LINK_BODY ::=name="link_name", type = LINK_TYPE, obj = "link_obj"
LINK_TYPE ::= [spatial, temporal, structural]

IC_PART ::= empty | <TAO_IC> "ic_name" </TAQ_IC>

SENSI_PART ::= empty | <TAQO_SENSI> SENSITIVITY </TAQO_SENSI>
SENSITIVITY ::= [location, content, time]

In the template of a TAQ, in addition to the normal HTML tags and definitions,
there’s a special TAO tag for link relation with other TAOs. It is defined as:

<TAO_REL> "link_name” </TAO_REL>

The TAO_HTML Interpretor can now be presented in pseudo-codes:
procedure interpretor(char *TAOname)
{

open TAO definition file
call TAQ_parser() to construct the
TAOQ data structure TAO_struct
call wemplate_parser(TAQ_struct)
to print out HTML file
)
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procedure TAQO_parser(file_handle link _type)
{
while (not end of file)

read one line from the file
distinguish tag and get information
and store in data structure
}
}

procedure template_parser(TAQ_structure)
{

open template file
while (not end of file)

read one line from the file
if (not <TAO_rel> tag)
print out htm] text
else
{
get link_name from the <TAO_reb> tag
search in the TAO_structure with link_name
if (a link structure is found with
the same link_name)
{
get link_type and link_TAO_name
switch (link_type)
case structural:
insert <a href..> link in template
to link with link_TAO_name
case spatial
call procedure interpretor(link_TAO_name)
to insert template of link_TAO_name
)
}
}
}

The IC_Manager can run on a Unix workstation or on any PC with Windows to
manage the active index system and to support Tele-Action Objects. The realization
of active visual information system components as TAOML pages associated with ac-
tive index cells has the added advantage that the user can easily enter information to
experiment with the prototype system. Moreover, whenever the user accesses an
htm! page, an associated ic can be instantiated to collect information to be forwarded
to the ic’s, so that flexible on-line interaction can be supported.

7. Discussion

In this paper we presented both a general framework for the human- and system-
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directed discovery and fusion of visual/multimedia information, and a specific rapid
prototyping tool for active visual information system design. The general framework
is for the sake of conceptualization and discussion. A practical active visual informa-
tion system covers only a part of the matrix presented in Figure 2. The horizontal and
vertical reasoners, in particular, present challenges to researchers in computer vision,
pattern recognition, information retrieval, and visual information systems. Artificial
neural networks, fuzzy logic, and active index, etc. are among the possible ap-
proaches for reasoning, but need to be further explored.

The rapid prototyping tool enables the designer to quickly construct a web-savvy pro-
totype active visual information system. The TAO_HTML Interpretor, IC_Builder
and IC_Manager constitute the core of the rapid prototyping tool. We are experi-
menting with this rapid prototyping tool and at the same time improving it, so that it
can be more flexible and user friendly. We are also developing a distributed
IC_Manager so that distributed active visual information systems can be prototyped.
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Abstract. Without supports of effective modeling in visual worlds, even
if the visual information can be displayed in real worlds, it is difficult to
recognize and extract its features and to confirm or verify the identities
and the characteristics. Direct mappings target at refining and abstract-
ing multimedia information by cognitive technology and differential tech-
nology to efficiently improve our human performance and actively control
the real worlds we live. The modeling of visual worlds includes model-
ing and assembling 3D objects. An assemblability discriminating method
and an assembling sequence generating method named SYDEM, which
can reduce component match steps from the order of O(2") by composi-
tive assembly to the order of O(n?), is explained by giving an example of
CIM assembly process. The three other examples of an effective guide-
map generation method, of a hierarchical description of surfaces, and of
a conceptual visual human algorithm for skiing, are given to show the
drastic efficiency and exactness increase.

1 Introduction

Animals including human beings have, by nature, sensors dealing with various
types of information as multimedia. The information which animals can deal with
includes sight (or the sense of vision), hearing, touch, smell, and taste. Current
computers can handle only audio and visual information among a variety of
multimedia information that animals can process. However, during the last two
decades, the evolution of multimedia technology has been contributing to the
significant extension of the coverge of information science.

At the emergence of the era of information superhighways, current visual
information in computers is already extremely massive. And research on visual
information ranges from presentation, transmission, storage and processing of
low-level bits and bytes, to representation, indexing, interaction and retrieval of
high-level contents [12]. People manage, access and navigate visual information
worlds interactively to support learning, entertainment, shopping and so on in
daily life, or to perform operations, management and decision-making functions
for an organization. Such visual information is massive and most commonly
passively stored, transmitted and processed in the digital forms. Even if the
visual information can be displayed in the real worlds, it is difficult to recognize
and extract its features and to confirm or verify the identities and the validity.
Therefore information worlds exist only as assistants of real worlds, and cannot,
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actively and physically, act on or manipulate real worlds. A bridge is so called
direct mappings between information worlds and real worlds, and it should be
established so as to understand and control real worlds from visual information
worlds efficiently and exactly.

By the direct mappings, connections between information worlds and real
worlds become closer and closer. The combinations of these worlds form a new
world called as a hyperworld. In this hyperworld we can, not only get passive
visual information but also, sense and control real worlds directly and actively.
The direct mapping is the basic characteristic of a hyperworld. The applica-
tions of the direct mapping are unlimited. We are just starting to identify some
cases such as telemedicines utilizing a set of direct control micro-machines, facto-
ries employing direct control robots, and sporting equipped with direct human
motion capture devices for high speed analysis, modeling and visualization of
human performance. In the following, we will discuss the features and model-
ing approaches of the directing mapping, and give several examples to show the
drastic efficiency and exactness increase by the direct mappings.

2 The Features and Modeling of the Directing Mapping

The direct mappings are beyond getting passive information from visual infor-
mation worlds, and target at refining and abstracting multimedia information
to efficiently improve our human performance and actively control real worlds
around us. The direct mapping means what we or computers are thinking and
conceptualizing are realized directly. Drastic efficiency and exactness increase is
the primary feature of the direct mappings in general. For example, for a mar-
tial art learner to master one expert technique, the conventional approach is
the trial-and-error which is known as an extremely inefficient method. With the
help of video recorded expert’s performance, the learning process can be rela-
tively speeded up and the learner’s performance can be relatively improved but
not too much because it is difficult for the learner to master the key features of
the expert techniques from watching video images. In contrast, if we can directly
capture and reconstruct 3 dimensional (3D) body motion of expert performance,
and analyze and extract key features by using a dynamic human body model,
then it is more efficient and exact to understand the key mechanisms of the ex-
pert technique so as to directly instruct the learner to master the technique and
improve the performance. By the direct mappings, the learning process can be
shorten to 30 minutes from 3 years with 50 thousand times efficiency increase
[5].

The drastic efficiency and exactness increase by the direct mappings is based
on cognitive technology and differential technology that abstract the key features
of visual information, and let knowledge, either inside computers or accessible
through information superhighways, match the level of human cognition through
abstraction, to control the flood of information as well as to make full of use
of expert knowledge in modeling visual worlds. The modeling of visual worlds
includes modeling 3D objects in visual worlds and asserbling them.
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Assembling a visual world requires a particular care since the number of
the components n is usually extremely large. Given n components, component
match steps are in the order of 2", namely O(2"), for compositive assembly.
Even for a small n value n = 50 and the component match step time of 1 micro
second, the compositive assembly design requires 30 years in the worst case.
While by an assemblability discriminating method and an assembling sequence
generating method based on decompositive assembly and named SYDEM [6],
the component match steps can be reduced to O(n?) and hence the assembly
design requires only 3 milli seconds in the worst case. The detailed example of
CIM assembly process using SYDEM will be described in the next section.

For the modeling of 3D objects, shape modeling in particular, the conven-
tional modeling methods such as triangulation and mesh control suffer from
information loss both on differentiability and singularity, and are not suited for
human cognition and the direct mappings. The desirable model is actually based
on homotopic modeling which can be an information lossless representation. Sup-
pose we have two maps fy and f; such that

fo, fi: X — Y where X and Y are metric space.

fo is defined to be homotopic to fi and denoted by fo ~ fi if there exists
a continuous map H, such that

H: X x I — and H(z,0)=fo, H(z,1)=fi.

H is called a homotopy from f; to fi.

One approach to the characterization of complex shapes such as visual worlds
is based on the Morse theory and Reeb graph [11]. The topology of complex ob-
jects are represented by using singular points of a function defined on the object
surface, in place of the vertices, edges, faces and holes. The critical points are
peaks, pits, and saddles. These singular points play significant roles in character-
izing objects. According to the Morse theory [10], a one-to-one correspondence
exists between the non-degenerating singular points and cells, and we can con-
struct the object surface by pasting the cells that correspond to the singular
points. The critical points and the Reeb graph not only greatly save data space
but also directly match human memory and cognition for some applications such
as a mountaineering guide and walk-through in a human body.

Another approach to the characterization of complex shapes is based on the
concept of wrinkles which widely exist in the world, from the human body to
the cosmic space, and from the cloth to the market of financial trading [9].
The wrinkles are commonly abstracted as “signs of singularity” carrying more
information than critical points, including critical lines, where critical points are
degenerate. Singularity signs are also direction invariant, such as in the case of
ridges, ravines and their combinations [7]. Hence, the concept of wrinkles ranges
over a wider area of more general applicability than Morse theory does. The
theory of singularity signs is called “singularity theory”. Other closely related
areas of research are homotopy theory, CW-complexes, catastrophe theory and
semiotics. All these theories belong to modern differential topology, which is



30

among the fastest growing research area in mathematics with incredibly wide
applicability [4].

One of the top levels of shape modeling is mental shape modeling. Mental
shape modeling means how a designer models a shape mentally, and remember
it. The conceptual design is the most critical phase. Conceptual visual algo-
rithms make mental design processes and design results explicitly represented in
a computer executable form after interactive machine translation [8]. The con-
ceptual visual algorithms are closer to human understanding. Therefore, they
can exactly instruct learning and efficiently improve human performance.

Three examples of an efficient mountaineering guide-map generation by using
the Reeb graph and Morse theory, of a hierarchic description of surfaces by the
concepts of ridges, ravines and R-skeleton, and of the conceptual visual human
algorithm for recreational skiing, are given in Sect.4, b, and 6 respectively.

3 Assemblability Discrimination and Assembling
Sequence Generation in the SYDEM

Recently, more and more robots are used at various locations within a factory
in combination with numerically controlled machines. Current CAD systems are
concentrated around computational geometry and especially on solid modeling
which aims at defining the shapes of mechanical parts. A mechanical object
assembled from a plurality of parts is called an assembly. Although the assembly
is essential to the product manufacturing, research on the designing of assembling
is less active when compared to research related to solid modeling. Efficient
assembling mapping is a very important step in the direct mapping because the
most of learning processes in education and even electronic commerce procedures
can be mastered very efficiently by the same method.

The assemblability discriminating method and assembling sequence generat-
ing method proposed in the SYDEM [6] are as follows. When a set of machine
parts is denoted by P based on inputting information from the CAD system,
an assembly process of the machines can be described by an assembly process
graph G = (N, A) which satisfies the following conditions (1) and (2), where N
denotes a set of nodes and A denotes a set of arcs,

N={(P,..,.Pn); B,e Pbm>1} (1)

A=({P, ... P} P, o, Pe, Pogt}) )

Each node in the assembly process graph G describes one part, a semi-
completed or completed product. Each arc connects two nodes. An arc
({P1,s P}, {P1, s Pi, Piy1}) of the assembly process G is called a “valid arc”
when the part Py, is assemblable on the semi-completed product which is made
up of the parts P, ..., P via a collision-free path. The arc is otherwise an “invalid
arc”. Determining the validity of each arc starts from a node which corresponds
to the completed product and continuing sequence priority on a depth of the
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assembly process G. The completed product is determined to assemblable when
there exists at least one path of valid arc connecting a node which corresponds
to one part to the node which corresponds the completed product, and other-
wise the completed product is non-assemblable. The above valid path is called
an assembling sequence. When the completed product is assemblable, the deci-
sion and the related assembling sequence are output to a computer integrated
manufacturing (CIM) device to finish the assembly.

Figure 1(a) is an assembly process graph for explaining an example of an
assemblability discriminating method and an assembling sequence generating
method according to what described in the above. Figure 1(b) is a side view
of parts for explaining the above example. In the example it is assumed that a
completed product {A, B,C} shown in Fig.1(b) is to be assembled from parts A,
B and C. In Fig.1(a), the assembly process graph G has seven nodes and nine
arcs, and a valid arc is indicated by a solid line while an invalid arc is indicated by
a broken line. Generally, a search with priority on the depth (depth-first search)
involves a back-tracking. When it is noted that the assembling environment
which mainly affects the validity of the arc is interference or collision, it is possible
to avoid the back-tracking. In fact, the back-tracking does not occur when a
search start of the top of with the assembly process graph, that is, from the

node of the completed product.
I B I
A

(a8 Cac) (BC)
oficlic 7777777777
(2) (b

Fig. 1. An example of assembability discrimination and assembling sequence generation

When total number of parts is denoted by n and the search with the priority
on the depth is carried out from top of the assembly process graph in the disas-
sembling sequence, a number of discriminations to determine the assemblability,
that is, a number of arcs applied with the path-detection technique for generat-
ing one kind of assembling sequence is O(n?) in the worst case.. The number of
discrimination which must made in the conventional case where the search from
the bottom of the assembly process graph in the assembling sequence is O(2") in
the worst case. It can be seen that the efficiency of assemblability discrimination
and assembling sequence generation is increased drastically as the value of n
increases.
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4 Efficient Mountaineering Guide by Using Reeb Graph
and Morse Theory

One existing problem in our information era is a situation of information flood-
ing. In this situation, multimedia itself may just end up with more confusion by
bringing in multiple types of information. One of the challenging task is the effec-
tive utilization of massive amounts of information. Of course, many technological
advances in computing, such as very large-scale integration(VLSI), storage ca-
pacity, parallel software, user interface, compressing algorithms and networking,
have been showing dramatic progress. However, the direct mapping between
multimedia information worlds and real worlds are opening up completely new
dimensions of a hyperworld. Drastic exactness and efficiency increase can be
obtained by the direct mappings in general. The direct mapping is based on
the advances in information controlled active devices and domain specific ex-
pert knowledge that enables us to extract minimum efficient information and
construct effective data structures from real worlds. ‘

Let us assume that a mountaineer, who has sufficient data of a mountainous
terrain as shown in Fig.2(a), is going to send information about it to other
mountaineers. One simple and straight way is for the mountaineer to send the
whole and large amounts of terrain data. It is, however, very inefficient and
expensive. Instead of sending the whole terrain data, one of the alternative ways
is to obtain sufficient geometric data and a topological graph from the large
amounts of terrain data. Here, critical points and their associated Reeb graph of
the terrain data are important topological and geometric information such that
the feature of the surface of the terrain is able to be reconstructed.

height

A (apeak) A (apeak)
B (apeak)

B (a peak)

C (a pass)

(a pit)

s s E (an artificial pit)
E (an artificial pit)

(@) ®

Fig. 2. (a) A mountainous terrain with critical points; (b) Its Reeb graph; (c) Its
contour lines

In the following, we give the mathematical definitions of the critical points
and Reeb graph.
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Critical points: The point zg on the manifold M™ is called critical for the
function fif grad f (zo)= 0 [4].

Non-degenerate critical points: The critical point zg of the function fis called
non-degenerate if the matrix d%fis non-singular at the point zo [4].

Reeb graph: let f M—R be a real value function on a manifold M. The Reeb
graph of fis the quotient space of the graph of fin M x R by the equivalence
relation given below: (X, y1) ~ (X2, y2) holds if and only if y; = y» and
Xy = X, are in the same connected component of f~1(y;) where y; = {X;) and
y2 = f(X2) [3] [11] [13].

Based on the definitions of critical points and the Reeb graph above, in
Fig.2(a), peaks A and B, pass C, pit D, and artificial pit £ are critical points of
the mountainous terrain and they are non-degenerate. Figure 2(b) is the Reeb
graph of the mountainous terrain. Figure 2(c) is the contour lines (the equihight
lines) of the mountainous terrain. The contours are closed curves and they are
homeomorphic to each other, where solid closed lines are normal contours and
dotted closed lines are reverse contours. Reeb graph is one of the topological
graph of the height function and represents the splitting and merging of equi-
height contours at the critical points. The nodes of the Reeb graph represent the
cross sectional planes that include the critical points. Thus, navigated by the
Reeb graph, the exact reconstruction of the surfaces of a mountainous terrain
can be conducted from a series of continuous lines using continuous deformation
represented by homotopy.

The information including the critical points, the Reeb graph, and the con-
tour lines is many orders of magnitude less than the whole terrain data. The
amount of information sent to multimedia information worlds from real worlds
is significantly reduced and also the critical points representing the peaks, pits,
and passes are exactly identified, so that the drastic efficiency and exactness
increase can be obtained by the direct inverse mapping from the real world to
the multimedia world. And from the multimedia world it becomes possible to
directly guide mountaineers in the real world by the direct control of active
devices such as navigating devices. The terrain can be a human body and a
mountaineer a surgeon. It can also be a factory and a group of direct control
robots. This example also shows the importance of reducing excess information
by using domain specific expert knowledge and advanced technologies so as to
utilize flooding information to our advantage in the information era.

5 A Hierarchic Description of Surfaces by Ridges,
Ravines and R-skeleton

In the above example, when the mountainous geographical terrain has a plateau,
Morse theory is no longer applicable, because the top of the plateau is, by defini-
tion, flat and hence equivalent to having an innumerable number of degenerate
peaks. A similar situation occurs when the terrain includes ridges and ravines.
Another problem is that Morse theory depends on the direction of the height
function being predetermined; when the direction of the function changes, Morse
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theory loses its validity. Hence, the concept of wrinkles is important and neces-
sary. Wrinkles are commonly abstracted as “signs of singularity” carrying more
information than critical points, including critical lines, where critical points are
degenerate. Singularity signs are also direction invariant, such as in the case of
ridges, ravines and their combinations [7]. The concept of ridges, ravines and
related structures (skeletons) associated with surfaces in a three-dimensional
space is based on singularity theory and involves both local and global geomet-
ric properties of the surface; it is invariant with respect to the translations and
rotations of the surface. It leads to a method of hierarchic description of surfaces
and yields new approaches to shape coding, rendering and design.

Let us consider a piecewise smooth oriented hypersurface M in the Euclidean
space R?. Let us introduce the distance function from a point & of the Euclidean
space to M by

dist(z, M) = yié’z& llz — vl|-

The distance function to a piecewise smooth hypersurface is continuous, but
not necessarily smooth, even if the initial hypersurface is smooth. Let us consider
the set of all singular points of the distance function to the hypersurface. It turns
out that this set of singular points is a curvilinear polyhedron (hence admitting
a CW-complex structure), whose dimension in a general position is equal to dim
M. We call this polyhedron the R-skeleton for M.

The R-skeleton of a given hypersurface M is the set of all singular points of
the mapping

dist(-, M) : R4 - R.

Let M be endowed with an orientation n(p), where n(p) is the unit normal
vector at the point p of M.

The ridge-skeleton of a given hypersurface M is the connected component of
the R-skeleton pointed at by the normal n(p). The ravine-skeleton of a given
hypersurface M is the connected component of the R-skeleton pointed at by the
normal -n(p).

A ridge (ravine) of a piecewise smooth hypersurface M in the Euclidean space
R? is the set of all points of M that realize the infimum of the distance function
at the points in the pseudoridge (psendoravine).

Figure 3 demonstrates the relations between boundary singular points of the
R-skeleton and the ridge (ravine) lines; we also show here possible location of
neighborhoods of the typical points of the R-skeleton.

Let kpax and kg be the principal curvatures (kpax > kmin), and Viax and
Vmin the corresponding principal directions. An ezfreme ridge point is a point
where kpy.x has a local positive maximum. An ezireme ravine poini is a point
where ki, has a local negative minimum.

The ridge-skeletons and ravine-skeletons introduced as above may be used
for coding surfaces in the following manner. Suppose a surface M is encoded by
the R-skeleton R, with the function r representing the distance; thus r is the
radius of the sphere with the center at the given point of R, tangent to M at
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Fig. 3. R-skeleton and relative objects

two points. Thus, the surface M must be tangent to each sphere in the family of
spheres with centers in R of radii r. Surface features can be classified as follows:

1. Global features, which describe global surface geometry and topology. Among
them, it is necessary to mention the Euler characteristics [1], the Reeb graph,
the R-skeleton and other.

2. Local features, which are determined by the local properties of the surface.
They may be further classified into

(a) Surface features, such as mean and Gaussian curvatures.

(b) Line features. A wide variety of such features can be found, for example,
in {2]. Here the ridge and ravine lines introduced are added into.

(c¢) Point features. Among these, it is necessary to distinguish pits, passes,
peaks (if there is a distinguished direction and a height function along
it), extreme ridge and ravine points.

Thus, the approach leads us to a natural hierarchical classification: R-skeleion,
ridge and ravine skeletons — ridge and ravine lines — extreme ridge and ravine
points. Terrain feature recognition, dental shape reconstruction and medical im-
agery are a partial list of applications.

6 Conceptual Visual Human Algorithms for Recreational
Skiing

Human performance goes across almost everything including daily life, manufac-
turing and art such as sporting, crafting, painting, and musical instrument play.
Learning and mastering one expert technique in human performance may take a
person lots of time, from several months to several years, and even a whole life,
by a conventional try-and-error learning approach. Can ‘we synthesize learning
processes in visual information worlds and then turn them into real world to
improve human performance learning with drastic efficiency? Let us focus on
the case of sporting performance, recreational skiing in particular [8].
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Learning processes consist, generally, of two steps: mental designing and phys-
ical body practicing. The mental designing can be shown clearly by so called
conceptual visual human algorithms, a type of algorithms that specify in skier’s
mind the mental images of the sequences of skiing techniques as the processes of
moving both skier’s body and ski equipment on varieties of snow fields. Concep-
tual visual algorithms make mental design processes and design resulés explicitly
represented in a computer executable form after interactive machine translation.
The initial stage of any designs is requirement specification. The requirement
specification made wrong usually destroys the entire design life cycle. The re-
quirement of recreational skiing are specified as follows:

1. Anyone can enjoy skiing a whole day.
“Anyone” implies without much special training and hence, employing only
most used muscles in daily life, namely using only the muscles for standing
and walking.

2. Varieties of snow fields can be enjoyed for skiing.
“Varieties” means three thing: varieties of snow, varieties of slope shapes,
and varieties of environments.

The requirement 1 specifies the skier’s posture such that it is vertical to the
ski surface. Such vertical posture, namely the upright body posture, uses only the
muscles for standing. However, the usual skiing instruction assumes ski control
by snow plowing either in a scissors position or a parallel position of a pair of
skies, and a lean forward body posture. Such snow plowing forces recreational
skiers to get their legs worn out through the extreme use of muscles other than
those for daily walking and standing. The lean forward body posture limits the
knee lifting range to the 60% of the upright body posture for a walking as shown
in Fig.4. The lean forward body posture results in tragedy when skiing on a
bumpy slope since the limit in knee lifting can cause throwing up of the whole
body into the air at the bump.

Fig. 4. The limit of knee lifting in a upright body posture and a lean forward posture
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=

Fig. 5. A lean back posture and its solid model of increasing o

Relative to the snow field surface, ski position is defined by three parameters:
the angle o between the sliding surface of a ski along the longitudinal direction
and the snow field surface, the angle # between the sliding surface of ski vertical
to the longitudinal direction and the snow field surface, and the sideways angle
v from the straight down direction. When snow is varied or a skier wants to
decelerate, the requirement 1 derives a lean back posture of the whole body
slightly to increase the angle a as in Fig.5. While leaning back, a walking motion
to stretch legs forward and touch the ground by heels keeping the posture vertical
to the ski surface causes the effect of increased deceleration, then the succeeding
walking motion of retracting legs in the same body posture causes the effect of
decreased deceleration. The increased o frees the most top portions of a pair
of skies from the snow resistance, and as a skier directs the body to wherever.
the skier wants to go, a pair of skies moves freely and instantly towards the
body direction with any sideways angle v, as the skier wishes. The varieties
of snow in the requirement 2 can be enjoyed for recreational purposes. Hence,
the requirement 2 drives the identical conceptual visual human algorithms to
increase the angle a by lean back posture of the whole body slightly. The walking
posture gives a recreational skier a joy of panoramic view that is the key factor
to avoid any danger of falling into a hazardous situation such as coiliding with
obstacles or the other skiers.

After the mental designing is carried out by the above conceptual visual
human algorithms, the physical body practicing can be directly instructed by
generating computational visual algorithms from the conceptual visual human
algorithms. The generating computational visual algorithms is most efficiently
done by the SYDEM method as presented in Sect.3. Consider an assembly of
the steps of skiing movements leading a stopping posture from a certain starting
posture. It is far more efficient to specify the computational steps of the segment
movements directly from the steps of the conceptual visnal human algorithm as
the top level design, rather than randomly computing the movements of the
segments until computed movements coincide with the conceptual visual human
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algorithm. The computational steps thus obtained are the computational visual
human algorithm of the stopping. It is possible in this course of generating
computational visnal buman algorithms to go through the physical human body
performance algorithms, first, of satisfactory plays meeting all the requirements
for use as the reference algorithms of computational visual human algorithms,
and second, of lesson plays for diagnosis to identify and correct the erroneous
portions of the plays that do not meet the requirements. The correction is based
on comparing the difference between the computational visual algorithm that
satisfies the requirement and the solid modeled human body movements through
capturing and analyzing the physical human body performance algorithm by
video cameras from various directions.

A visual human algorithm can be abstracted to a structure of signs based on
semiotis or semiology. For example, a skiing algorithm is generally a sequence
of signs such as: start, downbhill, left turn, downhill, righturn, uphill, stop. The
requirement-driven conceptual visual human algorithm to implement the above
sequence: start, increase «, left 4, v = 0, right v > 90 degrees, stop. Neither
complicated control of 8 nor knee operations exist. This means the conceptual
simplicity of requirement-driven conceptual visual algorithm, resulting in 2 to 3
days for a complete new skier to master deep snow parallel skiing.

7 Conclusions

In this paper, the concept of a hyperworld is proposed and direct mapping as the
basic characteristics of a hyperworld is addressed. In a hyperworld, we can not
only get passive multimedia information but also sense and control real worlds
by the direct mappings. The direct mappings means what we or computers are
thinking and concepturizing are realized directly, and target at refining and ab-
stracting multimedia information to efficiently improve our human performance
and actively control real worlds. The drastic efficiency and exactness increase by
the direct mappings are based on cognitive technology and differential technol-
ogy that abstract the key features of visual information and let knowledge match
the level of human cognition through abstraction. The modeling of visual worlds
includes modeling 3D objects and assembling visual scenes. Although several
cases of modeling techniques in visual worlds are presented in this paper, the
future applications of the direct mappings are unlimited. Challenging tasks in
future are to find good models of various direct mappings between multimedia
information worlds and real worlds.
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Abstract. This paper presents a comprehensive model for visual data
processing in multimedia systems. Images are represented as objects in
a hierarchical structure. Several issues in processing images in
multimedia systems are addressed, e.g. multimedia object composition
including spatial and temporal composition. We introduce an object-
oriented compression scheme and discuss combining feature extraction
with compression. Hierarchical storage, which possesses good
properties for image retrieval, display and composition, will be
presented. The image is segmented into homogeneous regions. A
content-based retrieval scheme (CBIR-VU) using shape, texture and
colour information, and a two-stage retrieval method are presented.

1 Introduction

Multimedia systems deal with a variety of information sources, such as text,
photographs, audio, graphics, mechanical drawings, statistics charts, tables, numerical
data, and full-motion video. Images, in a general sense, include natural images, such
as photographs, medical images, and satellite images; artificial images, such as
computer graphics, paintings, and drawings; and scientific pictures, such as statistics
charts, and visualization patches. There are a large number of operations involved in
dealing with these images, such as display, scaling, storage, prescreen manipulation,
art-effects processing, etc. However, images themselves are in different formats. The
requirements of using images vary significantly and new demands come in an ever-
increasing tide making conventional programming of multimedia systems very
difficult. Some processes may even be impossible to implement.

Current 1mage database systems can be classified according to the types and
natures of the features used for indexing and retrieval as attribute-based systems, text-
based systems and content-based systems. Different semantic representations for the
features would generally lead to different indexing methods. Attribute-based systems
are the legacy of conventional database management system (DBMS) in using a set of
structured attributes in accessing the objects, so that the object handling capability can
be extended to cope with voluminous and gigantic image objects. Since little spectial
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development is required in organizing and retrieving image objects in these systems,
many image or pictorial databases in early years are attribute-based (Chang and Fu,
1981). Indexing methods used in these systems are usually B*-trees (Comer, 1979) or
inverted files (Salton and McGill, 1983). Chang and Kunii (1981) surveyed a variety
of attribute-based pictorial database systems. The main problem in attribute-based
systems is that the adoption of a fixed set of attributes cannot take advantage of the
rich content in the images. Moreover, these attributes limit the scope of the
application of the database and provide little room for future and unforeseen usage of
the images. There are a few commercial text-based image databases such as the
Kodak Picture Exchange (KPX) (Larish, 1995) and the PressLink Image Library
(Martucci, 1995). In text-based systems, each database object is annotated with free-
text and structured fields. Keywords or free-text are associated with each image by
visual inspection of the content of the images. To carry out a query, the user issues a
query keyword and this is compared with the keywords of the images in the database.
Indexing methods for text-based image systems include full text scanning access
methods, inverted file and signature file methods (Feichtinger and Gréchenig, 1992).
Both attribute-based and text-based methods fail to reflect the rich content of images
completely. The indexer may concentrate on and annotate major features of the
images, but pay little heed to minor details in the images. Some features in images are
extremely difficult, if not impossible, to describe in text. For example, irregular
shapes and jumbled textures are not easily conveyed in words. In fact, the indexer’s
annotations limit the scope for searching the image, since it can only be retrieved
using these free-text keywords, leaving no means for the image to be used in future
contexts for which it may be appropriate (Jin et al., 1995). Many workers have tried
content-based methods (Chua et al., 1994; Niblack et al., 1993; Nagasaka and
Tanaka, 1992). The most commonly used content features are shape, colour and
texture (Caelli and Reye, 1993).

This paper presents a comprehensive model for image processing in multimedia
systems. This scheme represents images as objects in a hierarchical structure and
provides a simple representation for processing images. We address several issues in
processing images in multimedia systems, such as multimedia object composition
including spatial and temporal composition. An object-oriented compression scheme
is introduced and combining feature extraction with compression is discussed.
Hierarchical storage, which possesses good properties for image retrieval, display and
composition, is presented. Other multimedia database issues, such as data integrity,
location transparency and consistency are also discussed. The image retrieval issue
and the development a content-based retrieval scheme using shape, texture and colour
information are addressed. The image retrieval takes two stages: the first stage
retrieval is based on the user's query and the second stage retrieval uses the
knowledge from the first stage results. Finally, we discuss object-oriented
manipulation, such as scaling, display, art-effects and high performance line-art
processing, superimposing and projection, custom filtering and prescreen
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manipulation. Because images are stored in a compressed format, performing normal
operations, such as scaling and transformation, without decompressing is also
discussed.

The techniques have been practised in developing a prototype multimedia version
of NUTTAB 95! (Lewis et al., 1995), the Australian food composition database, with
the assistance of ARC grants. The multimedia database developed may include
photographs, cartoons, text, numerical tables, statistics charts, and drawings. The
functions include information retrieval, document composition, slide production,
image analysis, survey presentation and computer-aided learning.

2 Data Structure and Document Composition

There are two problems in dealing with multimedia data in multimedia systems. One
is the variety of formats. For example, images can be black/white images or colour
images. The black/white images include binary images and grey-scale images. The
colour images include different shade levels. Images may be in different resolutions.
The other problem is duplication of data during storage. Almost all images need a
thumbnail for icon display. Some images are part of other images. To store them again
creates duplication in the database. Images are also stored in a compressed format.
The compression format, such as JPEG (Wallace, 1991), is not usually consistent with
image analysis. The images must be decompressed first and then subjected to various
analysis processes. The gain in storage space is at the expense of extra computation.

We propose a compression scheme using Gabor functions which allow certain
tasks to be performed over compressed data. To apply Gabor functions in image
representation we have to construct series expansions with respect to basis functions
(Faloutsos and Christodoulakis, 1984). This means that all basis functions are derived
from a single function by elementary operations such as translation, modulation,
scaling, dilation, or rotation. An image is divided into subband signals, convolved
with the set of basis functions, and then encoded as coefficients. Each subband signal
encodes a particular portion of the frequency spectrum, corresponding to information
occurring at a particular spatial scale. The encoded signals still contain the spatial
information, which makes it possible to perform certain tasks such as pattern matching
and recognition over the coefficients. To reconstruct the signal, the subband signals
are up-sampled, filtered, and then combined additively.

To accommodate multimedia object composition which includes spatial
composition and temporal composition we propose a hierarchical data structure for
multimedia, as shown in Figure 1. The document can be stored in a hierarchical way,
which possesses good properties for image retrieval, display and composition. The
hierarchical storage avoids duplication by using a link to the original data. Any

! Permission was granted by the National Food Authority for the use of NUTTAB 95
for this purpose.
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variation can be defined by an attribute attached to the data item. The advantage of
this approach is that it retains data integrity, location transparency, and consistency,
which is necessary for a database.

Documents
class / \ CIN
|\ | \Lattributes | | \Iattributes l I l I ........... I

sub-gdass sub-class sub-class sub-class

| ;|\ Jatributes || ] Jaibutes | {---- /] [auributes |

™

Figure 1. Data structure for multimedia representation

3 Content-based Image Retrieval

Advances in image technology have enabled widespread application of images for
more effective representation of viswal information and human-machine interface.
This can be demonstrated by the fact that NASA’s Earth Observing System (Asrar and
Dokken, 1993) will transmit a terabyte of satellite imagery per day and medical
centres receive gigabytes of patient visual data per day. It is therefore reasonable to
expect that most future information systems will require efficient methods for
archiving and managing large volumes of images and thus advanced imagery
databases are desirable. A more sophisticated method for image indexing and retrieval
is content-based. The commonly used content features for image retrieval include
shape, colour and texture. Retrieval can be requested directly by submitting a query
feature value, or a user-constructed query image which can be in the form of a query
colour chosen from a colour palette, a texture selected from a menu of texture
patterns, a free-sketch drawn by the user, or a combination of them (Lee et al., 1994a;
Lee et al., 1994b).

We have developed a content-based retrieval system, CBIR-VU (Content-Based
Image Retrieval at the Visual Information Processing laboratory at the University of
New South Wales) using shape, texture and colour information. The image is
segmented into homogeneous regions. Each region is associated with three features
for indexing and retrieval. We aim to combine content-based retrieval with text-based
retrieval to form a sophisticated retrieval method.
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3.1 Image retrieval using shape information

We propose a signature using the smallest enclosing circle (SEC). The basis of this
method is the transformation which maps a shape from its boundary into an n-
dimensional shape-space. The SEC centre of the circle is chosen as the reference
point. The SEC of a shape is unique and this uniqueness provides translation
invariant. The vector from the SEC cenire through the centroid of the shape defines
the unique orientation of the shape, which provides rotation invariance. Scale
invariance is obtained by dividing the SEC by » radial lines with equal angles, starting
at the orientation vector (see solid lines in Figure 2a). The distance from the centre of
the SEC to where the boundary of the shape crosses a radial line can be calculated.
The ratios of these distances to the SEC radius are scale invariant. The shape is thus
represented by n ratios starting from the orientation vector in a counterclockwise
order. This n-tuple of ratios can be observed as a point in an n-dimensional space,
called the shape space. Segmentation in the SEC can be done in a hierarchical way.
Four segments are taken from the first level and two segments are taken from the
remaining levels; only sections with large variance need to be further segmented as
shown in dashed lines in Figure 2a. We apply the Huffman coding procedure
(Huffman, 1952) on the variation of Ar/As, where r is radius and s is the length of
perimeter. The ratio Ar/As is invariant to scaling. If we take the total Ar/As as a unit,
partial Ar/As is an indication for Huffman coding. Since the partial Ar/As over half
circle is definitely large enough to go to the second level in the coding procedure, we
combine the first two levels to form the four segments in our coding. Figure 2b shows
the coding tree.

ag ay
aj3ajq

s ()
Figure 2. Signature using SEC (a), and its hierarchical coding scheme (b)

There are several properties of this signature. First, the SEC can be calculated in
linear time, thus the signature has an order O(n) in computational complexity (Jin
1994). Second, it provides spatial relations over objects in images, such as left, right,
above, below and orientation. The similarity of objects can be measured by
calculating the distance of two points in the shape space. Lastly, the features of
regions, such as colour, texture, intensity moments, etc. can be extracted as indices for
retrieval. An example of retrieval is shown in Figure 3.
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Figure 3. Query by shape: top - query image; bottom - query results

3.2 Image retrieval using colour information
The colour and texture of the region are calculated as the identifiers of the regions.

The hue modal is used as the colour descriptor. It is defined as max ( ¥, H(i,j, h)),
h

i,jeQ

where € is the region, i and j are the coordinates, A is the hue value and H is the hue
histogram. This gives the most frequent colour of the region. Hue value is
independent of intensity. Its partial order is consistent with human perception of
colour. Figure 4 shows query results using colour. The results are ranked based on the

similarity to the query image.

3.3 Image retrieval using texture information

Texture is an important feature to distinguish regions in images (Caelli and Reye,
1993). There are many texture modeling (Elfadel and Picard, 1994). We use a set of
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Figure 4. Query by colour: top - query image; bottom - query results

Gabor filters with five orientations and eight band-widths to calculate the texture
descriptor. Gabor functions take the form:
A_xi(u-:;g)ﬂ(v—:o)’]

= a P e-Zni[xo(u— ug )+ yo(v—-vy)]

glu,v)=e

where (xo, ¥o) and (up, vp) are the centres of the filter in the spatial domain and the
frequency domain, respectively, and @ and b are the radius of the filter. Five
orientations cover 180° range and eight band-widths cover 0 to 60 cyc/deg. This is
consistent with the human visual system (Watson, 1983). Figure 5 gives query results
using texture. The results are ranked based on the similarity to the query image.

3.4 Two-stage image retrieval

Usually the retrieval command is issued by the user with only partial information. The
initial retrieval can only use this partial information and cannot utilize the system
index fully. In order to use other indices and achieve an intelligent retrieval, the
system should try to understand the user's retrieval request, i.e. obtain knowledge from
the query. Both texture and colour spaces are clustered to form attributes for indexing.
We use a two-stage retrieval method. First stage retrieval is based on the user's query.
The second stage retrieval uses the knowledge obtained from first query results. The



47

Figure 5. Query by texture: top - query image; bottom - query results

user can select a few interesting images or regions. The system extracts features
automatically from these selections and retrieves again based on the combination of
features.

Knowledge acquisition in the second-stage retrieval is performed by building a
small feature space of the images which resulted from the first-stage retrieval. First,
we perform the principal component analysis (PCA) on all features of the results to
select the most significant features. Then, a clustering process is performed using
these features. The clusters contain query information and the cluster centres become
the indicator for further retrieval. This process can also be carried out interactively.
The system asks the user to select a few images which contain similar features to those
the user wants to retrieve. Then, PCA and clustering will be applied to selected
images and unselected images. The significant features from selected images are used
for further retrieval, whereas those from unselected images are excluded from further
retrieval. The second-stage retrieval can be iterated and the sub-space of features can
be expanded through iteration. In doing so, the system tries to understand the user’s
query and attempts to retrieve information intelligently.

The K-L transform (Murtagh, 1987) is adopted for principal component analysis.
Suppose after the first-stage retrieval we obtain n images. In the texture space, we will
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have n 30-dimensional vectors, t7, 12, ..., ty. Combining these vectors, we have a
matrix T = (¢, 12, ..., ty), which has a dimension 30xz. Note that T3¢x; may not be a
square matrix. The product 77" is a 30x30 matrix. Applying K-L transform over 77",
30 eigenvectors are sorted in a descending order according to their corresponding
eigenvalues. The attributes topping the list will be the most significant features for
retrieval. Similar transforms will be applied to shape features. Then, a multiple self-
organizing memory (MSOM) clustering (Wan and Fraser, 1993) is applied over the
major components of shape, texture and colour features. The number of components
from each feature can be decided based on their eigenvalues and expected response
time. The major computational cost in the process is the calculation of 77". However,
because the number of feature vectors in the sub-space is small, calculation of 77~ will
not cause significant delay. The Householder transform (Strang, 1988) is applied to
calculate the K-L transform. Again, the maximum dimension of the K-L transform we
have is 30. The complexity 30° is not of major concern here.

We have tested our scheme by choosing the major component of each feature to
form a sub-space (S, 7, C), where S is the major dimension in the shape space, T is the
major dimension in the texture space and C is colour. The MSOM clustering is
applied over all images which resulted from the first-stage retrieval. The major
clusters containing the most images are the result of knowledge acquisition. Figure 6
visualizes the result by volume rendering over the sub-space of the whole index space.
Testing was done over a collection of 800 images. The orange cluster in Figure 6 is
the major cluster containing the largest number of images from the first-stage
retrieval, The compactness of the cluster indicates a well-behaved clustering process.
The centre of the cluster is the retrieval result or a new initial point for another
iteration of retrieval.

-

Figure 6. Visualizing the knowledge acquisition process using PCA and clustering.

We have tested the second-stage retrieval separately. Its results are consistent
with human visual perception. Figure 7 shows a second-stage query. The query image
shows a user selected region. The system extracts shape, texture and colour features.
We perform the PCA and clustering over the entire index space. (In this case, time is
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User selected
region

Query output:

Figure 7. The second stage image retrieval in muitimedia databases.

not of major concern). The cluster where the query image lies is displayed in
descending order of similarity. We did not build the sub-space of features as testing
was done in the second stage only without results from a first-stage retrieval.

4 Indexing high dimensional features using SS*-tree

Conventional access structures are not suitable for retrieving images represented
by high dimensional feature vectors. In image databases, the basic and most important
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operation to support is similarity searches (Arya et al., 1995; White and Jain, 1996b;
White and Jain, 1996a), which are generalized k-nearest neighbor searches. A
similarity search in a high-dimensional space is a difficult problem, and in general, as
Minsky and Papert (1969) conjectured, will necessitate examination of a significant
portion of the data. There have been a number of indexing data structures suggested to
handle high-dimensional data: the Similarity Search tree (SS-tree) (White and Jain,
1996¢), the Telescopic Vector tree (TV-tree) (Jagadish, 1996; Lin et al., 1994), and
the X-tree (Berchtold et al., 1996). These new structures all perform better than the
R*-tree, the best conventional multidimensional indexing structure available, for
various reasons: the TV-tree actually reduces the dimension of the vectors by
collapsing the first few dimensions with the same values, the SS-tree utilizes the
clustering property of the data, and the X-tree tries to minimize the overlapping
between nodes’ bounding boxes (hyperboxes}.

Preliminary analytical results with R-tree-like structure (Pagel et al., 1993;
Kamel and Faloutsos, 1993) showed that the expected number of leaf nodes touched
by a window query is proportional to the area covered by the bounding boxes, the
weighted sum of the bounding boxes perimeter, and the weighted sum of the number
of leaf nodes. The analytical result is in agreement with the performance enhancement
techniques for the R-tree related structures. All the overlapping reduction techniques
are actually an indirect way of reducing the total volume and surface area. Efforts to
get high utilization will tend to minimize the number of nodes. The surface area
minimizing split heuristic used by R’-tree is one of the reasons for the tree’s good
performance.

Some of the most often discussed properties of a R-tree based multidimensional
access structure are splitting heuristics, the shape of the bounding envelope of each
node, the criteria used to choose the subtree to insert the new data, and the heuristics
used to reduce overlapping between the nodes and bad decisions made earlier. These
properties are not independent of each other. The splitting heuristic and subtree
selection criteria will determine the shape of each node and hence the goodness of the
bounding envelope. The goodness of the bounding envelope will also determine the
extent of the overlapping between nodes. The heuristics used to reduce overlappings
and early bad decisions will also affect the shape of the nodes.

4.1 Node Split Heuristic

Almost every tree-based multidimensional access structure, e.g. the R-tree and its
variants (Guttman, 1984; Beckmann ef al., 1990; Sellis ef ai., 1987), SS-tree (White

2Throughout this section we will use the more familiar two-or three-dimensional term:
boxes for hyperboxes, circles or spheres for hyperspheres, lines or planes for d-1
dimensional hyperplanes, and perimeters or surface areas for (d-1)-dimensional face
volume.
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and Jain, 1996¢), X-tree (Berchtold er al., 1996), uses a splitting plane that is
perpendicular to one of the coordinate axes. Except for SS-tree, the split criteria used
are mainly topological ones, e.g. the minimization of the perimeter, area, the increase
of the node’s area, or overlappings. Because the tree structure aims to support
similarity searches, we would like nearby vectors to be collected in the same or nearby
nodes. This means that we prefer a division of the data that reflects the data clustering
and also means that the less variance within the nodes the better.

Dividing data into groups while optimizing a statistic has been studied
extensively in the clustering area. For the SS*-tree, we chose the widely used k-means
clustering algorithm (MacQueen, 1967). The computational complexity for this
clustering algorithm is O(cni), where n is the number of data and c is the number of
clusters, and i is the maximum number of iterations done by the algorithm. Applied as
the splitting heuristic, the number of clusters ¢ will be two, the number of data points
is bounded by the maximum node’s capacity plus one, and we can always set an upper
boundary for the number of iterations done by the algorithm. With this splitting rule
we have a greater degree of freedom and the algorithm will seek to minimize the
variance in the resulting partitions. Also note that in a Euclidean space, this splitting
heuristic will tend to produce spherical-shaped nodes. Related to these splitting
heuristics, like the SS-tree, we use the closest centroid as the criterion for choosing
the subtree into which we insert new data.

4.2 Overlap Reduction

Using k-means splitting rule has their own consequences, one node with a bigger
variance might overlap a smaller node (see Figure 8a for an illustration-here we use
bounding spheres for the nodes, but a similar situation will also occur even if
bounding boxes are used). This situation is not desirable since it will be difficult to
determine which node is better when the search is performed and also the total
volume/area of the nodes is actually larger than if there is no node that "eats" another.

To alleviate the situation where a node boundary expands and heavily overlaps
its siblings, the parent of the nodes which have been recently updated should check
this situation (it will take O(n) time, where n is the number of children within the
parent node). In this case, we invalidate ali the children (say k) involved and do a
general k-means clustering of the grandchildren. The result of this rule can be seen in
Figure 8b. The reorganization itself, if necessary, will take O(nfki) time, where fis the
average fan out of the child nodes and i is the number of k-means iterations
performed. Measures should be taken to make this reorganization happen
infrequently, like installing a guard that will decay with the insertions of new data.,
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(a) Before (b) After

Figure 8. The nodes configuration before and after the application of the local
reorganization rule.

4.3 Nodes’ Bounding Envelope

For the nearest neighbor queries in Euclidean space, Cleary (1979) has proved
that decomposition into spherical regions is optimal in the sense that it minimizes the
expected number of regions touched. Our intuition in two and three dimensional
spaces leads us to expect that trees using bounding spheres for its nodes will perform
worse than those using bounding boxes (see Figure 9a and Figure 9b as an example3).
The immediately apparent problem with spheres in Euclidean space is that we cannot
cover the space with spheres without overlaps; furthermore, due to the isotropic nature
of the spheres, extending the spheres in one direction will extend them in every
direction. Whereas with boxes, we can tile the d-dimensional space without
overlapping and we can choose 2d direction to extend them (if we have to extend near
the corners, there are fewer choices) and most of the time, the volume does not have
to be expanded as much as spheres.

The formulas to calculate the volume (1) and the surface area (2) of a d-

dimensional sphere radius r are:
d %

Vir.d)=12 ey
(%)!
d-1,.9%
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The graphs of the volume and surface area of the unit sphere (r = 1) are shown in
Figure 10. The sphere volume will still grow exponentially with the dimension for
r > 1, but the rate of growth is somewhat slowed down by (d = 2) compared to square
boxes with edges of length r (see Figure 11).

3 The bounding envelope of a parent node does not have to enclose all the bounding
envelopes of the parent’s children. We use a lazy bounding envelope enlargement
scheme; we only enlarge the bounding envelope if it does not enclose the newly
inserted data/reinserted node.
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(a) Bounding boxes (b) Bounding spheres {c) Bounding boxes and
spheres

Figure 9. A 4-level SS*-tree in a 2-dimensional space using various bounding
envelopes.

Since the splitting heuristic tends to produce spherical clusters, this implies that
in a high dimensional space, spheres will be better suited as the bounding envelopes.
The amount of space wasted (Figure 12a) from using bounding boxes will increase
exponentially with respect to the dimension (see Figure 12b and Figure 12c,
respectively).

Volume Surface Area

N W s o

Dimension
10 20 30 40 to 20 0 o

(a) volume (b) surface area
Figure 10. The volume and surface area of the unit sphere (r=1).

Because the sphere volume grows exponentially with the dimension, in a high
dimensional space a small increase in the radius of the sphere will give us a large
increase in the surface area and volume of the sphere. In accord with the analytical
results of R-tree (Pagel et al., 1993; Kamel and Faloutsos, 1993), we want to
minimize the total surface area and volume of these bounding envelopes. Computing
the smallest enclosing sphere is not feasible in a high dimensional space, since the
time complexity is exponential in the number of dimensions (for approaches using
linear programming (e.g. Megiddo, 1983; Elzinga and Hearn, 1972a; Elzinga and
Hearn, 1972b)) or even super-exponential (Welzl, 1991).
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Figure 11. The volume of spheres with » = 1; 2; 3; 4 and the volume of square boxes
with sides equal to r (the box volumes are drawn in thicker lines).

We use an approximation to the smallest enclosing sphere calculated by a spatial
search utilizing the golden ratio () (Schroeder, 1991) [y is the ratio with which to
divide a straight line such that the ratio of the shorter segment to the longer one equals
the ratio of the longer segment to the original line (y = (V5-1)/2 = 0.6180339887...)].
The use of the golden ratio in the search for the centre of the smallest enclosing
sphere has been proposed (Jin ef al., 1994) as a way to preprocess data before feeding
them to Welzl’s (1991) smallest enclosing sphere algorithm. Compared to other access
structures using bounding spheres, the SS-tree (White and Jain, 1996¢) uses the
centroid and the distance of the farthest element from the centroid as the centre and
radius of the bounding sphere (which most of the time will not be the optimal one with
respect to volume and surface area) and the sphere-tree {(van QOosterom, 1993) uses the
minimum bounding sphere computed by a variant of the method described by Elzinga
and Hearn (1972b) which at best is dependent exponentially on the dimension (the
sphere-trec was only tested for 2-dimensional spatial data).
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Figure 12. The wasted area resulting from using boxes instead of spheres for
bounding spherical shaped nodes.

An illustration of the working of the algorithm can be found in Figure 13. The
algorithm starts with a guess (C1) of the initial centre of the sphere which is the
midpoint of the bounding box of all the points, it then finds the farthest point from this
centre (F1), and moves the centre towards this farthest point using the 7y ratio (the new
guess for the centre should be closer to the previous guess, hence the ratio of the
distance of the new centre (C2) to the farthest point (F1) to the distance of the
previous centre {C1) and F1 should be equal to y = 0.618...). For the next iterations,
we can shorten the line segment from the current centre (C2) to the farthest point (F2)
using the halfspaces (A1) defined by the plane perpendicular to the previous centre-
farthest point line (C1F1). These exclusion areas (A1...A3) are actually of spherical
shape, planes are used to make the computation easier. Once the distance of the new
centre and the previous centre is close enough (e.g. C3 and C4 are close enough), we
can obtain the sphere by using the current centre point (C4) and the distance from the
centre (C4) to the farthest point from it. The generalization of this algorithm to
calculate the approximation to the smallest enclosing spheres of a collection of
spheres and boxes is straightforward after defining a suitable farthest point for each.

4.4 Comments

Our experimental results (Kurniawati et al., 1997) show that the SS*-tree
outperformed the original SS-tree. The results also suggest that bounding spheres will
perform better if we have a similar range of values for every axis. For data with
unequal distribution for each axis, it might be better to use ellipsoid envelopes if we
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use a variance minimizing split heuristic. Compared to spheres, bounding boxes can
adapt better to data with non-symmetrical distribution.

The k-means splitting and reorganizing heuristics result in a tree with a low
variance-a low variance will also mean we have more compact nodes. The k-means
reorganization rule helps reduce the overlappings. There are cases where overlappings
are unavoidable, in which case it is better not to split the node at all but to have one
big node in place of several heavily overlapping ones (similar to the supernodes in X-
trees (Berchtold et al., 1996)). If updates are rare, it is definitely better to use
optimized static structures (White and Jain 1996b) and employ dynamization
techniques (Overmars 1983).

¥ . *
-
x . O
x* " %

(d)

Figure 13. An illustration of the calculation of the approximation to the smallest enclosing
sphere.
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5 Object-oriented image processing in multimedia systems

There are many operations related to images, such as scaling, display, art-effects and
high performance line-art processing, superimposing and projection, custom filtering
and prescreen manipulation. Defining images as objects and grouping objects into a
class make these operations easier. Large scale content-based multimedia databases
have been developed by several institutions. Such systems include the QBIC (Lee et
al., 1994b), CANDID (Kelly et al., 1995), TRADEMARK (Kato, 1992). The QBIC
system supports complex multi-object and multi-feature queries of large image
databases. This specific system distinguishes between the scenery of the image and
the objects. In the QBIC system, the user interface has two major components,
namely, the query specification windows and the query result window. The QBIC
query specification window is constructed from a hierarchy of three levels. The top
level is the symbolic representation of the query; the middle level controls the
enabling and weighting of the feature values, and the lowest allows the feature values
to be set or selected. We can apply object-oriented techniques in manipulation. We
have developed an interface for image retrieval as shown in Figure 14. The shape and
texture palettes give the cluster centres. Retrieval input can be selected by users or
extracted from a user defined image. Figure 15 shows data flow of retrieval. Retrieval
can be made on a single feature or a logical combination of multiple features.

Because images are stored in a compressed format, performing normal
operations, such as scaling and transformation, without decompression is necessary.
These operations can be done by convolving compressed images with a pre-designed
filter. For example, scaling images can be represented as A (i, j) = af(i,j), where
h(i, j) is a scaled image with scaling factor o.. The Fourier transform of h(i, j) can be
represented as:

o u,v
HoGuw)= 22 by = oy (v Fg )
9y (u,v)
This means that to scale an image is equivalent to filtering the image with a filter
oy (4, v). Similar results can be obtained for other operations.
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Legend: D system main menu 9 shape pattern for selection and browsing
@ user defines shape and texture @ texture pattern for selection and browsing
colour sample colour plate for sampling

selecting an image for automatic feature extraction

logic expression of query features feature values

Figure 14. Image retrieval interface for CBIR-V (or CBIR-VU).



59

Figure 15. The mechanism and data flow of image retrieval.
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6 Conclusion

We propose a consistent representation for image storage and retrieval in multimedia
databases. The coding scheme preserves spatial, frequency and temporal information.
The coding function has the least uncertainty over the spatial domain and the
frequency domain.

This approach possesses several good properties. The coding scheme preserves
the local information, which can be used to combine spatial information with
statistical information. The signature proposed for describing patterns also provides
geometric and temporal description for the image. The neural networks for decoding
images have a simple structure suitable for parallel processing, and are easy to modify
for different tasks. Multi-channel theory suggests a completely new structure for
future multimedia databases. The compression scheme can be used for progressive
coding, which provides a method for teleconference and other dynamic coding. It can
also be used for computer graphics (Jin et al., 1992).

We have developed a content-based retrieval scheme, CBIR-VU using shape,
texture and colour information. The image is segmented into homogeneous regions.
We propose a shape descriptor using edge features, namely zero-crossings extracted
from multi-channel Laplacian of Gaussian filtering. The texture and the colour of the
region are calculated as the identifiers of the regions. We use a set of Gabor filters
with five orientations and six band-widths to calculate the texture descriptor. The
modal of hue is used as the colour descriptor. Both texture and colour spaces are
clustered to form attributes for indexing. We have shown that such a scheme can
effectively retrieve images from multimedia database systems.
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Abstract. Ongoing and completed planetary and Earth satellite missions have spawned large
image data archives distributed all over the world. The searching for specific data suffers from
lack of using international query and catalogue standards, slow network connections, no
graphical user interface (GUI) and no platform independent client software. The proposed
GDSS (Graz Distributed Server System) project outlines the system design, the setup of a high-
speed ATM (Asynchronous Transfer Mode) backbone and the prototype implementation. The
GDSS prototype uses Java and JDBC (Java Data Base Connectivity) in order to access any
ANSI SQL compatible relational database system with the same set of SQL statements. The
client software provides remote access to search and retrieve data from a planetary meta-data
set. The 500 GByte NASA Magellan data set from planet Venus was used as a first test dataset.
However, the system is not restricted to the given dataset. We expect data management
concepts, network technology, Java client software and database connectivity based on interna-
tional standards illustrated within the GDSS project to also be applicable to Earth based remote
sensing data.

1 Introduction

An increasing number of Earth observation and planetary satellite missions have
spawned large image archives. The search for specific image data by means of search
criteria such as acquisition, time and/or date, geographic location, surface features or
the actual content of an image remains a tedious process due to the current need of
either searching through low quality quicklooks of poster photo-prints or of dealing
with large volumes of original image data that are usually not organized by the pre-
ferred search criteria. That is why determination of the exact image coverage is
difficult. Data are often organized in a way that exceeds an area of interest by far.

These experiences are shared by a wide scientific community and are exemplified in
this paper by the image data set of planet Venus which was produced by NASA’s
Magellan spacecraft. NASA’s Planetary Data System (PDS) [1] offers access to the
entire image data set from Magellan. We report on ideas and results in organizing this
data set to ease the access from remote sites. In this context we also discuss issues of
data-specific processing software and access to specific remote computing resources.
This work results from the European Magellan Data Node [2] which is organized as a
subnode to the geosciences node of the PDS under an agreement between NASA, the
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Austrian Space Agency and the Institute for Computer Graphics and Vision at the
University of Technology, Graz.

During the Magellan mission to Venus about 95% of the planet’s surface was mapped
by the spacecraft’s sensors. The data set consists of SAR images (>5200 orbits) with a
total volume of about 500 GByte. The raw images (polar, south to north) or FBIDRs
(Full resolution Basic Image Data Records) are grouped into three “cycles” defined by
the different look angles of the SAR sensor. Images from cycles 1 and 3 can be used
for stereo processing because of their different same side look angles. Cycle 2 was
recorded from the opposite side [3, 4].

We propose to use the Graz Distributed Server System (GDSS) not only for searching,
but also for processing and retrieving of remote sensing image data. It is designed for
giving easy and unified access to all planetary data, source image processing capabili-
ties and computing tools to a geographically dispersed scientific community. This
paper outlines the general design of the GDSS and introduces a first search-client
prototype using JAVA and JDBC (Java Database Connectivity) connected with an
Oracle relational database server. An ATM network at OC-3 speed (155 Mbit/sec)
which was built up between two institutes of the University of Technology, Graz is
used as a network backbone.

2 Related work

Various systems exist to spatially organize Earth observation data in image catalogs
and to provide remote search and retrieval. Examples include GISIS (Graphical
Intelligent Satellite Information System) [5] and VISTA (Visual Interface for Space
and Terrestrial Analysis) [6] {7], which were designed to give remote access to
various remote sensing data using a special purpose client software. GISIS supports
the user with an intuitive GUI and a detailed zoomable 2D vector map of the Earth.
VISTA additionally supports a 3D vector representation of Earth but is a special
purpose solution. Eurimage [79] provides Earth Observation Products and Services in
Europe, North Africa and the Middle East, offering remote sensing users the EiNet
service. EiNet is an on-line subscription service that lets you access Eurimage's cata-
logues of Earth Observation satellite data, allowing you to browse thumbnails and
meta-data of the scenes covering your geographic area and time range of interest, and
download Quick Looks. The European Union’s CEO (Center of Earth Observation)
was initiated to develop a European wide support of multi mission data catalogues. A
first spin off is the so called European Wide Service Exchange (EWSE) [8]. It has
some special features that allow registered users to search, input, update and
customize the information content via their WWW browsers. ImageNet from CORE
Software Technology Inc. [9] supports data browsing and retrieval via WWW or a
special purpose client. These free services allow easy access to both summary and
detailed data product descriptions, as well as browse images and fully processed
science data. The EOSDIS-IMS (Earth Observing System Data and Information
System Information Management System) [10] provides search and order tools for
accessing a wide variety of global Earth science data and information via a platform
dependent browser program which supports a downloading facility. The image data
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reside at ten different data archives. Furthermore the WWW Ionia AVHRR Net
Browser {11], the Arno project [12] and the Landsat/Spot browser by the Canadian
Center for Remote Sensing and Earth Observation {13] should be mentioned.

In comparison, there is no proliferation of systems for planetary data retrieval.
Publicly accessible applications for planetary data retrieval, provided by the member
institutions of the PDS, allow searching databases for named features, or for image
coverage by defining either a point or a region of interest. Two collaborative projects
have recently started at NASA’s Jet Propulsion Laboratory (JPL) and the US-
Geological Survey (USGS): Planetary Image Access [19] and Solar System
Visualization (SSV) project [20].

There are several ongoing ATM pilot projects and testbeds [18]. Most of them are
currently in the USA and Canada. In Europe just one global experiment was initiated
by the European Union [14]. Two of the most important pilot trials in the United
states are the MagicNet [15] and the BagNet [16]. The Canarie Net [17] pilot trial
network, which is currently the biggest ATM network in the world, was built in
Canada. Within these networks various pilot trials are taking place including: music
library, video on demand, military real-time battle applications, global internet
seminar, cyber mall and guarantee of interoperability among heterogeneous ATM
hardware components.

Current systems are greatly limited in their abilities such as user defined image
cropping, billing for services and data, using a flexible network with high bandwidth,
user management, supporting raster and vector representations, offering image proc-
essing facilities, sharing resources and dealing with distributed archives. Image data
are conventionally organized by type of sensor, by satellite, by time of data acquisition
and not by spatial coverage. It is the image’s position or its coverage that a scientific
user most likely uses in his queries. The usage of available standards should be
obligatory but is usually ignored.

3 System Design

3.1 Design Goals

Raster Image Oriented Browsing Interface: On planets like Venus you cannot take
advantage of many named features, so the GDSS will need a zoomable raster image
oriented map browser with different levels of detail (LLOD) for representing the whole
planetary surface. The LOD provide an overview of the entire planet as well as a de-
tailed representation of surface segments.

Search for Points of Interest / Regions of Interest: The system needs to handle queries
for points and regions of interest via a spatial database. This is based on lossy com-
pressed quicklooks at a reduction >1:25 of the full resolution data. At this scale the
overview of all available images for a special surface point or region of interest be-
comes manageable.
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Coverage Requests: Venus’ Magellan images may be the subject of queries regarding
the coverage with stereo, by a specific cycle or of a particular feature. The coverage
result will be visualized at the client site by overlaying colored areas (e.g. green areas
showing stereo coverage, red areas showing features and so on) on the pixel map.
Clicking on these areas will retrieve all quicklooks satisfying the user’s coverage
criteria.

Searching for Meta Information. Besides points and regions of interest, one may want
to use additional criteria to a query which can act as a filtering function on the data,
one may think of multiple images covering an area in the form of an image stack.
Additional criteria may address a cycle number, a date or time, type of sensor, data
processing, history with a computation algorithm, processing parameters etc., the
satellite itself, or the geometric resolution.

Client-Server Architecture: The underlying concept of GDSS is a distributed client-
server architecture [24, 25]. As a backbone an ATM network is used for reasons ex-
plained below.

Intelligent Local Caching: An intelligent local image cache keeps response times as
short as possible and reduces network traffic. The main weakness of each caching
strategy is the update problem. This problem has already been efficiently solved
within the Hyper-G system [26, 27, 28] using the so-called p-flood [29] procedure.
We propose to use a similar algorithm for the GDSS.

Local server data prediction: There exists a Central Server which will store complete
browsing maps in different levels of detail for a planet, using a special rectangular
data structure denoted as ,;map tiles“. During interactive browsing the client down-
loads and visualizes the tiles.

Batchjob Processing: A well-defined batchjob interface for standard procedures
which can be processed in the background without supervision by the user is provided.
The procedures may include retrieval of full resolution data or time consuming com-
plex queries while the Central Server is highly utilized. This capability is especially
important when the network connection is slow.

User group management: We plan that clients can be connected to one Local Server,
resulting in a need for some group management facilities. These may include:

» building user groups who have access to any subset of the image data

o the definition of user rights (read, local write access permissions, authorization for
full resolution data retrieval, authorization for services)

o defining priorities (e.g. students may have lower priority than scientific personnel)

Network Security and Accounting: For commercial use a system must provide
accounting facilities. Hence GDSS is supposed to grant identification, authorization
and charging. In such cases the system must guarantee privacy of communication.

Network management capabilities: Extensive O&M (observation and maintenance)
features must be available to the system administrator. These are in detail:

s performance observation and tuning (monitoring active connections, current users
in the system, ..);
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accounting;

security management;

fault management (diagnostic tools, trouble ticket generation, ...);
configuration (comfortable scalability and extension).

Remote Data Processing: There may be special image processing facilities available
on the distributed system. Therefore it would be useful to have a special remote proc-
essing interface for time-consuming image processing algorithms.

3.2 General Layout
The system can be thought of as consisting of five main components (illustrated in
Figure 1):

Image Archives
Local Server

User Retrieval Client
Central Server
Network

Image Archives: Image Archives are maintained by commercial vendors or public
institutions but have to fulfill special requirements in order to become a participant of
GDSS. Among these a global map at different LOD (Levels of Detail) and com-
pressed quicklooks of all image data have to be created once, a database of meta info
and image coverage must be built, the archive must be on-line (24 hours a day, 7 days
a week) to handle requests from the Central Server, the archive must be able to handle
GQP (General Query Protocol) requests, the standard query and data retrieval

Central

Local

ATM Network
Server

Backbone

Figure 1: General Layout of the GDSS. The Central Server holds the browsing map
and quickviews of all attached image data archives (IDA). The Central Server is
accessed from clients via a Local Server at each site. The location of the various
archives is invisible to clients.
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protocol of GDSS, the archive must update the data on the Central Server each time
new images data are added and automatic full resolution data retrieval should be
possible.

Local Server: One Local Server has to be set up at every user site (see Figure 1). It
will be separately described in section 3.4.

User Retrieval Client: The Retrieval Client consists of two major parts, the query
definition dialog and the map browser. A set of menus and forms supports the compo-
sition of user queries.

Central Server: Tt is the main component of GDSS and will be separately described in
section 3.3.

Network: This component is the most important of GDSS because the overall system
performance and functionality depend on the efficiency of the underlying network
technology. ATM [30, 31, 32, 33, 34, 35, 36] proved to meet the basic requirements
of the GDSS, this will be discussed in more detail in section 4.1. To grant interna-
tional worldwide scope usage of the TCP/IP protocol is recommended. TCP/IP makes
the GDSS independent of the underlying physical components. Because IP over ATM
still suffers from lack of performance, there are several ongoing research projects
investigating TCP/IP over ATM [37, 38, 39, 40] for performance improvements

3.3 Design of the Central Server
Figure 2 outlines the main modules and communication paths of the CS.

General Query Protocol (GQP): Since the usage of standards is crucial in a global
system like the GDSS, we propose GQP to be an extension of the existing following
two standards: by the ANSI Z39.50 [22, 23] standard and the CEOS extension CIP
(Catalogue Interchange Protocol) [41]. GQP must be able to handle spatial queries,
administrative queries, service requests and update commands.

Request distribution module: The Request distribution module has two main
functions, (1) it is responsible for security tasks (identification, authorization) (2) it
has to manage the distribution of incoming requests.

Database Search Module: The Database Search Module should be a massively
parallel RDBMS handling multiple spatial requests at the same time. This module of
the CS is responsible for coverage and quickview requests.

Map Browsing Module: The purpose of the Map Browsing Module is to provide the
user with fast delivery of requested map tiles that should be currently displayed on the
screen. This process should be interactive and is time critical.

Archive Request Module: This module holds as many waiting queues as archives are
attached to GDSS. The GQP queries are sent from there to the archives. The archives
respond with the requested full resolution data and optionally with the billable costs. If
the price has a non zero value, the account server will be started and accounting with
the Local Server takes place. This transaction is subject to high security because
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Figure 2: The main modules of the Central Server, with the internal dataflow and the
links to external components such as vendor archives or Local Servers.

someone could manipulate the price sent to the Local Server for confirmation. Privacy
will be accomplished with a common key system [41]. The result, usually an image
stack, is sent to the user.

Disk Access Module: The browsing maps of the whole planetary surface are stored
here at different levels of detail forming a resolution pyramid. Furthermore 1:4 re-
duced JPEG compressed quicklooks will be kept within this module. Advantages of a
central Disk Access Module are the easy update facility, and the highly optimized fast
image delivery.

Data Input Module: The Data Input Module is responsible for bringing in data as well
as updating existing data. These processes affect the image data, the coverage and the
meta info databases of the Database Search Module.
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Local and Central System Management: The local management module addresses
tasks like local fault management, local configurations, performance tuning and local
security issues. The global management tool manages the entire GDSS network down
to the Local Servers, which have their own local management.

3.4 Design of the Local Server

The basic layout of the Local Server (LS) and the information flow grouped by
internal dataflow, local management and internal communication is illustrated in
Figure 3. We propose to use a relational DBMS to maintain and exchange all the
information stored within the LS.

Local Traffic Management Module: This is the layer where users of the local site can
connect and therefore must provide a proper interface. The module has to perform
several user management tasks including notification at the identification module, user
authorization, storage of the traffic parameters of each user, making new connections
and getting data from the local cache management module.

Identification module: This module holds all relevant user data which are allowed to
access the GDSS. Parameters like name, login, password, address, office, etc. are
stored in a database table.

Authorization Module: Authorization rights include local read/write permissions as
well as maximum amount of money a user can spend on images ordered from archives
and network costs. These rights can be set and edited only by the local system admin-
istrator, who is responsible for costs caused by his local users being paid in time.

Accounting Module: This module archives the current network access costs and the
data ordered by the individual users. Its tables are used by the authorization module in
order to check if a user is authorized to order data with costs.

Security Module: The security module acts like a firewall. The traffic of the entire LS
has to go through here and will be filtered and analyzed. Actions like hack trials,
failed logins, tries to change system database tables etc. will be logged in a special
table.

Local Cache Management Module: The main purpose of this module is to cache
browsed map data and quicklooks, which are currently accessed by users in order to
keep network traffic and costs low.

Local system management: This module should be the central application of the
system administrator to control and maintain all modules introduced so far.

4 Implementation

We have implemented a functional prototype of the proposed GDSS. This implemen-
tation initially focuses on the Magellan data set and the needs of PDS scientists. The
work done so far is addressed in the following subsections.
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internal communication, internal management flow and dataflow.

4.1 Building the Network

The first step of the GDSS implementation was finding an appropriate network back-
bone technology having several alternatives in mind. The next section discusses the
migration of the institute network and building up the OC-3 cluster between two
institutes of the University of Technology, Graz.

4.1.1 Choosing ATM Network Technology

For a global system a network backbone must meet several requirements as follows:
international standard, high transfer speed, global scope, scalability, support of
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asynchronous synchronous and isochronous traffic types, proper quality of service
definition, support of video, voice and data transfer service

The only currently known technology which fairly fulfills the above requirements is
ATM (Asynchronous Transfer Mode), which was introduced and standardized in 1991
by the ITU-T [42] to be the standard for B-ISDN [31]. ATM was chosen because of
the following advantages:

High bandwidth available even for WANs with a large geographical scope.
Currently the only known architecture which effectively integrates three
completely different kinds of traffic: data, voice and video.

e ATM allows a quality of service definition at setup time, which will be guaranteed
throughout the communication session.

e ATM has been standardized for various existing physical layers, including STM-1'
(155.520 Mbit/sec), STM-4* (622.08 Mbit/sec), DS1 (1.544 Mbit/sec), DS2
(6.312 Mbit/sec), DS3 (44.736 Mbit/sec), FDDI , DQDB, 155.52 Mbit/sec Multi-
mode Fiber Interface, E3 (34.368 Mbit/sec), E4 (139.264 Mbit/sec) [32, 50].
Hence ATM is defined at OSI Layer 2. ATM can be regarded as a physical layer
independent protocol.

e Interface to existing LANs (Ethernet, Token Ring and FDDI) is provided via the
ATM LAN - Emulation (LANE). V1.0, specified in Feb.1995 by the ATM Forum,
provides Permanent Virtual Circuits (PVCs) and Switched Virtual Circuits (SVCs)
for: Ethernet-Ethernet, Ethernet-ATM, Token Ring - Token Ring, Token Ring -
ATM, ATM-ATM. Transmission of FDDI frames is also supported.

Since UNI (User Network Interface) Version 3.1 [43] ATM supports a quality of
service definition consisting of 7 traffic parameters including peak cell rate, sustained
cell rate, cell loss ratio, cell transfer delay, cell delay variation, burst tolerance and
minimum cell rate. Optionally you can define an unspecified service contract on a best
effort base where not all mentioned traffic parameters are specified mandatory [44].

Several alternatives were taken into consideration. A summary of the evaluation
process and a comparison to ATM can be found in Table 1. As a conclusion ATM is
in all aspects except transfer speed - where currently Fibre Channel supports a higher
throughput - at least equal to its competitors, in most even better. So ATM was chosen
to be the backbone technology of the GDSS because it optimally meets the require-
ments.

! This corresponds exactly to SONET OC-3 (STS-3c)
2 This corresponds exactly to SONET OC-12 (STS-12¢)
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ISDN FDDI FDDIII (DQDB

max. transfer speed 64 kb* 100 Mb | 100 Mb 155 Mb

QoS definition — —_ — —_

scalability ® ® ® ®

services O/D V/D { O/V/D O/V/D

traffic mode VO VL VL VO/VL

scope global 100 km | 100 km 50km

supported traffic types S/1 A/S A/S/I A/S/1

physical protocols SDH, PDH, SONET - - SDH, PDH, SONET

(2)

Frame Relay | SMDS Fibre Channel ATM

max. transfer speed 1,544 Mb 45 Mb 1,062 Gb 622,08 Mb

QoS definition —_— — v v

scalability ® ® © ©

services V/D Q/V/iD v/D O/V/D

traffic mode VL VL VL/VO VO

scope global** global 10 km global

supported traffic types A/S A/S/1 A/S A/S/1

physical protocols SDH,PDH | SDH, PDH | SCSI, IPI, HIPPI, | SONET, SDH,

AAL-5, FC-LE, PDH, FDDI,
SBCCS, IEEE DQDB,
802.2 MM Fiber
Interface

®)

L supported — e unsupported

® ... bad ® .. fair ©...... excellent

A ... asynchronous o isochronous S v synchronous

o ... voice Vo video D o data

* 128 kb/sec when combining both B-channels
** jg limited to about 1000 nodes because of its addressing mode [32)]

Table 1: (a) and (b) give a summary of the evaluation of alternative technologies in comparison
to ATM. Nearly in all relevant requirements ATM is better than its competitors.

4.1.2 Migration from FDDI and Ethernet to ATM and Switched Ethernet

In 1994 we started at our institute with research on ATM technology. At this time
there was a second institute, the Institute for Applied Information Processing and
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Figure 4: Final layout of the OC-3 cluster. The standard Ethernet of the ICG was upgraded to
a switched Ethernet. All attached subnetworks now have their own collision domain, network
traffic was reduced significantly. The server of the institute was attached via an ATM interface
and the existing ATM connection to the CISC at OC-3 directly to the Ethernet switch.

Communications (IAIK), which had already built up a local ATM network using a
FORE Systems ASX-100 switch and several SUN workstations connected to it.

The ICG was equipped so far with a standard IEEE 802.3 Ethernet working at 10
Mbit/sec. Performance got significantly low due to the connection of 38 SGI and 5
SUN workstations, 16 PCs and 8 Macs which all shared just one collision domain. To
increase performance an upgrade to a switched Ethernet which additionally should
take advantage of the available ATM backbone was proposed. The final layout of the
network can be seen in Figure 4.

With this upgrade the performance was increased rather than the bandwidth, which
stayed the same. The advantage of the switch is the separation of the one big collision
domain which results in a performance increase, since the other domains are just
loaded when a packet has to go there. The server of the institute is connected via ATM
to the Ethernet switch, the global routing is done via the router in the CISC. This
solution dramatically increases the availability of the server, because all 7 attached
domains can access the server in parallel at their full bandwidth of 10 Mbit/sec.
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4.2 Choosing a data Model

Generally five data models can be distinguished: deductive data model, network data
model, hyper-media data model, object-oriented data model, relational data model.
The deductive data model is based on facts and rules, which are stored in the DBMS.
Using the rules, new facts can be derived [69]. These database model is often used in
artificial intelligence systems which take advantage of knowledge bases. For the
GDSS such a database system is not required, because (1) there is no need for storing
knowledge (2) the meta data is static and does not need changes.

The network data model or CODASYL (COnference on DAta SYstems Language)
was introduced in 1971 by the DBTG (Data Base Task Group) of the Programming
Language Committee [70]. Similarly to the relational model it defines a schema data
description language (DDL), a subschema data description language and a data
manipulation language (DML). The network data model suffers from the manual
search process (navigation through records) and problems with deleting records.
Implementations of the network data model do not have a significant market presence.
These are the main reasons why it does not meet the requirements for the GDSS.

The hyper-media model is specially suited for structuring all kinds of data including
images, data, audio, video, postscript, etc. [71] Basically this data model consists of
multi-media objects, which contain any kind of information, links between them and
anchors. Links are just stored within the database and are invisible to the user, anchors
are visualized on the screen and give the user the possibility to navigate through multi-
media documents. A MM-document is a semantic unit consisting of different MM-
objects. Each of them has a particular procedure attached to it which visualizes the
object on the screen [64]. There is no standard available for the hyper-media model,
thus a lot of implementations supporting different features exist. The hyper-media
model is perfect for storing and visualizing different kind of data - this model would
be an overkill for the Magellan meta dataset, since it consists just of text information.
In addition there are no special data structures supporting spatial search.

The object oriented model [72, 73] is perfectly suitable for modeling complex data
structures, which cannot be done easily with conventional relational databases. For the
GDSS spatial search can be increased tremendously by implementing a R-tree spatial
data structure within the database. The object oriented model would be a perfect
solution for the GDSS, however, it currently suffers from two disadvantages: (1) there
is no international standard for data querying and retrieval, (2) the market presence is
very low and available products are very expensive in comparison to RDBMS. Devel-
opment is currently underway to enhance the ANSI SQL-92 standard into a computa-
tionally complete language called SQL3 for the definition and management of
persistent, complex objects. In the USA, the entirety of SQL3 is being processed as
both an ANSI Domestic project and as an ISO project. The expected time frame for
completion of SQL3 is currently 1999 [74]. Because of the outlined restrictions the
object oriented model failed to meet the requirements for the GDSS.

The relational data model, [75] which is a subset of the network data model, is cur-
rently the most popular and wide spread data model in the world. There exist powerful
tools for design and application development as well as very stable server software,
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due to experience collected over many years. However, modeling of complex data
structures like R-trees, which are required for searching spatial data cannot be imple-
mented in relational data models without significant performance loss. Recently rela-
tional database vendors started to provide their products with object-oriented exten-
sion kits (e.g. Oracle, Illustra, Sybase). These so called ORDBMS (Object Relational
Data Base Management Systems) suffer from lack of performance because they still
have a RDBMS and all queries have to be converted to SQL statements and all results
to objects. The main advantage of the relational data model is the existence of an
international ANSI standard (X3.135-1992, "Database Language SQL"), which is
supported by the big database vendors (e.g. Oracle, Informix, Sybase, Microsoft, etc.).
This and because of the high availability in the world market was the main reason why
the relational data model was chosen for implementing the GDSS prototype.

4.3 The Magellan FBIDR Meta-Data set

The ICG received the 110.897 MB Magellan FBIDR meta-data from the Washington
University in St. Louis, Missouri which runs a geosciences subnode of the NASA
PDS. According to the chosen data model, a relational data schema was designed,
which is illustrated as an entity-relationship diagram in Figure 5. The arrows in the
diagram indicate 1:n relations between the tables.

The wuplink table contains comments associated with each command upload. Each
upload number can have n lines text. An upload is a set of commands which was sent
to the spacecraft. One upload command affected a group of orbits. Each FBIDR or
orbit (polar, north to south) consists of about 700 by the satellite recorded points. The
number of points is stored in the upload table.

The wupload info table stores information about the orbits affected by the upload
command (start and stop orbit) and the number of orbit points, which were recorded
for these orbits.

The downlink table contains comments about the actual results of a command upload.
Each upload number can have n lines of text.

The point info table holds the predicted orbital parameters such as boresight latitude,
look angle, etc., for each point in a group of orbits belonging to one command upload.
For example, suppose one upload command covers the orbits 400 through 450. The
points are numbered from north to south, starting with number 1. So the expected
latitude at point 1 might be 89 degrees, at point 2 it might be 88.75, at point 3 it might
be 88.50, etc. The values would be the same for all the orbits in the group (400-450).

The orbit points table stores the few parameters that would have different values for
each point within each orbit. Those are the boresight longitude, the subspacecraft
longitude, and the event time. So this table has one record for each point, in each
orbit, in each upload. This table separates the points and orbits. Consider for example
the uplink info table has stored 699 points to record for orbits 400 to 450. The orbit
points table contains now for each orbit from 400 to 450 699 points in the table. That
is why it has 1796466 records which need 98.1 MB storage volume.
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The orbit info table contains predicted orbital parameters such as start and stop times,
look direction, inclination, eccentricity, etc., for each recorded orbit. It has 9455
entries, which refer to the number of existing FBIDRs.

uplink I
1:n
l:n ‘ n:l ' . .
upload info 1 point info orbit points orbit info gap info
] 1 \ 1:n
-
1

1:ny

downlink

Figure 5: Database schema of the Magellan FBIDR (orbit) meta-data. 1:n relations are
indicated by arrows. For a detailed explanation of the tables see text.

The gap info table stores the starting and ending latitude and longitude of data gaps in
each orbit. Due to interferences the data sent by the satellite was corrupted and caused
gaps in the resulting image data. Exact locations and lengths of these gaps can be
found within this table. A more detailed description of the data and the tables can be
found in [45].

4.4 JAVA-JDBC GDSS Prototype

In 1995 Java was announced at SunWorld95 by Sun Microsystems. Even before the
first release of the Java compiler in January 1996, Java was considered to become an
industry standard for internet development [46]. In the first six months of 1996 Java
was licensed by leading software and hardware companies including Adobe,
Asymetrix, Borland, IBM, Microsoft, Novell, Oracle and Symantec. Java is fully
object oriented and an open language which can be easily extended by additional
APIs. The main advantages of JAVA are platform independence, network orientation,
flexibility and security [47, 48, 49]. Applets are precompiled software pieces of Java
source code, which are downloaded from a server and are executed locally with any
Java compatible browser (e.g. Netscape, MS Explorer, Hot Java,...). Because of the
above mentioned reasons a Java applet client optimally meets the requirements of
GDSS.

It was up to us to find an optimal transparent database connectivity for such user
clients, since transparent database and archive access is also a main component in the
GDSS. Here the Java JDBC (Java Data Base Connectivity) API was the best solution
available. JDBC is a relational API class for Java applets and applications. It is part of
the Java 1.1 release and is platform and database independent. JDBC supports the
ANSI SQL-92 (ISO/IEC 9075:1992 and ANSI X3.135-1992) standard. To access a
specific ANSI SQL compatible database a native JDBC driver is needed. Leading
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database vendors including Borland, IBM, Informix, Microsoft, Oracle, and Sybase
have already endorsed the JDBC API and are developing products using JDBC [51].
For the first GDSS prototype developed at the ICG the world leader in relational
databases Oracle was chosen. After setting up an Oracle database server on an SGI
Indy the database schema as discussed in section 4.3 and the Magellan meta-data set
were brought into the system. The last hurdle to take was to build a connection
between the Java applet and the Oracle database. Because the Oracle developers did
not have their native JDBC driver ready we chose a three tier solution provided by a
third party, Weblogic Inc. [52]. Since the first RDBMS was introduced in the 80s [53]
three different architectures have developed, called the 1,2 and 3-tier architecture.

The multitier architecture (also called three-tier) extends the standard 2-tier client-
server by placing a multithreaded application server between the client and the
DBMS. Clients communicate with the DBMS through the application server, using
high-level, vendor-independent requests and replies. The application server is
responsible for executing those requests, and makes calls as needed into each DBMS
vendor’s client library to communicate with DBMSes. Properly applied, multitier
architecture can solve each of the problems of the traditional two-tier client-server.

The chosen Weblogic product, which consists of the jdbcKona/Oracle native JDBC
driver and the jdbcKona/T3 application server, is a three-tier solution. It breaks the
common two-tier architecture by introducing an application server, which actually
handles the database specific communication part and can use any native JDBC
driver. The advantage of the chosen three-tier architecture is that through this
application server every JDBC and ANSI capable relational DBMS can be accessed
without having any vendor specific libraries at the client site. These libraries reside at
the application server and are executed on incoming high-level, vendor-independent
queries of the client. Finally a scenario as illustrated in Figure 6 was built up. The

WebLogic native
JDBC drivers—

WebLogic
T3Server
framework

Figure 6: The Weblogic jdbcKona/T3 three-tier architecture. The platform independent client
can pass high-level, vendor independent queries to the Weblogic T3 server. From there the
queries are passed to the specific relational DBMS using a native library, which resides at the
server side. (Graphic taken from Weblogic. Inc. <URL: http://www.weblogic.com>)
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Weblogic application server itself is completely written in Java and hence platform
independent. Currently Weblogic delivers native JDBC drivers for Oracle®, Sybase
and MS SQL Server.

Based on this installed software a user client was created which is able to connect to
any JDBC capable DBMS. The basic design goals of the client include standardized
access to any ANSI SQL relational DBMS, access to Magellan FBIDR meta-data,
download of quicklooks which should be stored as BLOBs (Binary Large OBjects)
within the database, platform independence and object oriented approach. According
to these design goals a fully Java written client was designed and programmed. The
Magellan meta-data and one exemplary quicklook were stored in the Oracle database.
Using JDBC and the Weblogic T3 product it can access any ANSI compatible
RDBMS including the Oracle server. Furthermore the client supports a comfortable
platform independent GUI illustrated in Figure 7. It can be executed with each Java
capable browser, e.g. Netscape, MS Explorer or Hot Java [ 77].

The main buttons of the GUT are responsible for connecting/disconnecting from the
database, querying the Magellan database and downloading a test quicklook stored in
the Oracle database. An additional test query button demonstrates some JDBC
facilities by showing how to insert, update and delete records in a test table. For
querying the Magellan database an additional input window is raised (shown in the
upper left corner), where the user can specify his query by the coordinates of the point
of interest, the input of the search area and the desired cycles he wants to retrieve. The
results themselves are displayed in three result windows shown at the left border of
Figure 7 separated by cycles. The test quicklook which can be downloaded is shown
in a separate window as well as in the display area of the applet, where currently the
prototype logo is displayed.

4.5 Data Experiments

Three kinds of data experiments took place at our institute. The first kind of trials
were performance measurements taken between our institute and the TAIK using the
HP netperf tool. In the second and third pilot trial the Vienna Center for Parallel
Computing (VCPC) took part. The second experiment demonstrated a video confer-
encing tool over the new ATM backbone and in the last trial we tested an application
sharing tool between the two sites Graz and Vienna. In the following subsections these
experiments are described in more detail.

4.5.1 Performance Measurements

Performance measurements were taken using the testbed shown in Figure 4 and the
HP Network Performance Tool Version 2.1 [54]. Using two types of protocols, FORE
IP (FIP) and Classical IP (CIP), the throughput of UDP and TCP/IP over ATM was
tested. The platforms and hardware used for the experiments is given in Table 2.

3 the Oracle JDBC driver is also contained on the Oracle Web Server CD
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Figure 7: GUI of the first GDSS prototype. The Java applet GUI supports querying for
FBIDR meta-data within a region of interest using JDBC and an Oracle database. The results
are displayed according to the chosen cycles in three different result windows referring to
cycle 1 to 3. In addition a test quicklook can be downloaded, which is stored as a BLOB in

the database.

Platform Operating ATM HW  Supp. Protocols Max. transf.
system speed

SUN Sparc-10/512  Sun 0S 4.1.3 SBA-200  CIP,FIP,LANE 155 Mbit/sec

SUN ULTRA-1 Solaris 2.5 SBA-200  CIP,FIP,LANE 155 Mbit/sec

PC Pentium-100 Windows NT PCA- FIP, LANE 155 Mbit/sec
3.51 200PC

SGI Power Chall. L  IRIX 6.2 VMA-200 CIP,FIP,LANE 1535 Mbit/sec

Table 2: Overview of the hardware used in the performance data experiments. All adapter cards
are from FORE systems.

In order to interpret the results a theoretically available bandwidth was calculated. The
overhead of the protocol data units (PDU) were taken into consideration rather than
the overhead caused by the OS and inter-process communication. For physical trans-
mission SONET STS-3¢/OC-3c framing was used. In general the overhead for OC-N¢
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is given by N * section overhead + 1 * path overhead + N * line overhead. The section
and the path overhead is 9 bytes*, the line overhead is 18 bytes [35]. The entire over-
head for N=3 is 90 bytes. The available bandwidth for the physical layer is given in
equation (1) [31].

Bivphy = LramePayload  p. oye - 2830-90 4 155520 = 149.760 Mbit / sec (1)

FrameLength 2430

The next layer is the ATM layer, which maps incoming cells into the for ATM typical
48 bytes payload and 5 bytes header cell format [31]. The overhead caused by the
ATM layer is given in (2).

CellPayload , BWphy = 28 149.760 = 135.632 Mbit / sec @
CellLength 53

The VMA-200 and the SBA-200 adapter card allow transmission of two implementa-
tions of IP over ATM’s Adaptation Layer 5 (AALS) using the same physical interface
as follows: Classical IP (CIP) using Q.2931 signaling [55] and FORE IP using Fore’s
Simple Protocol for ATM Network Signaling (SPAN). CIP uses IEEE 802.2
LLC/SNAP (Logical Link Control/SubNetwork Attachment Point) encapsulation and
the default IP MTU (Maximum Transmission Unit) of 9180 bytes with 9140 bytes
payload. FORE IP uses a broadcast ARP (Address Resolution Protocol) and no en-
capsulation which results in a MTU of 9188 bytes and a maximum payload of 9148
bytes [56]. According to [57] and a TCP and IP header 4 20 bytes an available band-
width for TCP/IP over ATM using CIP and FIP can be calculated as given in equa-
tions (3-6). The CPCS (Common Part Convergence Sublayer) is used in the AALS to
encapsulate the data coming from BSD socket API interface and has a variable length
between 1 and 65535. The implementation of the AALS adds 36 (CIP) or 28 (FIP)
bytes overhead which results for both, CIP and FIP in a packet length of 9216 bytes
(MTU + overhead).

BWatm =

BWip(CIP) = E’%%%UE * BWatm = 918(6) *135.632 = 135102 Mbit / sec  (3)
Bw&p(aa_ap—wg; _ng il *%_91809_1;))‘20 B =13453Mbit /s (4)
BWip(FIP) = —Cf}{%% * BWatm = 91?2 #135632 = 135220Mbit / sec  (5)
BW(p(HB—HP -MFI;; % liii4 *Bmp=%%—§§ *13520=134631Mbit /sec  (6)

* The OC-Nc framing differs from OC-N framing in the way that in OC-Nc¢ framing
just one synchronous payload envelope is sent and therefore just one path overhead.
Using OC-N framing the path overhead would be N x 9.
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Measurements were taken using point to point connections on an unloaded network
from the SGI Power Challenge to the SUNs, and the PC. Four kinds of tests were
taken as follows: UDP using FIP and CIP, TCP using FIP and CIP. The TCP tests
were executed with the following parameters: for UDP the send/receive socket size
was varied from 9000 to 9896 bytes with an increment of 128 bytes. For TCP the
send/receive socket was constant 53248 byte (maximum buffer socket size for SUNs),
the message size was varied between 512 and 65535 bytes with an increment of 12
bytes. The summary of the measurements is shown in Table 3.

Maximuam throughput in Mbit/sec
Platform TCP/FIP TCP/CIP UDP/FIP UDP/CIP
SGI=>SUN Sparc 10 52.75 46.83 55.37 62.34
SGI=SUN Ultra-1 54.43 73.26 78.18 91.25
SGI=PC Pentium 100 48.24 N/A 30.65 N/A

Table 3: Summary of TCP and UDP over ATM performance results using the HP
performance measurement tool. For details concerning parameters and test environment
see text.

4.5.2 Video Conferencing

In order to test ATM’s capability of carrying data traffic as well as video and voice we
used a public domain video conferencing tool (VIC) [58] in combination with a Video
Audio Tool (VAT) [59] and a white board [60]. To coordinate the video sessions the
public domain Session Directory (SD) [61] tool was used. All tools are designed for
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Figure 8: Video conferencing scenario as used in the GDSS test trial. Physically the ICG in
Graz was connected via the 155 Mbit/sec ATM backbone of the University of Technology,
Graz. From there a 4 Mbit/sec ATM link was set up to Vienna. The VCPC was connected via
an ASX-200 switch located at the University of Technology, Vienna.
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using the Internet M-Bone (Multicasting Backbone) [62] and still work with low
bandwidth environments usually provided by the Internet. For the pilot trial the
scenario illustrated in Figure 8 was used.

This pilot trial was carried out for the DIANE [63] EU project, which evaluates dis-
tributed annotation of scientific work and multimedia services on heterogeneous
platforms connected via an ATM network backbone. The trial was used to annotate
and explain program code of the VCPC via the white board tool.

In conclusion the tools turned out to be very useful for setting up a geographically
dispersed conference, especially when the available bandwidth is low. The maximum
video transmission bandwidth was limited in the tested version to 1 Mbit/sec, hence
the full available bandwidth of 4 Mbit/sec could not be utilized by one session. This
caused problems for the smooth transmission of the video, because for smooth trans-
mission e.g. with MPEG a minimum bandwidth of 1.5 Mbit/sec is required [64].
Another disadvantage was the limitation of the white board for postscript file import
up to a size of 32.768 bytes.

4.5.3 Application Sharing

This pilot trial was performed to test the capabilities of an ATM backbone for usage
of shared X-Windows applications with GUIs. Because of their immersive graphical
interfaces these applications consume very high bandwidth, which can be provided by
an ATM network. For this trial a public domain tool called X-wedge was used [65, 66,
67, 68]. X-wedge allows X-Windows applications to be shared among heterogeneous
UNIX platforms, currently including SUN, SGI and soon Windows NT°. X-wedge
does not just simply distribute the visualization among the other users but allows the
setting of access rights. The owner of an application can allow the participants to
access his local running program as if they were sitting at a local workstation. Remote
processing becomes available. This pilot was also carried out within the DIANE
project (see section 4.5.2). So the same scenario as illustrated in Figure 8 was used. In
the trial two applications - one from the VCPC, one from the ICG - were shared in
order to (1) explain how to work with the SW to the other party (2) to demonstrate the
functionality of the SW package.

The first version of X-wedge for SGIs suffered from many problems including
incorrect color representation and several crashes. The current distribution (Version
5.1) proves to be stable and nearly got rid of the problems mentioned before. Just the
colors still look strange, but this problem is caused by the different color tables of
SGIs and SUNs and does not occur among homogenous platforms. Version 5.1 was
tested with Netscape and a running applet - which used to cause big problems to the
X-wedge tool - within the scenario shown in Figure 8. All in all the test was a success,
the ATM backbone proved to meet the bandwidth requirements.

3 The portion depends on the availability of a Windows-X server, since X-wedge can
just share X-applications
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5 Conclusions and Future work

The initial steps of the GDSS project resulted in three deliveries including the design
of a global system architecture, the set up of a proper network backbone and the
implementation of a prototype [77]. The system architecture is an open one, main
design goals are usage of international standards, high-speed network backbone,
graphical user interface, platform independent client software and usage of the same
query interface for all connected archives.

The current GDSS prototype can be extended by using all available Magellan FBIDR
meta-data including the feature table and the FMIDR information. Furthermore the
gap information could be used for intelligent querying image coverage in a region of
interest or to visualize the complete coverage of the Magellan image data set on the
planet’s surface. In addition the FMIDR and the image table could be used to display
quicklooks of the current search area.

Future steps include further investigations in ATM technology, extending existing
client SW by new features like remote data processing, cost management and
migration to an object oriented DBMS as soon as an appropriate standard is available.
This project will be started in the first quarter of 1997. A digital Venus atlas is being
developed in a parallel project [ 76].

The stimulus for the GDSS project drives from the planetary image processing re-
quirements, as reflected in NASA’s PDS. However, we are optimistic that ideas,
concepts and software of the GDSS can also be applied to international Earth-obser-
vation projects such as the European Union’s Center for Earth Observation (CEO) or
NASA'’s Mission to Planet Earth (MTPE), and national programs such as Austria’s
project MISSION (Multi-Image Synergistic Satellite Information for the Observation
of Nature) [78]. And we hope that the ideas, software and experiences of the GDSS
can provide benefits to fields other than remote sensing.
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Abstract

In this paper we present an information model — the MIC/MIE model — able to represent the
heterogeneous data composing a patient folder related to clinical activities.

The management of clinical data is a complex task. In fact, patient related information
reported in patient folders is a set of heterogeneous documents accessed by different user
having different goals (e.g. choice of a therapeutic strategy, quality assessment) and may
be rendered by means of different modalities.

Data can originate from direct observations made by physicians like in the case of
objective examination. In other cases physiologic phenomena are captured by means of the
involved electrical activity (like in the case of heart or brain activity), whereas anatomical
structure details are obtained by means of radiologic techniques.

The proposed model adopts an object-oriented approach. It is able to represent multimedia
nature of patient folder data. This model has an adequate flexibility for adapting the most
different clinical environment. It allows the physician to structure the information needed
for his patient folder without employing a programming language.

Finally we show some features of the CADMIO system, a tool for designing patient folder
management systems, based on this model.

1 Introduction

In a clinical information systems, the patient folder is the main source of clinical
information. Its main purpose is to document the medical activity performed in
relation to each admission. Several heterogeneous categories of users of patient folders
can be identified, for example: physicians, nurses, administrators, political authorities,
researchers and patients themselves.

The concept of patient folders has now been effectively extended to include documents
theoretically beyond their original scope. They range from documents referring to
operations and actions performed on the patient during or after his stay to admission
documents, discharge reports, records of information transmitted by the medical and
nursing staff to the patient (including duplicates of X-ray examinations).

The literature has suggested various models for the organisation of information
contained in the patient folder. Each one of them stresses some aspects of the patient
or of clinical activity to the detriment of others. Wide-ranging analysis of the literature
has allowed us to classify patient folders as basically: person-oriented, organised
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according to the classic systematic approach to the patient; problem-oriented, according
to Weed's original formulation [1, 2] or to one of the subsequent modifications thereof
[3, 4]; symptom-oriented, in which information is organised according to diagnostic
records based on a symptom or specific syndromic pattern; or finally, decision-oriented
[51.

In the real practice, a patient folder is more than just a structured set of documentary
information. It is also a professional tool made up of a collection of miscellaneous
documents which are used in different ways for different purposes [6-8].

It is possible to identify five different ways in which the information contained in a
patient folder is used, and they, in turn, correspond to five different classes of
processes: the clinical process, the ward activities, the epidemiological context, the
tutorial activities, the legal aspects.

This means that the same piece of information may be used and analysed by different
perspectives and may be rendered by means of different modalities [8]. Let us consider
a X-ray examination, for example:

- in the context of a clinical process, an X-ray is used for diagnosis, prognosis and
therapy. It must therefore be represented in its complete multimedia dimension as an
image associated with a text (the report) and, if necessary, with the informal
exchange of information between the clinician and the radiologist. In [9-12] it is
possible to see the prominence of the patient folder on the clinical process.

- in the context of ward activity, an X-ray is essentially an action to which other
actions are connected, prior thereto (request, booking, patient preparation) or as a
consequence thereof (exchanges of information between ward physicians and
radiologists, forwarding of the report, reading of the report). The dominant aspect is
thus action management through controlled language: therefore the X-ray will be
represented by an identifier and by a state which allow us to determine the phase of
the management process in which it is located. In [13-15] it is possible to see the
prominence of the patient folder on the ward activity.

- in an epidemiological context, an X-ray represents a procedure which has a certain
value in terms of its effects on health or of resource consumption. It requires
aggregations of a statistical type; hence data codified according to systems that are
standard for different users and stable in the course of time. The X-ray will thus be
represented by a code. In [16-18] it is possible to see the prominence of the patient
folder on the epidemiological aspects.

The goal of this work is to define an object-oriented model of a multimedia patient
folder. In the last years, object-oriented data models (and consequently analysis and
design methodologies) have appeared and several applications have been implemented
in clinical domain [19-22]. Also public bodies like NHS in the United Kingdom are
gradually introducing these methodologies in their modelling activity [23]. The
proposed model has been employed for implementing an environment for the design
of patient folders: the CADMIO system. CADMIO has been used in two departments
of the University Hospital of Rome, one department of the "Careggi" Hospital of
Florence and one department of the Hospital of Ancona. It allowed the realisation of
different patient folder management systems. The systems were configured by the users
themselves (physicians of the hospital) and can share data thanks to the common base
functionalities.
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In the next paragraph we define the Local Entity Dictionary (LED) as the set of
information and concepts used by physicians of the same unit. In the third paragraph
we introduce an object-oriented model which represents information in the medical
domain, whereas in the fourth one we show how to employ it in populating a
particular Local Entity Dictionary. In the fifth paragraph we define the Generalised
Scheme of a Patient Folder, the Scheme of a Patient Folder and the Instance of Patient
Folder. Finally we illustrate some features of the prototype developed.

2 Local Entity Dictionary

In order to represent the complexity of the information of the patient folder, here we
shall no longer speak of data (representations of single pieces of information), but of
more complex entities (the medical concepts represented and the sets of their
properties, irrespective of memorisation and representation) which, according to their
use, may assume different aspects and roles.

When describing the patient status in the patient folder ail physicians of a ward use a
set of common entities. We define such a set: Local Entity Dictionary (LED).

In order to define an entity, it is essential to identify the context in which the entity is
used, the properties which describe it and finally the management of its properties.

The purpose of constructing the LED is not only to provide a simple classification of
the entities that have to be managed, but also to provide a tool to describe their logical
organisation.

The relations designed to represent the logical organisation of these entities are the
classic ones of generalisation (IS_A) and aggregation (PART_OF). Entities are
organised by levels of abstraction which returns each of them to more general entities
which specify increasingly general properties and application-oriented contexts.
Moreover, each entity may be broken down into more elementary entities and, vice
versa, various entities may be aggregated in more complex entities. It is possible to
attribute different properties and characteristics to these aggregations depending on
whether they are the consequence of the temporal, spatial or semantic composition of
information.

3 The Model

The MIC/MIE (Medical Information Category / Medical Information Elements) model
allows a physician to define the Local Entity Dictionary (LED), i.e. the local entities
constituting the patient folder and their logical organisation. The awareness of the
existence of a natural hierarchical system among the entities which express the various
medical concepts is at the basis of the definition of the MIC/MIE model. For
example, if we consider a part of the patient folder such as case history or anamnesis
in order to model it, we may define a hierarchy of entities, each identifying a set of
data about the patient, but also consider this hierarchy a tool for organising data
pertaining to the patient's case history. The hierarchy shown in Figure 1 may be
regarded as representative of both aspects.
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Fig. 1. A fragment of a possible hierarchy of entities

Depending on his own particular specialisation, a physician might want this part of
the patient folder to be organised differently (for example, with greater or less detail
given to the entities which may be part of case history or anamnesis) in such a way as
to highlight the aspects which interest him most. And these concepts might of course
be extended naturally to each and every other part of the patient folder.

The aim of enabling the physician to define the set of entities which he wishes to fit
into the patient folder together with definition of how they must be organised was
achieved by defining a prototypical class which combines every common feature of
the entities contained in the patient folder. Starting from this root prototypical class, it
is possible to define a hierarchy of classes. Such a hierarchy has to match the entity
hierarchy represented in the patient folder.

The properties of the prototypical class are described by variables and metavariables. A
metavariable [24] is a variable which can only assume types as a value. It is possible
to model class hierarchies by assigning types to metavariables.

3.1 The Medical Concept Prototype

The central aspect of the MIC/MIE model is the root prototypical class defined
Medical Concept Prototype (MCP). This class represents the conceptualisation of
medical entities through primitive terms designed to represent their static and dynamic
properties. The Medical Concept Prototype represents the general aspects common to
all entities. Itemising these aspects, it is possible to reproduce any entity of the LED
designed to represent a set of patient folder data. It thus stressed information about the
organisation of reality and serves to interpret the semantics of abstractions.

Through its metavariables and variables, the Medical Concept Prototype (MCP)
encompasses all the relevant aspects capable of classifying the entity itself
semantically, temporally and functionally.

Medical Concept Prototype Metavariables

Metavariables represent all the properties of entities to which a value cannot be
directly assigned. For example "media" (text, image, sound) is assigned to the type
"type" in the MCP.

Such properties differ from entity to entity according to the set of values they assume.
As the entity hierarchy develops, they must , therefore, be defined with the greater
accuracy. It is necessary , in fact, to define first a type: only later is it possible to
assign a value to it. In the case of a tool for the execution of a diagnostic examination,
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it is necessary first to define the types of suitable tool, then it is possible to specify a
model of that type of tool available on the market. The different Prototype
metavariables are described below.

The Type is used to characterise the original nature of the entity, just the way the
performing operator registers it in the conventional medium (patient folder etc.).
Entities are heterogeneous and bhard to organise in a detailed pre-established way.
Depending on their nature, they may be classified, as structured data, free texts, images
or biosignals, or as a combination thereof. According to Type, the methods applied to
the graphical management of entities change. For example, if the entity can be
visualised by a text, it is necessary to associate text management methods (writing,
editing etc.) with the information. Likewise, if the entity can be visualised by an
image, it is necessary to manage that entity by means of other methods which enable
the user to read, memorise and process the image.

By Format we mean entity registration procedures. Once each entity has been defined
for a computerised patient folder, it should be memorised in a format which will retain
the informative content of the initial information. A certain number of registration
formats have been identified for each Type. It is of course important to use the most
efficient format in terms of memory occupation and processing.

By Representation, we mean all the various entity presentation procedures. Besides,
"data entry", "data retrieve" and the possible processing of the entity are also worthy of
note. Since the same entity may be presented in different ways according to the aspect
to be displayed, the development of different presentation procedures highlights the
different peculiarities of the entity (or of a certain set of entities). The system
customises the presentation of entities according to their characteristics, semantics, and
importance and to the role of the user requesting the information.

The Performing Operator must be a person (a physician or a nurse). Even when the
entity is produced directly by a piece of equipment (as, for example, in the case of the
spectrophotometer for blood tests), the performing operator may be identified as the
subject who, under his own responsibility, certifies the acquisition and validity of the
entity. The performing operator always has a name to identify him and unambiguously
qualify him/her, and he is authorised to write in the patient folder. The metavariable
"Performing Operator” permits management of the medico-legal aspects of the entity,
allowing us to specify the person who certifies the veracity of the entity in the patient
folder. On the basis of the professional position held by the person inside the facility
defined, the system can authorise or prevent his writing on any given entity in the
patient folder.

The User may be a physician or a nurse or another health care professional This
metavariable allows us to identify the professional category or categories allowed to
access the entity. Once the professional category or categories of persons who are
allowed access to a certain entity have been defined, all the individuals belonging to
such categories may have access to it, unless the entity has been specifically forbidden
to some of the possible users.

By Tool we mean the physical means we use to record the entity. In a physical
examination using the classic method of inspection, palpation, percussion and
auscultation, the tool used is the sensory system of the physician himself. The tool is
also described with a name which identifies it. For each class of tools a set of interface
is identified to acquire information for the patient folder directly from the tool which
generates it.



97

Life Cycle. Any entity has its own life cycle and may pass through different states
which identify it and characterise it. Let us consider the following example: the chest
X-ray to be executed for a given patient. It must be requested, then agreed upon [25].
The exam is then performed and a report must be written about it. The entity evolves
through various states before it is completely defined. The definition of the type of
evolution provides a solution to the management aspects of the entity itself. By means
of the metavariable “Life Cycle", it is possible to synchronise activities among the
various professional categories inside a single department and among different
departments. For example, it is possible to establish the time and means in which an
entity may be transferred from the person who has produced it (e.g. the radiologists) to
the person who uses it (e.g. the clinician).

Medical Concept Prototype Variables

The variables describe constant characteristics common to all the entities which make
up the patient folder. Values may thus be assigned to them directly without passing
through the intermediate phase of definition necessary in the case of metavariables.
Medical Concept Prototype Variables are:

The Unit of Measurement, which identifies the system of measurement used.

The Legal Values, which define the range of validity of the entity according to the
system of measurement. The variable "Legal Values" allows the validation of the data
introduced by the user.

The Coding System, which specifies which of the internationally defined coding
systems is used to codify a given entity.

The Code, which indicates the code assigned to the entity in the coding system used.
Through the coding system and the code, it is possible to check whether different
terms have been used to indicate the same entity.

By means of these two variables it is possible to have a terminology support
integrated with CADMIO for synchronisation of the various terms wsed in different
department.

3.2 Metaclasses

Modelling the entities of the patient folder is a complex activity. It is not enough to
define all the entities from the Medical Concept Prototype to highlight relations
between such entities adequately. This is why intermediate levels have been introduced
between the Medical Concept Prototype and the entities instanceable with the facts
which form part of a patient folder. These intermediate levels offer pointers about the
organisation of information in the patient folder. On the other hand, they modulate the
applicability of properties to more or less vast entities. To characterise these levels, it
was necessary to introduce the concept of the metaclass. In fact, forcing the principle
that an object is an instance of a class, but that a class may also be seen as an object,
it is possible to introduce the concept of the metaclass as a class of classes. In our
case, metaclasses are entities which refer to more general medical concepts and hence
may identify more than one entity referring to more specific medical concepts.

As in many object-oriented database [24, 26], the notion of metaclass used here is not
limited. Besides, as a class of other classes, the metaclass is also seen as the root of a
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hierarchy of classes and, as such, it acts as a superclass. This is why we use the link
IS_A to represent the relationship existing between the metaclass and its classes.

To model the entities which are part of a clinical folder, having only one level of
metaclasses is not enough. A hierarchy of metaclasses is necessary. Entities are, in
fact, naturally organised by levels of generalisation and, in this scale, the prototype
represents the most generic entity.

By specifying the characteristics of the prototype (that is, by assigning types to
metavariables) the physician can define a hierarchy of metaciasses.

The process of definition of metaclasses starting from the medical concept prototype
does not occur through extension of variables and methods to the variables and
methods of ancestors, but rather by assigning types to metavariables and/or limiting
the types that can be assigned to them. The metaclasses on the lower levels of the
hierarchy thus posses a lower number of metavariables and/or a lower number of types
1s assigned to each metavariable. Finally, the metavariables cannot be instanced by the
physician who compiles the patient folder.

This process also forces a process of method overriding. By imposing one type rather
than another to metavariables, we can specialise the method to process the type
assigned to the metavariable .

For example, if we assign the type "tomograph" to the metavariable "tool", the
metaclass will inherit the methods for data acquisition of such an instrument.
Metaclasses are referred to as Medical Information Categories (MIC). They generally
constitute the description of fragments of medical knowledge shared by different
medical specialists. Examples of Medical Information Categories are: Anamnestic
Data, Diagnosis, Diagnostic Examination, Histological Examination, X-ray
Examination, X-ray Image and Report.

3.3 Classes

Classes are instances/subclasses of metaclasses. They identify groups of objects with
similar (variable) properties, identical behaviour (methods) and the same semantics.
For these objects the same relations are valid as for other objects, whether they are part
of the patient folder of John Smith or Tom Brown, and whether the object is the first
or the nth in the class in John Smith's (J.S.) patient folder.

For classes too, the process of definition starting from metaclasses does not occur
through an extension of variables and methods to the variables and methods of
ancestors, but rather by assigning types to metavariables and/or limiting the types that
can be assigned to them.

Classes are referred to as Medical Information Elements (MIEs). MIEs describe the
medical information common to the users of a department. Medical Information
Elements are directly instanceable with data about the patient. There are some
constraints on the assignation of types to metavariables. In fact, only some of the
types defined can be assigned to each metavariable. For example, to the metavariable
"Type" it is possible to assign the types "Integer”, "String”, "Image Class”, "Text
Class", "Hypertext Class", "Multimedia Class" and "Hypermedia Class". The entity in
question has to be managed according to the type assigned to the metavariable. Hence,
if the type is "Integer”, it is possible to verify whether the value assigned (eg.,40) to
the concept (eg, the "Serum Bilirubin Level") fits into a certain domain (eg, 30-70).
Examples of Medical Information Elements are: "Thyroid Nodule”, "Serum Bilirubin
Level Test", "Chest X-ray", "Abdominal Pain", "Hydrosalin Infusion".
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3.4 Instances

Instances are the facts which describe the patient's clinical condition and history and
constitute patient folder. Whereas metaclasses and classes are defined as part of the
description of the organisation of the patient folder, instances are defined as part of its
instantiation. Instances are high-level MIEs which assume a spatial identity (the
patient) and a temporal identity (the time in which the information is produced).
Values compatible with the types defined in MICs and MIEs are assigned to the
variables generated directly or through the metavariables. Examples of facts are: "Total
Serum Bilirubin Level of J.S. on 20/11/93", "Serum of Indirect Bilirubin of J.S. on
20/11/93", "Chest X-ray of J.S. on 22/11/93", "Hydrosalin Infusion of J.S. on
21/11/93".

3.5 Formal Definition of MCP, MIC, MIE

In the following we give a formal definition of MCP, MIC and MIE.

A MCP defines a conceptualisation of medical entities through primitives terms. It
represents aspects common with all entities. In particular it contains relevant aspects
for classifying the entity semantically, temporally and functionally. It can be formally
defined as follows:

Definition: MCP isa 5-pla
MCP = <Idp, Mp, Vp, Typp, Valp >

where ldp is the identifier of MCP, M, is a set of metavariables defined by MCP,
Vp is a set of variables defined by MCP, Typp is a set of functions that associates
all possible types to each metavariable, Valp, is a set of functions that associates all
possible values to each variable.

The MIC is defined on: a set of metavariables, each formally defined on a values
domain that points out the MIE variables and a set of variables, each formally defined
on a value domain, that is, a set of allowed values for that variable. The MIC is
structured on a hierarchy of classes (organised according to generalisation-specialisation
links). It can not exist an instance of a MIC at level of clinical folder.

Definition: A MIC is a 5-pla
MIC = <Hld¢c, Mc, V¢, Typc Valc >

where Id¢ is the identifier of MIC, M is a set of metavariables defined by MIC,
Ve is a set of variables defined in MIC, Typc is a set of functions that assign to

each metavariable type or set of types. Such types must belong to the set of allowable
types to the metavariable.
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Valc is a set of functions that assigns to each variable a value that belongs to the set
of allowable values.

The MIE represents the instance of the highest specialisation level of MIC. A MIC
has to be defined preliminary of the definition of each MIE. The MIE for each variable
of MIC assumes one and only one value and for each metavariable assumes one and
only one variable.

Definition: A MIE is a 3-pla

MIE = <Idg, V, Val >

where: Idg is the identifier of MIE, V' is the set of MIE variables, Val is the set of
functions that selects a sub-set of the set of allowable values.

The following paragraph shows how the definition of a local dictionary of entities uses
MIC and MIE.

4 Definition of the LED

The description of the organisation of the local entities which constitute the
application definition universe results from identification of the properties of
information and the contexts in which it is used. It involves an accurate definition
both of properties and of the procedures of presentation and manipulation of these
entities.

Let us consider an example of how it is possible to define the LED using the
MIC/MIE model. The Medical Concept Prototype is the class which provides the
basis for the construction of the whole hierarchy and is the class supplied by the
developed prototype described in the following paragraph.

If we consider the entity hierarchy represented in Figure 2 it is possible to define the
entity "Chest X-ray" through the following steps:

Definition of the MIC Diagnostic Examination beginning from the MCP.

Definition of the MIC X-ray examination beginning from the MIC Diagnostic
Examination.

Definition of the MIE Chest X-ray beginning from the MIC X-ray examination.

Anagrafical Endoscopic X-Rays of the

data
/ / examination / chest
MCP 4Dia@oslic > X-Rays - X-Rays of the
. Examination \ examination \ lung
Biosignal X-Rays of the

examination abdomen

Therapy

Fig. 2. An example of LED definition using the MIC/MIE model
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The number of levels between the MCP and MIE depends only on the degree of
property detail which the user wishes to obtain in his definition of entities according
to his vision of reality. It is also necessary to consider the costs of a very detailed
hierarchy in relation to possible advantages in functional terms. Through the steps set
out above it is possible to define the following entities: Diagnostic Examination, X-
ray Examination and Chest X-ray and a hierarchical relationship among them.

Figure 3 shows how it is possible to specify the entity "Diagnostic Examination”
starting from the MCP (the metavariables are shown in bold type, while the MEdical
Concept Prototype variables are underlined). The figure does not include the operations
defined from time to time for the MICs and MIEs.

MIC Diagnostic examination OF MCP

life cycle={time in which the need for a datum arose,
time of request,
expected time for the execution,
time of real execution,
time of first "on line" gross evaluation,
foreseen time for the reporting of the results,
time of report writing, time of report sending,
time of reading of the report by the physician,
time in which datum looses clinical interest};

type;

format;

rendering;

tool;

performing operator = {physician};

user;

coding system;

code;

measure unit;

admissible values;

END;

Fig. 3. A simple formalism specifying the entity "Diagnostic
Examination" starting from the MCP

According to the formal definition of MIC for "Diagnostic examination" we have:

Idc = Diagnostic examination

M = {life cycle, type, format, rendering, tool, performing operator, user}
V¢ = {coding system, code, measure unit, admissible values}

Typc = {Tl, T2, T3, T4, TS5, T6, T7} where:

T1: life cycle — {time in which the need for a datum arose, time of request,
expected time for the execution, time of real execution, time
of first "on line" gross evaluation, foreseen time for the
reporting of the results, time of report writing, time of report
sending, time of reading of the report by the physician, time
in which datum looses clinical interest}
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T2 : type - ®

T3 : format - @

T4 : rendering - @

T5 : tool > @

T6 : performing operator — {physician}
T7 : user > @

Valc = {V1, V2, V3, V4} where:
V1: coding system— @
V2:code— @

V3 : measure unit—> @®
V4 : admissible values— ®

In the definition of the Medical Information Category it is possible to note how not
all metavariables have been assigned. In the subsequent definition, "X-ray
Examination"” is still a MIC defined starting from "Diagnostic Examination" (the
types assigned to the metavariables "Life Cycle" and "Performing Operator” remain
defined), for which it is also possible to define the metavariables "Tool"
(teleradiograph) and "User" (physician), to limit the metavariable "Performing
Operator” (Radiologist), the variable "Coding System" (ACR), and which has not
"units of measurement" or constraints on "Admissible Values" (see Figure 4).

MIC X-ray examination OF Diagnostic examination

life cycle = {time in which the need for a datum arose,
time of request,
expected time for the execution,
time of real execution,
time of first "on line" gross evaluation,
foreseen time for the reporting of the results,
time of report writing, time of report sending,
time of reading of the report by the physician,
time in which datum looses clinical interest};

type;

format;

rendering;

tool = {teleradiograph};

performing operator = {radiologist};

user = {physician};

coding system = ACR,;

cah.

Esme unit = {no};
admissible values = {no};
END;

Fig. 4. The definition of a MIC

The formal definition of X-ray examination MIC of fig. 4 identifies:
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Idc = X-ray examination

Mg = {life cycle, type, format, rendering, tool, performing operator, user}
V¢ = {coding system, code, measure unit, admissible values}

Typc = {T1, T2, T3, T4, T5, T6, T7} where:

T1: life cycle —» {time in which the need for a datum arose, time of request,
expected time for the execution, time of real execution, time
of first "on line" gross evaluation, foreseen time for the
reporting of the results, time of report writing, time of report
sending, time of reading of the report by the physician, time
in which datum looses clinical interest}

T2 : type > @

T3 : format —» @

T4 : rendering »> @

T5 : tool — {teleradiograph}

T6 : performing operator — {physician->radiologist}

T7 : user - {physician}
Valc = {V1, V2, V3, V4} where:

V1: coding system— ACR

V2:code— @

V3 : measure unit— {no}

V4 : admissible values— {no}

Figure 5 shows how it is possible to specify the concept Chest X-ray Examination
beginning from X-ray Examination.

MIE X-ray examination of the chest OF X-ray examination

life cycle = {time in which the need for a datum arose,
time of request,
expected time for the execution,
time of real execution,
time of first "on line" gross evaluation,
foreseen time for the reporting of the results,
time of report writing, time of report sending,
time of reading of the report by the physician,
time in which datum looses clinical interest};

type = {hypermedia class};

format = {typeFormat9};

rendering = {typecRenderingl6};

tool = {teleradiograph};

performing operator = {radiologist};

user = {physician};

coding system = ACR;

code = 125.56.32;

measure unit = {no};

admissible values = {no};

END;

Fig. 5. The definition of a MIE
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A Standard Chest X-ray must be considered as an entity - a sequence of images and an
attached report describing them. It must be certified by a specialist radiologist, but
may be used by a variety of specialists (surgeons, clinicians etc) or General
Practitioners, though not by nurses. The type of tool which produces this entity is the
teleradiograph.

Chronologically speaking, it is possible to define various states (from the moment of
the request) through which the entity passes prior to begin definitively stored in a
historical archive.

According to the formal definition of MIE, X-ray examination of the chest is defined
as follows:

dE = X-ray examination of the chest

V = {time in which the need for a datum arose, time of request, expected time for the
execution, time of real execution, time of first "on line" gross evaluation, foreseen
time for the reporting of the results, time of report writing, time of report sending,
time of reading of the report by the physician,time in which datum looses clinical
interest, hypermedia class, typeFormat9, typeRendering16, teleradiograph, radiologist,
physician, coding system, code, measure unit, admissible values}

Val = {V1, ....,, V20} where:
V1: time in which the need for a datum arose — @
V2: time of request > @
V3: expected time for the execution — @
V4: time of real execution — @
V5: time of first "on line" gross evaluation - @
V6: foreseen time for the reporting of the results — @
V7: time of report writing — @
V8: time of report sending —> @
V9: time of reading of the report by the physician — @
V10:  time in which datum looses clinical interest -— @
V11:  hypermedia class — @
V12:  typeFormat$ — @
V13:  typeRenderingl6 — @
V14:  teleradiograph — @
V15:  radiologist —» @
V16:  physician — ®
V17:  coding system — ACR
V18: code — 125.56.32
V19:  measure unit — {no}
V20: admissible values —> {no}

TypeFormat9 and typeRendering16 are also types for, respectively, memorising and
rendering information. The example also shows how all the metavariables are
instanced in the MIE.
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FACT X-ray examination of the chest of J.S. of 22/11/93 OF X-ray examination of]
the chest

time in which the need for a datum arose =12/11/93;

time of request =14/11/93;

expected time for the execution =22/11/93;

time of real execution =22/11/93;

time of first "on line" gross evaluation =22/11/93;

foreseen time for the reporting of the results =24/11/93;

time of report writing, time of report sending =24/11/93;

time of reading of the report by the physician =24/11/93;
time in which datum looses clinical interest =22/1/94;

hypermedia class = instance n. 4356 (object identity);
typeFormat9 = coordinates in memory;
typeRendering16 = coordinates on video;
teleradiograph= Siemens AS1, GE X23;
radiologist = Drudi Mario;
physician = Consorti Fabrizio;
coding system = ACR;
code = 125.56.32;

END;

Fig. 6. The definition of a fact (instance)

Once he has constructed the entity hierarchy, the physician has defined the pattern of
his patient folder. The process of entity specification represented in the patient folder
allows us to specify metavariables completely and hence to represent classes
exclusively with variables and no longer with metavariables. The subsequent phase is
represented by the instancing of the medical folders of patients, specifying the single
facts about each one of them.

The facts are the objects which constitute the patient's medical folder.

Figure 6 shows how it is possible to instance the concept "Chest X-ray Examination”.

5 Formal Definition of a Generalised Scheme of a Patient
Folder, Scheme of a Patient Folder, Instance of Patient
Folder

In the following we give a formal definition of generalised scheme of patient folder,
scheme of patient folder and instance of patient folder.

Several generalised scheme of patient folder can be defined in the database.

Such schemes can be updated versions of the same folder, or they can be different
patient folders used for different objectives. For example, it is possible to have a
generalised scheme of a patient folder for admittance to the hospital, another scheme
for the follow-up, another scheme for the drug testing.
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Definition: A generalised scheme S of patient folder is a set of MIE associated to a
hierarchy of MIC univocally indicated by an identifier. Formally, a generalised scheme
of patient folder is a 4-pla.

S = <idp, IC, IE, I4 >

IC is a set of identifiers of MIC belonging to the hierarchy, /E is a set of identifiers of
MIE belonging to the hierarchy. /4 is a set of specialisation links that define the
hierarchy of MIC and the links between MIC and MIE.

Definition: A specialisation link is formally defined as a 3-pla
ia=<ldj 1dy, L>

where Id] is the identifier of a MIC, Id2 is the identifier of a MIC that represents a
specialisation of MIC identified by /d}, or is the identifier of MIE that instanties the
MIC identified by /dj, L is the function that maps each metavariable of MIC in a
subset of the set of allowable types for a metavariable.

On each generalised scheme of a patient folder we can create an instance of the scheme
and adjust it to the characteristics of the folder of each patient. In fact, every patient
follows a clinical path completely different from all others with different clinical
information data.

Definition: A scheme Sc of patient folder is a 5-pla

Sc = <ids, Idp, IC,, IE,, IA >

the identifier (Jds ) of the patient folder scheme Sc, the identifier (Id) ) of the general
scheme of a patient folder S on which it is defined. The subset IC, of a set of MIC

(IC) assigned to the hierarchy that define the general scheme of a patient folder S, the
subset [E, of a set of MIE (IE) identified by the general scheme of a patient folder S

(with identifier Idp), /4 is the set of specialisation links that define the hierarchy of
MIC and the links between MIC and MIE.

Now we give the definition of instance of patient folder

Definition: An instance of patient folder defined by a scheme S ¢ for a single
patient is a 3-pla

Ce=<Ildcc,Sc, D>

where /dC( is the identifier of the instance of patient folder, Sc represents the scheme

on which the instance is defined and D is the function which assigns a value to each
variable defined in MIE that make up the patient folder.
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5.1 Graphical representation

To show the concepts of generalised scheme of a patient folder and of scheme of a
patient folder previously defined we give a simple graphical representation. The
suggested model consists in representing a database of patient folders through a direct
and acyclic graph containing three types of nodes:

a) node MCP;

b) node MIC;

c¢) node MIE.

In the following are showed the connecting rules of the G graph representing a
database of patient folders.

1) Rl MCP node is the root node of the graph;

2)R2 A MIC node can be connected to MCP node , to one or more MIC nodes
3)R3 At least one MIC node must be connected to MCP node

4)R4 A MIE node must be connected at least to a MIC node

The minimum graph G assigned to a database of patient folders is represented in
Figure 7.

Following (Figure 8) we give an example of a database of patient folders represented
through a graph. Therefore, we indicate the MCP node, the hierarchy of MIC nodes,
MIE nodes, the general scheme of a patient folder and the scheme of a patient folder.
The graph of Figure 8 identifies the generalised scheme S of patient folder.

MCP is explicitly denoted in Figure 8. MIE are represented by nodes with italic
character. MIC are represented by the remaining nodes of the graph.

Qe >
Qe >

Fig. 7. The minimum graph for a set of patient folder

The scheme Sc of the patient folder defined on the general scheme S is represented by
the graph in Figure 9. Note that the graph of Figure 9 is a sub-graph of Figure 8.
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Fig. 8. The graph of the general scheme S of patient folder
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Fig. 9. The graph of the scheme Sc of the patient folder

6 The implementation of the system

Starting from the abstract categorisation of the clinical data, a prototype has been
implemented. Such a prototype allows the physicians to describe the clinical data
which form his patient folder model.

This description is used by the system in order to build a patient folder according to
the user requirements. The name of this prototype is CADMIO (Computer Aided
Design of Medical Information Objects) and it has two main features. It gives the user
the capability of defining his own patient folder model, by specifying which
information belong to the patient folder and how they have to be structured. This
feature is useful to the user in organising those clinical data view he mostly needs.
The second feature is the dynamic management of the interface that, in the consulting
phase and at user's request, makes him able to escape from the rigid structure given to
the information in the physician’s patient folder model definition.

In fact, during the data input/output, it is possible that the user doesn’t want to use the
clinical data views defined in the patient folder model. If that is the case, the system
sets up dynamically the new clinical data views required from the information selected
by the user and the recognition of the user’s needs.
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6.1 The Architecture

Physicians do not always share the same concepts in managing information on their
patients. Whereas some parts of a patient folder are more constant (sections like
"personal data" and "present history"), other parts strongly depend on the physicians'
specific interest and specialty.

The tool that we describe in this paragraph allows medical users to choose the
concepts to be present in their target application starting from a default configuration.
It generates a customised patient folder management system by means of a friendly
interface and without the need of a programming language. The system automatically
created can be effectively employed for reporting and storing clinical cases. It will be
always possible to modify its structure according to subsequent needs. ‘
The tool supports multimediality, managing texts and images in an integrated way.
The impact that such an integration may achieve on the users is not to be stressed
here. We plan to incorporate bio-signals and voice annotation in future releases.
Object-oriented design allows to encapsulate behavioural features into classes of
objects and propagating them by means of the inheritance mechanism (e.g.: from
"endoscopic exam" to "duodenoscopy™). This capability is exploited in the interface
management, with respect to data presentation and manipulation requirements.

The overall architecture of the CADMIO system is composed by the following five
modules:

A) patient folder designer;

B) multimedia patient folder manager;
C) presentation manager;

D) user interface;

E) user-models manager.
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Fig. 10. The patient folder designer interface
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Three of these modules (A, C, D) are relevant in order to show how the system allows
the physician to model his view on clinical data and how he set up his patient folder.
The patient folder designer allows the definition of the patient folder information’s
organisation, according to the requirements specified by one or more physician;
moreover it allows to describe each of the informational contents of a patient folder.
This definition process starts from the MCP (the only class initially available).
During the definition process, the user uses the window displayed in Figure 10 in order
to specify the hierarchy and the characteristics of the concepts of the patient folder.
Hence, the user can define his own patient folder model without being constrained nor
to a certain kind of pre-defined interaction, nor to a pre-defined interface, nor to an
interface modifiable only just before an interaction session is to be started.

Fig. 11. A sample window created dynamically by the system during
consultation

Being that medical data can be of different kinds, that they can be used to achieve
different goals and, finally, they can be organised to constitute more than one patient
folder model, depending on the context (i.e. department, ambulatory,
administration...), the patient folder designer was designed to provide the physician
with a tool capable of describing every significant characteristic of the medical data
together with the organisation of the patient folder information.

The interface of the patient folder designer is extremely user-friendly. Only few days of
training were required for the physicians who experimented the tool.

The presentation manager is the heart of the system. In fact, it determines the access to
the patient folder contents having as inputs the output that originates from the user’s
queries through the interface module, and possibly the information originated from the



111

user-modelling module (a module which capture objectives of the user in order to adapt
the interaction of the system).
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Fig. 12. A sample window showing the hypermedia features of the
system

Accordingly to the user’s requirements and to the information acquired through the
user-modelling module, the dialogue management module decides the information the
interface has to show to the user.

The user interface defines, starting with the specifications provided by the dialogue
management module, the human-computer interface that will be likely used by the
physician to acquire and visualise the contents of a patient folder.

This definition is made up dynamically, i.c. the system creates run-time the windows
needed to show the user’s required information.

In Figure 11 and in Figure 12 two windows are shown created by the system during a
session. These windows present a part in which the patient data are shown and a part
which allows to the user to browse other information contained in the patient folder.
The design and the development of a system capable of dynamically defining the
human-computer interface, have required the analysis of the different possible data
formats of a patient folder (i.e. text, images...), and the individuation of those objects
involved in the constructive process.

As a result it was found that data in a patient folder can be represented either by means
of text, or images , or values (numeric and / or alpha-numeric values); timely, those
different data formats can be joined together into a more complex structure, e.g. the
same data could be stored into a patient folder either as a text or image.

The current prototype allows the management of six different object-classes (i.e. alpha-
numeric String; Image; Text; Value; Hypermedia; Hypertext; and Multimedia), each
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one associated to the corresponding data format. Each of these objects is created run-
time by the system whenever it is necessary to manage the data related to the involved
object-class.

7 The Clinical Testing of Cadmio

The system has been tested at the 4th Clinical Surgery Department of teaching
hospital of the University of Rome "La Sapienza" ("Policlinico Umberto I"). The
hospital is a 2500 beds structure, whereas the department is structured into three wards
of 24 beds each, 8 different diagnostic services, a day hospital and an outpatient service
for minor surgery.

In particular, we acknowledge the contribution of Fabrizio Consorti and Alessandra
Piermattei.

The department has a laboratory for Medical Informatics as operative structure
supporting research activities and the management of the clinical information system
of the department itself. For these it was considered a good testing environment for a
prototype application. Some of the physicians joining the project were skilled users of
information technology, while. others could be considered naive users. This was
particularly valuable in our opinion, since having the application tested only by expert
users would have result in missing a critical evaluation of the real impact in everyday
practice of the system.

Different models of folders were developed by five physicians who had not been
involved in the design phase of CADMIQ. Before these implementations took place,
the selected physicians had some meetings with the technical partners of the project,
during which the philosophy of CADMIO system was presented and discussed and a
preliminary analysis of the relevant clinical information for each of the three testing
environments was done.

No formal models of clinical information was produced and the physicians were left
free to interact with the system to define the database of MICs and MIEs and to design
the forms of their folder.

After the implementation of the folders, testing went on for two months, during which
the applications were used to insert and access clinical information. At the beginning
the system was used "off line", then the evaluating physicians started using CADMIO
during clinical practice to store and retrieve clinical information. During this second
phase some more changes were made both to the database scheme and to the folders
structure, reflecting an evolution in the capability of the users to take advantage from
the features of CADMIO system.

7.1 Evaluation of the basic concepts

After some initial difficulties in understanding terms and methods to which they are
not used, the involved physicians agreed that the proposed way to represent medical
information was expressive and useful, mainly because it let them free to define the
structure of their own database in a rather simple way. As already mentioned, apart
from a short period of training in the use of CADMIO system, neither guidelines nor
methodology was given to design clinical databases.
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Differences emerged between the more experienced and the more naive users with
respect to the structure of the database.

While the expert ones proposed multi-level hierarchies, the naive users defined simpler
trees, in which Categories coupled the conventional sections of a medical record. After
the first implementation, all the users made some changes to the structure of their
clinical databases, making a more sophisticated use of the possibility of the hierarchy.

7.2 Evaluation of the patient folder definition module

The users had not difficulties in using the module to define their own scheme of
MICs/MIEs.

A common request after the first period of testing was a more powerful tool to browse
along the tree while designing it, especially if they were designing a complex
hierarchy with more levels.

A window to show the position of an element in the tree was then added, together with
"Previous level” and "Next level” buttons.

7.3 Evaluation of the dialogue management module

All the users started the experimentation using a rather "standard" format of folder,
based on the usual sections of a traditional medical record.

Two users considered this approach satisfactory, while the others designed some
customised forms and tested the direct browsing modality of access to data.

The problem of access to data was strongly stressed during the final discussion,
especially by considering the medical added value aspects: an electronic patient folder
should not be just the electronic copy of a paper-based medical record.

The highest value was assigned to the possibility of a very flexible, goal driven access
to data, even if in our experimentation this awareness was related to the expertise of
the user: more naive users tended to use a more traditional environment and one of the
two physicians who at the beginning preferred the "default” mode of access to data,
after two months of use of CADMIO system expressed the interest for a more
advanced use of the system itself.

The possibility of establishing hypermedia link between MIEs was considered another
very important functionality. From a clinical point of view this is relevant both for
clinicians and for specialists dealing with imaging and biosignals.

In the first case, for example, it is interesting to have sentences of a report pointing to
region of interest of an image, or vice versa. It helps in getting more of the clinical
information content of an X-rays exam.

In the second case it may be useful to establish a connection across several exams by
linking hypermedially regions of interest representing the same findings. These links
can be powerful tools of browsing through the database.

8 Conclusions

In this work we started by analysing the clinical data and by the individualisation of
the different uses of the clinical data in order to define a model which allows a
physician to describe the structure of the information and the concepts which appear in
the patient folder.
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By means of this work we defined a modality to design and to construct a patient
folder, implemented in the CADMIO system. The tool runs on Macintosh platform
and has been developed using the Prograph® programming environment.

CADMIO system has been used in order to implement four different patient folders;
the first one at the IV Semeiotica Chirurgica, the second one at the IV Clinica
Chirurgica of the Policlinico "Umberto I' of Rome, the third patient folder has been
implemented and used at the Psychiatric Department of the Ancona Hospital and the
fourth has been used at the Cardiologic Department of the "Careggi"” Hospital of
Florence. After the necessary training period, the involved physicians agreed that the
proposed way to represent medical information was expressive and useful, mainly
because it et them free to define the structure of their own database in a rather simple
way. Differences emerged between the more experienced and the more naive users.
While the first ones tended to implement more abstract hierarchies, with more levels,
the latter ones tended to build simpler trees, in which Categories coupled the
conventional sections of a medical record.

After having modelled the clinical data we are modelling the clinical organisation, the
patient administration and the clinical processes in order to manage the
synchronisation of the various activities of the different departments.
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Abstract. A concept of a new type of information systems is pro-
posed for consideration. This concept views film databases as a core
of a problem-solving environment. Ifems of such databases are special-
purpose animation or video films. These films are considered as units for
data/knowledge acquisition and as communication units for computer-
human dialog. Operations with data/knowledge units as well as retrieval
operations on databases are specified by films, too. This paper presents
briefly a basis of the VIM system project related to the development of
a problem-solving environment (a special data warehouse) which inte-
grates multimedia units for the specification of application algorithms
(including data mining), experiment control strategies, and visualization
of data generated during an experiment. Some details of a few films as
well as the film management are also discussed.

1 Introduction

Visualization technology is becoming very important both for just computer-
human interface and for data/knowledge analysis in many research fields and
business. The source information for visualization is usually related to large
amounts of various type data. Visualization at information retrieval processes
and visualization of data content are two main topics being considered in this
technology (|27, 20, 35, 25, 28, 3]).

Efficiency in processing large collections of data by providing sufficient and
suitable reduction of the data search space and respecting performance charac-
teristics of the available store system is obtained, in general, through indexing
[17]. Storage structures for processing attribute-based data have been developed
for many years, so a large spectrum of efficient techniques is now available. Now
a substantial extension of the current indexing technology is expected for new
types of queries, based on some notion of similarity. The similarity retrieval
is a content-based technique. In general, it is related to the feature of color,
shape, texture, location of the objects in image, as well as to image statistics,
histograms, etc ([8, 21, 22, 39]). However, in spite of essential progress in devel-
oping this technique in particular and visual information systems as a whole, a
lot of very difficult problems still remain. One of the reasons for the lack of essen-
tial successes for content-based retrieval is that during query, systems emulate a
similar indiscriminate statistical pixel-to-pixel distance evaluation giving equal
importance to all the pixels in the sample image [23]. Another reason is that
some of systems retrieve images based on simple image features. Obviously, it is
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difficult to use only such features to represent the content of complex images. In
order to develop efficient image information retrieval systems, it is necessary to
use a knowledge-based approach. To perform sophisticated tasks, the knowledge
base should be domain specific [37].

There are a variety of means for indexing imagery and the form of indexing
which is most useful will depend on the application. No one index will satisfy all
needs and in fact multiple indexes may be useful. To allow more flexible querying
of the database, visual information systems will need to support queries on im-
age metadata derived from image processing and computer vision algorithms, as
well as more traditional metadata such as associated text and geographical loca-
tions [18]. Other problems are related to the following. Due to advances in data
acquisition and computer technologies, many new applications involving video
information retrieval systems are emerging. Video can provide more information
than text, graphic, and image. The information related to the position, tim-
ing, distance, temporal and spatial relationships are included in the video data
implicitly. Related change of objects between different frames provides much in-
formation about the behavior of these objects in the video. This frame-by-frame
time series data is essential to many areas. A formal definition, content-based
retrieval of video data is a retrieval process based on the understanding of the se-
mantics of the objects in a collection [6]. It is also worth mentioning the following
opinion [7]. To successfully apply the formal approach in visual information sys-
tems, the application domains must be very specific to yield interesting results.
We must pay very close attention to the application domain.

We have only considered a part of visual information system problems. There
are many other problems related to generality, complexity, performance, and se-
mantic content. To summarize them, it may be possible to say that for the man-
agement of the problems we should use special types of computer-human dialog,
knowledge-based approaches, domain specific techniques, multiple indexes, the
semantics of the objects in a collection, etc.

Nobody doubts that step by step these serious problems will be more or less
successfully resolved. However, it is important to note, that information retrieval
even in a multi-media database is only a part of a more general procedure in
computer-human dialog. A multi-media database is only a part of a more general
environment. Well-known visualization systems such as AVS, Explorers, apE,
Khoros, etc. ([1], [11], [12], [26], [34], [38]) provide only simple data management
support. So a number of projects are being developed to change them from pure
visualization systems into data exploration systems. Built on top of AVS and
other commercial packages, as well as on database management system tech-
nology, these project systems support essential interactive capabilities for data
visualization (see, for example [24], [36]). Meanwhile, there is growing interest
today in the development of problem solving environments which integrate both
visualization and the computation process which generates the data [4]. In addi-
tion, the value of storing volumes of data depends on our ability te extract useful
reports, spot interesting events and trends, support decisions and policy based
on statistical analysis and inference, and exploit the data to achieve business,
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operational, or scientific goals [13]. Machines are still far from approaching hu-
man abilities in the areas of synthesis of new knowledge, hypothesis formation,
and creative modeling [14].

In fact, we need a new type of information systems for designing information
models of source systems, implementing these models on computer systems,
and combining these within the system of the actual world, maintenance and
management. We should also be able to verify the consistency of the actual world
system and system product and constructing a total system in which both are a
single unit. Therefore, a new base of algorithmic entities for the presentation of
methods (method is a plan of action for solving a problem) should be developed.

As a rule, visual programming interfaces and visual languages allow the user
to create visual programs by connecting modules written in a conventional pro-
gramming language. The modules are depicted on the screen as nodes of a di-
rected graph. Unfortunately, this popular approach is not always convenient for
support of other application paradigms. It does not consider various features
of algorithms, reality, and human abilities. We know often a lot of information
about some events, phenomena, etc., however, we do not provide it because of
the existing tools or because we do not consider the possible use of this infor-
mation. Though it can be difficult to know, in advance, details of the use, as a
rule there is no problem to making a scheme.

In other words, we should think about new possible paradigms and about
new strategies to resolve or go round these problems. The idea behind our ap-
proach is a new type of information systems based on film machines where both
data items and operations on data are represented by special-purpose anima-
tion or video films. In this approach a database is a set of films. Films are also
used to specify application algorithms as well as data retrieval. Each film is a
“shape” of computation. It based on a rather big piece of information about
a class of algorithms. The basis of these films is close to ideas of algorithmic
skeletons (higher order functions) ([9], (2], [5], [10], [15]). However, algorithmic
skeletons leave a big gap between the reality and a human (a multi-channel be-
ing). So, we use algorithmic multimedia skeletons based on both mathematical
and physical abstractions. To specify a problem and corresponding program for
a computer, the user employs modifications of the system films, compositions of
these films, and examinations of a film being created. A few click operations are
enough to perform these transformations. The approach is being implemented
within the VIM (VIsualization of Methods) project [29] - [32]. It is based on
developing a filmbase, a subsystem of the filmbase management, and a library of
scalable parallel procedures/templates supporting automatic programming and
data visualization.

In this paper, we counsider briefly the basis of our approach and describe a
film database being developed for specification (programming) application al-
gorithms. Some details of a few films as well as the film management are also
discussed. We consider this as the first step in creating the film machines, that
is a special type of data warehouses [19].
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2 Animation films

We live in 4-dimensional space-time. Moving objects, color scenes, and various
sounds as well as different kinds of hierarchies are elements of this reality. These
should be the notions of new programming technologies; via these elements we
should model the phenomena of reality. In the past, computer technologies did
not allow us to use this approach. Natural objects and phenomena were split into
very artificial components: images were separated from movement, sound from
colors, data storage from data retrieval, etc. In addition, multimedia information
were modeled by single-medium information, and multi-disciplinary models by
single-disciplinary models, etc. 'This made normal people “blind or deaf” because
they could use only their ears or eyes. It is important to note, that, as a rule, after
the algorithmic partition all components are reduced to formulas (functions).
But, what is a function? A relation, nothing more. The symbolic mentality builds
long chains of inferences and abstracts them. Users must sit for hours and days
pursuing a chain of logic. The majority of people, even mathematicians, don’t
use symbolism in their problem solving. They use images or other figurative
means. So, we need a new type of abstraction combining mathematical and
physical concepts. Physical abstractions should be used to represent relations
based on space, time, and color/sound. A great part of the possible relations
are represented by these natural means. Of course, conventional functions are
also used. However, their role is drastically decreased. Some people like formal
reasoning about system behavior on the basis of the formulas. In our case, we
often prefer to watch or listen to system behavior, rather than to reason about
it. So, in the VIM technology, the above-mentioned notions are represented by
sets of animation films of special purpose types. The films are used as units for
computer-human dialog and as units for knowledge/data acquisition. Each film
is a series of frames (computational steps) displaying one or more parameterized
sets of nodes and/or moving objects in multi-dimensional space-time. Each frame
highlights a subset of these nodes/objects or rules of specifying this subset.

Each film defines a partial order of scanning of nodes or objects (and possibly,
colors and sounds). Partial orders of scanning are defined via:

— positions of nodes and objects,

— trajectories of movement,

— external configurations of surrounding nodes and/or
— internal configurations (variable values) of nodes.

Partial orders can also be represented by movements of control structures, by
changing the colors and sounds, as well as by sound durations. For example,
“light” or “shadow” of scanning control structures can trigger or terminate
computations on respective points or moving objects. As a rule, computation
specified on different nodes (objects) of a frame is considered to be performed
in parallel. Computation specified in different frames is performed sequentially.
So, it is possible to say: the shorter film the better. Our approach assumes that
color, sound, text, and movement join to create a total effect richer than that
of any component alone, that the four parts are commensurate and reinforcing.
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In this way we are trying to mobilize additional dimensions of human capacity.
(Frankly speaking, we would also like to consider tactile, olfactory, and even
gustatory information if corresponding sensors or synthesizers can be attached
to computers.) As an example, let us consider a role of color and sound.

Of course, colors are used to have decorative effects. However, the most
important aspects to point out are: different coloring of nodes (objects) to specify
different operations, conditional type of computation on multi-colored nodes
(objects), indication of the different hierarchical levels of computation related to
composition of different animation films.

Sounds are used to provide “musical tags” for films and to enhance emo-
tional effects. However, the most important aspects are to sound out: certain
events (transitions between levels of hierarchy, passing some points in compu-
tational structures, reaching boundaries, etc.), homogeneous or heterogeneous
types of computation, speed of moving objects and control structures, imita-
tions of physical objects in terms of sound, relations between real-time and time
of data processing, voice supports of frames, etc.

The user can transform the system frame series and the subsets of nodes/objects
into a new series being more suitable for his plan of action. Then his task is to
specify computations (to attach some arithmetic or logical expressions, sound
or time) on the subsets or on the subset elements. For this purpose it may be
necessary to use other films. So, the hierarchy of films are allowed.

Computers supporting such technology may be considered as film machines,
where operations, data and knowledge are specified by films. Each film machine
has an access to a set of databases. There should be system databases and
application databases. From the very beginning each item of a database is a
film, that is a unit of a multi-media format. You can watch and/or hear this
film (you can even smell it if corresponding synthesizers are attached to the
computer). Such a film is a large-grained unit of data/knowledge. It is a dual
object. On the one hand, it is an abstract data type, on the other, it is a skeleton
of an operation. To perform a search the user calls a film or creates a new film.
To create a film the user may employ modifications of system films, compositions
of these films, and examinations of a film being created. A few click operations
are enough to perform these transformations. Films may be used to specify an
algorithm/program. The program execution may also provide a film as a result.
‘Watching and listening are main “operations” for data retrieval inside a film. If a
film is very large, a content-based retrieval approach to select frames is used. To
search a film the user may watch films about films and then employ a navigator
on cover frames of films.

As the first step of our project, we are developing a system film database.
In fact, it is a film database for visualization and sonification of application
methods. As the second step, we will use this system film database for developing
application film databases.
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3 Algorithm classification

The important basis of our technology is a classification of application algo-
rithms. As a rule, existent classifications of algorithms are just some enumeration
of special cases. Often, they do not differentiate essential algorithms, and do not
forecast new algorithms [16]. So we are developing our own classification. Though
there are literally thousands of algorithms, there are very few design techniques.
To extract these techniques and build a new classification, we exploit the fact
of our living in 4-D space-time and our internalization of some features of the
environment. Some details of this classification can be find in [32].

We guess that any method can be reduced to computational schemes on grids,
trees, multi-stage and neural networks, pyramids, moving particles/objects and a
few other structures. So, for coordinates of the classification space we use forms
of multi-dimensional structures, types of partial scanning of nodes/objects in
structures and types of possible parallel implementations. Our approach is a
combination of mathematical and physical abstractions. It is a user-oriented
approach. This classification is a basis for systematic selection and creation of
the system notions and constructions. One film usually provides the informa-
tion/knowledge for specifying a lot of application algorithms. For example, the
divide-and-conquer model can be presented by one or a few animation films.
Meanwhile, a great variety of the best and most widely used computer aigo-
rithms are reduced to this model. Nevertheless, this model is a partial case of
more common computation on trees. Another example is the branch-and-bound
model. It is a general-purpose enumerative technique for solving a wide range of
problems in combinatorial optimizations, operation research and artificial intel-
ligence. This model can also be presented by a few computational schemes on
trees.

A similar situation obtains for algorithms on other structures. Film sections of
our current classification are depicted by Fig. 1. It is worth mentioning that this
classification supports multi-paradigm techniques that can cover both algorithms
for computation and algorithms for control of computer experiments and/or
visualization of results, data retrieval, etc. We believe that less than 100 films will
be enough to have a general-purpose programming system of the next generation.
Of course, the developing system will be open. In the next section we mention
examples of the films and consider the basis of the film management.

4 Film management

We are developing five modes to manipulate films: watching, editing, composing,
specifying and audio editing, as well as one mode to help users.

The watching mode allows the user to select some animation films from
the filmbase and to see them. To select the films s/he can look through not
only the list of titles in the dialog box of the corresponding section (Fig. 1),
but also look at the first frames and hear musical (sound) patterns. After the
selection, the user can choose the speed of the animation, switch on/off the
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sound, jump forward or backward, etc. S/he can also use non-stop or step-wise
types of watching.

g&Cnmpuhﬁon on Igorithms on

2-D Grid Algorithms on P! Igorithms on
Computation Pyramids

AN

- ri or] Jgorithms on
Computation Films

(-

Fig. 1. Film sections of the system database

Fig. 2 depicts a frame of a film for computation on moving objects. This film
shows that object positions are used to create a tree. After that, the computation
is related to a partial order of scanning the tree nodes. It means that different
frames highlight different subsets of the tree nodes.

Fig. 3 depicts a frame of a film for computation on 3-D grids. This film
shows the movement of a 2-D grid of nodes along three dimensions: left-right,
bottom-top, and front-back. Each frame highlights a position of this 2-D grid.

Each film provides some stable information /knowledge about data processing
and predefines a skeleton of computation. The user should embed his algorithmic
ideas into accessible skeletons or perform operations of “gene engineering”, that
is to change frame chains or compose them. The watching mode allows users to
study existent computational schemes and immediately to use them. This is a
manual-less technology.

The editing mode permits the user to edit the selected film as a whole or its
separate frames. Global editing is performed by changing the speed (step size)
of control structures, their initial positions, and the direction of their movement.
This is easily done with a few clicks. Fig. 4 depicts the cover frame of a film for 2-
D algorithms with a striped control structure. This control structure moves along
the /" diagonal. So, different frames of the film are related to different positions
of the structure. During the movement this structure provides a “special light”
and a “special shadow” on grid nodes. The nodes under this “light” are pointed
out to specify a computation. The nodes under this “shadow” are skipped for a
step. For a global transformation of this film, the user can open an additional
window of the editing mode. This window is used for watching and selecting other
control structures. In this example, we can see a chessboard control structure.
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One click operation is enough to replace one control structure by another.
The local editing is also performed by a few click operations to delete a frame, to
insert a frame from a special editing film, etc. This editing film is also displayed in
the additional window of the editing mode. The user can watch it in a step-wise
mode and select frames to insert into the film being created.

The composing mode allows the user to combine different films for creation
a new film. In a sense, top-down and bottom-up compositions can be used. The
top-down composition supports calls of other films to disclose computation in
a node (or on a set of nodes) in detail. The user can watch frames of different
levels of the hierarchy in different windows. The bottom-up composition provides
a unification of a few films within the framework of one of the following models:
parallel, pipelined, master/workers, and a few others. Fig. 5 depicts a sample of
the film hierarchy. On the screen we can see 1 large-sized window, 1 medium-
sized window, and four small-sized windows. The large-sized window is used for
frames of a current film, that is for a film of the lowest (fifth, or E) level of the
hierarchy. The small-size windows (from top to bottom) are used for films of the
first (A), second (B), third (C), and fourth (D) levels. The medium-size window
is used to present the hierarchy as a whole. In this window, five vertical strips
(from right to left) correspond to five hierarchical films, respectively. In the first
film (titled “Algorithms on set of pixels”), to specify computation for the second
frame, the second film (“Algorithms on matrixes”) was called. In the second
film, to define computation for the fifth frame, the third film (“Algorithms on
multi-stage networks”) was taken. In the third film, to specify computation for
the tenth frame, the fourth film (“Algorithms on pyramids”) was called. Finally,
in the fourth film, to define computation for the eleventh frame, the fifth film
was taken. Number 13 is the current frame number in the composite film, and
number 16 is the total number of frames involved by the present stage of the
composition. It is worth mentioning that each hierarchical level has its own
colors. In existent implementation of the VIM system, for cases where number
of levels is greater than five, the windows are used for films of the five lowest
level of the hierarchy. The corresponding shift of films across the windows is
employed if the number of hierarchical levels is changed.

The specifying mode is related to the description of local and global com-
putation on nodes (objects) brightened by each frame. This mode is also used
to specify input/output operations, the initialization of data, sizes of parame-
terized structures, and data transformations, etc. In fact, the user should attach
some arithmetic or logical expressions to the user’s film frames. Fig. 6 depicts a
snapshot of the specifying mode. In the white window the user’s film related to
computation on pixels can be watched in step-wise manner. In the main window
we can see a template prepared by the system on the basis of the user’s film. This
template consists of “an introduction” and “frame fields.” In the introduction
the system informs the user that it employs A[é][j] as an element of the node
array and ¢,j are the correspondent indexes. The user should insert the values
of the array sizes and a name of the initial data file instead of question marks.
In addition, the user can declare some new variables (for example B{M][N]). In
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the frame fields the user can replace question marks by some formulas or delete
them. For example, a line

Blillj] = (Ali — 1[5] + AL]lj — 1]+ Ali + 1][j] + Al +1])/4

means that this local formula is employed for each node (i, 7) brightened by
the corresponding frame. The user can also employ some global expressions. For
example, a line

B(1][1] = SUM(A[]{5])

means that this global function (the sum of elements) is evaluated on all nodes
(%, ) brightened by the corresponding frame. At the end the user should provide
variables to be stored and a name of the corresponding file. In addition to this
“individual” (frame by frame) provision of expressions for film frames, a “collec-
tive” attachment can be used. The collective technique supports providing the
same expressions to a group of frames. To point out the group, the user should
click to buttons with the corresponding frame numbers.

The audio editing mode allows the user to “attach” or replace voice,
music or other sounds for the accompaniment of film frames. Time events can
also be attached to frames. Fig. 7 depicts a snapshot related to this mode. There
are three main regions on the screen. The first region is a window where frames
of a film prepared by the user can be watched. The second and third regions
consist of buttons related to numbers of the film frames and different types of
sounds, respectively. Like for the specifying mode, “individual” and “collective”
attachments can also be used. Afier pushing a button from the third region,
the user can hear some sounds and decide: are they suitable for corresponding
frames or not? For the “individual” attachment, the sounds will accompany a
current frame in the window of the first region. For the “collective” attachment,
the sounds will accompany a group of frames which numbers are highlighted by
buttons of the second region.

The help mode. A manual-less technology is an important component of
the VIM system implementation. So, each film, mode and the system as a whole
will be supported by a help subsystem. Fig. 8 depicts a snapshot related to this
mode. The user can read some explanation in English or hear the interpretation
in Japanese, Chinese, and Russian. Special films to explain the system use will be
developed. To illustrate our technology, in the next section we will consider a few
other films from our database. These films are related to image processing and
cellular automation-like algorithms. They can also be used to specify content-
based retrieval operations.

5 A description of some other films

Film sections of our system database are depicted by Fig. 1. Films considered are
from section “Computation on pixels”. However, they can be used for specifying
computation on 2-D grids, sets and tuples, etc. In fact, 2-D structure of colored
nodes is considered, so, nodes can have different surrounders. The partial
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‘The idea behind this system is making use of animation
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cification of application methods. Each film is a series
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Fig. 6. A frame of the specifying
mode

Each frame ’brightens’ up a subset of these nodes.
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on the subsets or onthe subset elements. For this pur-
pose it ean be necessary to use other films. So, the bie—
rarchy of films are allowed.

Fig. 7. A frame of the audio editing
mode

Fig.9. A local substitution frame
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order of the node scanning is not defined by addresses (positions) of nodes
but by external configurations (stencils, masks) around nodes or internal config-
urations (some variable values) of nodes. This means that in a frame all nodes
with the corresponding configuration are selected for the specification of com-
putation. In other words, the visually spatial relations between nodes are used
for computation steps. Some frames employ a few configurations; if at least one
of them is applicable then the corresponding node is selected. This is the first
group of frames.

The second group employs a set of substitutions. Each substitution consists
of two configurations. The first defines the selection of nodes or a mask for each
node. The second configuration replays the first one or introduces an internal
configuration into a node. Fig. 9 depicts a frame sample related to four local
substitutions and seven grey nodes presenting the result of these substitutions.
In this way we implicitly point out nodes where computation should be specified
and a rule for changing “the image” of the node afray. In addition, a number
of frames use global configurations and substitutions to extract some features of
the node array as a whole. Fig. 10 depicts a frame sample related to a global
substitution. The first configuration of the substitution is a stripe cross, the sec-
ond is an internal configuration for a node. For each node (i, ) this substitution
provides a data structure including numbers of crossing strokes from (4,7) to
the corresponding boundaries. Fig. 11 shows another frame sample of a global
substitution. This substitution creates an incidence matrix for an existing set
of domains. In fact, it performs the date structure transformation and prepares
input data for computation on matrices (2-D grids). To specify this computation
the user can call another animation film, for example, from sections “Algorithms
on Pyramid” or “2-D Grid Computation”. Fig. 12 depicts also an example of
data structure transformation. Nodes specified by the substitutions are extracted
from 2-D structure for a new 1-D structure.

The third group of frames employs conditional configurations and substitu-
tions. Fig. 13 depicts a frame sample related to unifying two neighboring nodes
{(domains) under the condition that the internal configurations of nodes are co-
incident.

The fourth group of frames is related to other sets of stencils and internal
structures. A set of stencils/masks is used to visnalize patterns of nodes where
data are taken for computation on nodes highlighted. A set of internal structures
is used to specify possible schemes of this nede computation. In the central big
window, Fig. 14 shows three configurations to specify nodes where the computa-
tion should be performed. In the right small window it depicts a stencil pointing
the neighboring nodes where some data will be taken for the computation. Fi-
nally, in the bottom small window, Fig. 14 shows a browser for selecting an
internal scheme of the node computation. This film is a basic series of frames. It
gives a piece of advice to the user. To develop his own film the user can delete
any frames from this series and insert others from the database. In fact, this
section of the database includes a few films.



Fig.12. Another example of the date
structure transformation

Fig.11. An example of the date
structure transformation

i

Fig. 13. An example of a conditional sub-
stitution frame
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Each film can be considered as a complementary film supporting the basic
series of frames. In addition, frames can be merged. The merging operations
can be used for configurations, substitutions and conditions. The negation of
conditions is also provided by this type of operation. Fig. 15 depicts a frame of 4
local substitutions in the main window and a frame of another local substitution
in an additional window of the editing mode. This additional window is used for
watching and selecting the complementary film frames.

If several substitutions of a frame are applicable on a node then only one
of them is used. Which one depends on the user’s choice. The user can select a
non-deterministic approach or some priority. In the case of the overlapping of
substitutions being used for different nodes there are two choices, too. A film
developed by the user is also a series of frames, that is, a series of configurations
and substitutions. The computation based on this film is an iterative procedure.
Two types of iteration can be used:

~— the cyclic execution of the frames where frame i4-1 follows frame ¢ and frame
N is followed by frame 1; the computation is stopped if no substitutions in
any frame is applicable,

~ the lesser-number priority execution of the frames where frame 7 + 1 can
follow frame ¢ if no substitutions in the frame ¢ are applicable; otherwise the
computation related to frame 1 is performed; the computation is stopped if
no substitution in any frame is applicable.

Two special animations are used to explain these types of iteration.

The user can select the frame of Fig. 14 instead of the frame of Fig. 9. Then
for the specifying mode the system will provide the frame of Fig. 16 instead of
the frame of Fig. 6.

Fig.14. A frame with an internal structure and a stencil for nodes
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Fig. 15. A frame of the editing mode

Fig. 16. A modification of the Fig.6 frame

6 Conclusion

We consider future information systems as an environment that supports creat-
ing models of a large variety of target systems in society and the natural world
and mapping these by data into the artificial world of computers. To develop such
environment, we have presented a concept of a new computer technology based
on film databases. In this technology special-purpose films are used as units for
computer-human dialog and as units for data/knowledge acquisition. From the
very beginning each item of a database is a film, that is a unit of a multi-media
format. You can watch and/or hear this film. To find a film in a database the
user may browse some films about films. Then s/he may call a corresponding
film to perform the search. A new film may be created to specify an original
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retrieval method or some data mining. To manipulate films, a film machine sup-
ports watching, editing, composing, specifying, and audio editing modes. This
technology provides an integrated environment for creating new items of film
databases, specifying content-based retrieval or knowledge discovery algorithms
in the film format and performing these algorithms. This environment supports
not only above-mentioned algorithms but also other types of data processing.
The film hierarchy allows us to consider application methods in the small and
in the large as well as in the framework of any reasonable number of hierarchical
levels. In addition, multi-dimensional structures are depicted by parameterized
sets of nodes and partial orders of node scanning are naturally presented by
different frames. These features of our approach will not only provide good sup-
port for effective use of screen real estate but will also allow making use of “the
filmification of methods” as an advanced large-scale programming technology.
Some attention to sounds and colors will also increase the credibility of this
technology. The filmification of methods is not only a new visual technique for
the interactive specification of application algorithms and very-high-level pro-
gramming but also a new type of data/knowledge acquisition. The technology
supports “a complement principle”. It means that the user can return to the
conventional style of programming at any stage of the algorithm filmification.
Implementation of this technology is performed as a two-stage project. The
first stage is related to system film databases, the second - to application film
databases. Now we are developing a system film database related to visualiza-
tion and sonification of application methods. In fact, this film database will
include the best data/knowledge of algorithm design techniques. Though the
VIM system is an integrated meta-tool, each animation film is developed as a
special-purpose toolkit. This allows us to employ a film-by-film approach for the
implementation of the system. The X window system, Motif, and Xfig are used
as a basis for this implementation. Now we are developing films related to com-
putations on trees, pyramids, grids, sets of pixels and moving objects. A demo
version of the system is ready to be used for the presentation of basic ideas of the
VIM technology. Our future work is to improve all components of the system.
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Abstract

Object shape is an important feature of images and is used in content-based image retrieval. Two
important issues of shape based image retrieval are how to find a shape representation which is
invariant to translation, scale and rotation, and a similarity measure which conforms with human
perception. The purpose of this paper is to present a shape representation and similarity measure
which meet these requirements.

We first describe a normalization process to obtain the unique chain code for each shape
which is invariant to translation, scale and rotation. The unique chain code is suitable for shape
representation but it is difficult to calculate shape similarity based shape chain codes. We then
derive an alternative shape representation based on which shape similarity can be computed eas-
ily. Experiments show that the proposed shape representation and similarity measure compare
favourable with the Fourier descriptor-based method in both retrieval effectiveness and effi-
ciency.

Keywords: chain code, shape representation and similarity measure, image
retrieval

1. Introduction

In an image retrieval system or visual information management system, two of the
most important issues are how to describe image content (indexing) and how to meas-
ure the similarity between two images [1, 2, 3].

Earlier image retrieval systems are text-based: indexing and retrieval of images
are based on text description of images. Because of incompleteness and subjectiveness
of the text description, the retrieval performance is limited. To improve the retrieval
performance, relevance feedback and domain knowledge are introduced into the image
retrieval systems [4]. The new trend of image retrieval is towards content based image
retrieval. Since antomatic high-level image and object recognition techniques are not
mature enough for general domain applications, current content-based retrieval tech-
niques are based on low level features, such as colour, texture and shape [5, 6, 7, 8].

It is believed that no single method will be suitable for all applications and in
most applications, an integrated method combining a number of techniques is required.
In this paper, we concentrate on shape representation and similarity measure.
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A suitable shape representation and similarity measure for content-based image
retrieval should meet the following criteria:

» The representation of a shape should be invariant to scale, translation and rotation.

e The similarity measure based on the shape representation should conform to
human perception, i.e., perceptually similar shapes should have high similarity
measure.

« The shape representation should be compact and easy to derive, and the
calculation of similarity measure should be efficient.

There are many types of shape representations. Section 2 provides a brief review
of main shape representation techniques, with the focus on their applications to image
retrieval.

Chain codes have been used for shape boundary representation. There are a
number of advantages of chain code representation. First of all, it is compact. Sec-
ondly, The chain code is translation invariant. Thirdly, the chain code can be used to
compute many shape features, such as the perimeter and area. However, chain codes
are variant to boundary size and orientation. In Section 3, we derive the normalized
chain code which is invariant to translation, scale and rotation.

The normalized chain codes are good for shape representation, but it is difficult
to use them for computing shape similarity. In Section 4, we derive an alternative
shape representation from the normalization process described in Section 3. The repre-
sentation is region-based instead of boundary-based, and is invariant to translation,
scale and rotation. The shape distance based on this representation is easy to calculate.

In Section 5, we briefly describe experimental results of shape based image
retrieval using the region based shape representation and similarity measure. Section 6
concludes the paper with a brief discussion.

2. Review of Shape-Based Image Retrieval Techniques

Shape description or representation is an important issue both in image analysis for
object recognition and classification and in image synthesis for graphics applications.
Many techniques, including chain code, polygonal approximations, curvature, Fourier
descriptors and moment descriptors, have been proposed and used in various applica-
tions [9, 10].

Recently, content-based image retrieval became important. As object shape is
one of the important features of images, a number of shape representations have been
used in content based image retrieval systems. Note that in almost all work, techniques
integrating a number of features, such as colour, shape and texture, are used. But in this
paper, we are only interested in shape representation and similarity measure. In QBIC
[5], moment invariants are used for shape representation and similarity measure.
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Mohamad et al also used moment invariants for trademark matching [11]. But it is
found that similar moment invariants do not guarantee perceptually similar shapes.
Cortelazzo et al described a trademark shape description based on chain coding and
string matching technique [12]. Chain codes are not normalized and shape distance is
measured using string matching , so it is not invariant to shape scale. In STAR [6, 7],
both contour Fourier descriptors and moment invariants are used for shape representa-
tion and similarity measure. Jain and Vailaya proposed a shape representation based on
a histogram of the edge directions [8]. But the scale normalisation with respect to the
number of edge points in the image is questionable as the number of edge points is not
directly proportional to scale. Also, the similarity measure is computationally expen-
sive as it requires to calculate all possible histogram shifts in order to achieve rotation
normalisation. Mehrotra and Gary used coordinates of significant points on the bound-
ary as shape representation [13]. The representation is not compact and similarity
measure is computationally expensive as these coordinates must be rotated to achieve
rotation normalisation. In the retrieval techniques proposed by Jagadish [14], shapes
are decomposed into a number of rectangles and two pairs of coordinates for each rec-
tangle are used as the representation of the shape. The representation is not invariant to
rotation. Recently, Kauppinen compared autoregressive and Fourier descriptors for 2D
shape classification and found the later is better [15]. Sajjanhar et al compared moment
invariants and Fourier descriptors for image retrieval and found their performance is
not significantly different [16]. Scassellati et al studied image retrieval by 2D shape
representations, including algebraic moments, spline curve distances, cumulative turn-
ing angle, sign of curvature and Hausdorff-distance [17]. Their study results are not
conclusive and performance based on these measures is generally poor judged by
human perception.

The above review indicates that there is a need for a better shape representation
and similarity measure. This paper proposes an alternative shape representation and
similarity measure, and compare its performance with one of the most popular meth-
ods, namely the FD-based method.

3. Chain Code Based Shape Representation
3.1 Basic Concepts of Chain Codes

Chain code representation approximates a boundary using directed straight line seg-
ments. Chain code of a boundary is obtained as follows (Figure 1). A plane with grids
is overlaid on top of the boundary (Figure 1(a)). We traverse the boundary in a fixed
direction (normally clockwise) and assign each boundary pixel to a node of the grid,
depending on the proximity of the original boundary to that node, as shown in Figure
1(b). The spatially resampled boundary obtained in this way can then be represented
by straight line segments. Typically, this representation is based on the 4- or 8-direc-
tional segments, where the direction of each segment is coded using a numbering
scheme such as ones shown in Figure 2. The lengths of the segments are determined by
grid spacing used to sample the boundary. In 4-directional chain codes, all segments
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have the same length, equal to the grid spacing. In 8-directional chain codes, horizon-
tal and vertical segments have the length of grid spacing, while the diagonal segments
have the length of 1.414 times grid spacing. If we select the node marked by letter S as
the starting point and traverse the resampled boundaries clockwise, the 4- and 8-direc-
tional chain codes for the boundary shown in Figure 1(a) are 0303332221211010 (Fig-
ure 1(c)) and 776644424120 (Figure 1(d)), respectively.
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Figure 1 (a) The original boundary with resampling grid superimposed;

(b) Result of resampling; (c) 4-directional chain code;
{(d) 8-directional chain code.

p

Note that for 4-directional code, the path between two points is sometimes not
unique. For example, there are two possible paths to connect the two nodes p1 and p2
in Figure 1(c). In this case, the shortest allowable external path should be used.

We can see that the smaller the grid spacing, the more accurate the resampled
boundary. When the grid spacing and the original pixel spacing are the same, the resa-
mpled boundary is the same as the original boundary. However, a too-small grid spac-
ing (grid cell size)results in very long chain codes. An 8-directional chain code is more
accurate to describe a boundary than a 4-directional chain code, and the code length
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(order) may be smaller as well. But for simplicity, we use 4-directional codes as exam-
ples in the following discussion.
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Figure 2 Directions and their corresponding values for (a) 4-directional
chain code and (b} 8-directional chain code.

The chain codes obtained using the above methods are dependent on the starting
point, a different starting point will result in different chain code. The chain code also
depends on rotation, grid size, and boundary size. A normalization process is required
to obtain a unique chain code for each shape.

3.2 Starting Point Normalization

Given a chain code generated by an arbitrary starting point, we treat it as a circular
sequence of direction numbers and redefine the starting point so that the resulting
sequence of numbers forms an integer of minimum magnitude. For example, the chain
code of Figure 1(c) becomes 0030333222121101 after normalizing. In this case, a
boundary under given orientation, scale and grid size has a unique chain code.

3.3 Rotation Normalization - Shape Number

A boundary after rotation has a different chain code. This is because rotation
changes the spatial relationships between the grid space and the boundary. This prob-
lem can be solved using the first difference of the chain code, instead of the code itself.
The difference reflects the epatial relationships between boundary segments, which are
independent of rotation. The difference is computed simply by counting in a counter-
clockwise manner the number of directions that separate two adjacent elements of the
code. For instance, the first difference of the 4-directional chain code 00332211 is
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0303030. If we treat the code as a circular sequence, then the first element of the dif-
ference is computed using the transition between the last and the first components of
the chain. In this example the result is 30303030.

A chain-coded boundary has several first differences, depending on the starting
point. The shape number of a boundary is defined as the first difference of the smallest
magnitude. The order n of a shape number is defined as the number of digits in its rep-
resentation. For example, a first difference of the chain code in Figure 1(c) is
0313003003130313 and the shape number of boundary is 0030031303130313 with
order of 16. It is clear that order n is even for a closed boundary, and that this value
limits the number of possible different shapes. For example, for order n equal to 4,
there is only one possible shape—a square.

3.4 Scale Normalization

Both boundary size and grid size affect the chain code of a boundary. One way to solve
this problem is to alter grid spacing for boundaries of different scale. This will be clear
after the discussion of the next section.

3.5 Unique Shape Number

After going through the above normalization, it seems that we can obtain the unique
shape number for each boundary. It is not true, however, because the above normaliza-
tion is exact only if the resampled boundaries themselves are invariant to rotation and
scale change. In practice, this is seldom the case. For example, Figures 3(a) and 3(c)
show a triangle and its chain code, which is 01103300322221. The triangle in Figure
3(b) is obtained by rotating the triangle in Figure 3 (a) by a certain angle around point
P. Figure 3(d) shows the chain code of the rotated triangle. It is 0110330303221221,
obviously different from the chain code in Figure 3(c). Their corresponding shape
numbers are also different. The cause of this problem is that the spatial relationship
between the grid space and boundary is not fixed. One solution to this problem is to
orient the resampling grid along the principal (major) axis of the object to be coded. In
this case, the grid space and the boundary have fixed spatial relationships; thus obtain-
ing the unique shape number.

The major axis of a boundary is the straight line segment joining the two points
on the boundary furthest away from each other. The minor axis is perpendicular to the
major axis and of such length that a rectangle that just encioses the boundary could be
formed using the lengths of the major and minor axes. The ratio of the major to the
minor axes is called eccentricity of the boundary, and the rectangle just described is
called the basic rectangle.
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Figure 3 Effect of rotation on chain codes.

To achieve scale normalization, we scale all shapes so that their major axes have
the same length. When grid cell size is decided, the number of cells in the basic rectan-
gle of each shape is fixed. For example, if there are four cells along the major axis, the
basic rectangle of a shape with eccentricity of 4/3 covers 12 grid cells. For instance, in
Figure 3, the eccentricity of the best rectangle enclosing the triangle is 4 x 3. After we
orient the rectangle along the major axis, we have Figure 3(e). The corresponding
chain code representation is shown in Figure 3(f). The unique shape number of this tri-
angle is 00033103313133.
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The shape number obtained this way is unique, invariant to scale and rotation.
Note that the order of the resulting shape number is not necessarily equal to n, depend-
ing on the boundary curvature. This is especially true when 7 is large.

3.6 Unique Chain Code

So far, we have obtained the unique shape number for each boundary. Shape number is
unique and indicates the direction change of chain code segments relative to the previ-
ous segment. Because it reflects the direction change instead of direction itself, it is not
natural to use. But it can be noted that the starting point of the shape number is unique
regardless of the orientation of the resampling grid. This point is the starting point of
the flattest (smoothest) region of the boundary. It is natural to think that since this point
is unique the chain code with this starting point may also be unique. But this is not
true. Because chain code depends on the orientation of the grid space. Same shape
number does not guarantee the same chain code.

To solve this problem, we ignore the original grid space after the shape number is
found. We compute the unique chain code based on the shape number using the fol-
lowing algorithm: (1) Select the first digit as any number within the chain code direc-
tion range, say 0; (2) the second digit differs from the first digit by an amount
determined by the first digit in the shape number; (3) the third digit differs from the
second digit by the amount determined by the second digit in the shape number, and so
on uniil the complete chain code is obtained. In step (1), any number within the chain
code direction range can be used as the first digit. For example, for 4-directional code,
the first digit can be any of 0, 1, 2, and 3. This is possible because any digit within the
direction range appears at least once in a chain code because the boundary is closed. In
order to obtain a unique chain code, we fix the first digit to be 0. The following exam-
ple illustrates the above procedure. Suppose the shape number is
000300303113313313 and the first digit of the chain code is 0. Then the second digit
should be 0 because there is no direction change as indicated by the first digit in the
shape number. For the same reason the third and fourth digits are Os also. The fifth
digit is 3 because there is a direction change of 3 as indicated by the fourth digit in the
shape number. We continue this process 1o obtain the unique chain code of the bound-
ary: 000033322123212101. It should be noted that the last digit of the shape number is
not used, because it reflects the direction change between the last digit and first digit of
the chain code.

Let us summarize what we discussed so far. Given a shape boundary, we carry
out rotation and scale normalization. From the normalized shape we obtain a chain
code. The smallest first difference of the chain code is the shape number of the shape.
The unique (or normalized) chain code can be obtained from the shape number. Both
shape number and the normalized chain code are invariant to translation, scale and
rotation, and can be used to represent shapes.
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4. Unique Binary Sequence and Similarity Measure
4.1 Shape Binary Sequences

The unique chain code is invariant to translation, rotation and scale, but the lengths of
chain codes of similar shapes can be different. Thus it is difficult to compute shape dis-
tance or similarity directly based on the unique chain code. So we need an alternative
representation based on which we can calculate shape similarity.

We note that the relationship between the grid space and shape after the above

normalization is also invariant to translation, scale and rotation (except 180° rotation
which we will consider later). If we assign 1 to each grid cell covered by the shape and
0 to each grid cell not covered by the shape, and read these 1’s and 0’s from left to right
and top to bottom, we will have a binary sequence for each shape which is invariant to
translation, scale and rotation. For example the binary sequence for the shape in Figure
3(f) is 010001101111. We call this representation region-based representation.

The rectangular grids of all shapes have the same number of cells along the x
axis. The number of cells in y direction depends on the eccentricity of the shape, the
maximum number being the same as that in x direction. So the binary sequences of
shapes with different eccentricities have different lengths.

4.2 Similarity Measure

The next issue is how to measure similarity between shapes based on their binary
sequences. As the binary sequence indicates the cell positions covered by a shape, it is
natural to define the distance between two shapes as the number of cell positions not

commonly covered by these two shapes. Note that 180° rotation and other shape oper-
ations will be considered later. Based on the shape eccentricities, there are the follow-
ing three cases for similarity calculation.

» If two normalized shapes have the same basic rectangle, we can bit wise compare
the binary sequences of these two shapes and the distance between them is equal
to the number of positions having different values. For example, if shapes A and
B have the same eccentricity of 4 and binary sequences 11111111 11100000 and
111111111111100 respectively, then the distance between A and B is 3.

« If two normalized shapes have very different basic rectangles, i.e, they have very
different minor axis lengths, there is no need to calculate their similarity as we
can safely assume that these two shapes are very different. For example, if the
eccentricities of shapes A and B are 8 and 2 respectively, i.e., the lengths of minor
axes are 1 and 4 cells, then we can assume that these two shapes are quite
different and there is no value to retrieve the shape. The difference threshold
between minor axes depends on applications and cell size. Normally, if the
lengths of minor axes of two shapes differ more than 3 cells, these two shapes
should be considered quite different.
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» If two normalized shapes have slightly different basic rectangles, it is still
possible these two shapes are perceptually similar. We add O’s at the end of the
index of the shape with shorter minor axis so that the extended index is of the
same length as that of the other shape. The distance between these two shapes is
calculated as in the first case. For example, if the length of the minor axis and
binary sequence of shape A are 2 and 11111111 11110000 and the length of the
minor axis and binary sequence of shape B are 3 and 11111111 111111000
11100000 respectively, then we should extend the binary number for shape A to
11111111 11110000 00000000. The distance between A and B is 4.

To facilitate the above similarity calculation during retrieval, shape eccentricity
is stored together with the unique binary sequence. They together form the index of a
shape.

4.3 Shape Operation Consideration

A shape has two possible orientations aligning the major axis along the x-axis with

180° rotation. In addition to the 180° rotation of shapes, the other two operations
which will results perceptual similar shapes are horizontal and vertical flips. Figure 4

shows perceptually similar shapes after 180° rotation and horizontal and vertical flips.

Figure 4 (a) The original shape (b) Shape after 18(° rotation (c) Shape after
horizontal flip (d) Shape after vertical flip
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To take into account of these three operations we need four binary sequences to repre-
sent each shape. To save storage space, we still store one binary sequence for each
shape but we generate four binary sequences for each query shape during retrieval. In
this case, perceptually similar shapes resulted from 180° rotation and horizontal and
vertical flips can be retrieved.

4.4 Summary of Index and Retrieval Processes

In the above we have described the region-based shape representation which is invari-
ant to translation, scale, rotation and mirror operations, and similarity measure. In this
subsection, we summarize the shape indexing and retrieval process. In a retrieval sys-
tem, all shapes in the database are indexed. During retrieval, the query shape is also
indexed. Then the query index is compared with shape indexes in the database to
retrieval similar shapes.

Each shape in the database is processed and indexed as follows.
1. The major and minor axes and eccentricity of each shape are found.

2. The shape is rotated to place the major axis along the x direction, and the shape is
scaled so that the major axis is of a standard fixed length.

3. A grid space with fixed cell size is overlaid on top of the normalized shape.

4. 1’s are assigned to cells covered by the shape and 0’s to other cells. By reading these
1’s and 0’s from left to right and top to bottom, we obtain a binary sequence for the
shape.

5. The binary sequence and the length of the minor axis are stored as the index of the
shape.
During retrieval, the following steps are used to represent the query shape and carry

out similarity comparison.

1. The query shape is represented by its minor axis length and binary sequences using
the same procedure as in the above index process. But note there are four binary
sequences for each query to take into account 180° rotation and horizontal and ver-
tical flip operations.

2. For efficiency reason, these four binary sequences are only compared with binary
sequences of shapes in database with the same or similar eccentricities.

3. The distance between the query and a shape in the database is calculated as the
number of positions with different values in their binary sequences.

4. The similar shapes are displayed or retrieved in the increasing order of shape dis-
tance.

The above outlined approach is simple and similar to the way we normally compare
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shapes. To compare two shapes, we prefer that they are of same or similar size (scale
normalisation). Then we will rotate one of the shapes over the other so that they are in
the similar orientation (rotation normalisation). Finally we determine how much they
differ based on how much they do not overlap. The region-based approach incorpo-
rates all these steps.

5. Experimental Results

To study the retrieval performance of the above described region-based shape repre-
sentation and similarity measure, we implemented a prototype shape retrieval system.
To compare its retrieval performance with the more established FD-based method, we
also implemented an FD-based method using radii as shape signature as described in
[15].

Our experimental image database have 160 two dimensional planar shapes. Each
shape in the database are indexed. Three index files, corresponding to the region-based
indexes with cell size of 12x12, and 24x24 pixels, and FD-based index, are created.
For each query, three types of indexes are also calculated and they are used to compare
with indexes in their corresponding index files to obtain shape distances. Note that for
each of the region-based methods, four indexes are obtained. Shapes are retrieved
(shape name are returned) in the increasing order of distances.

The retrieval performance is measured using recall and precision, as commonly
used in information retrieval literature [18, 19]. Recall measures the ability of retriev-
ing all relevant or similar information items in the database. It is defined as the ratio
between the number of relevant or perceptually similar items retrieved and the total
relevant items in the database. Precision measures the retrieval accuracy and is defined
as the ratio between the number of relevant or perceptually similar items retrieved and
the total number of items retrieved. Recall and precision are used together to measure
the retrieval effectiveness as precision varies depends on required recall. So we nor-
mally use a precision-recall curve to show a retrieval system’s performance.

The detailed experimental results can be found in [20]. The main points of the
experimental results are summarized below.

First, the shape distance measure described in this paper conforms with human
perception in general.

Second, the use of smaller cell size produces better retrieval performance than
the use of larger cell size in the proposed region based method, as shown in Figure 5,
though more storage and computation power are required for the case of the smaller
cell size.

Third, the indexing and retrieval method described in this paper has higher per-
formance than FD-based method, as shown in Figore 5.
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Fourth, our method has lower storage and computation requirements than FD-
based metho.
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Figure 5 Retrieval performance comparison of the region-based method using cell size
of 12x12 and 24x24 pixels and the FD-based method

6. Conclusion

In this paper we extended the basic chain code concept to obtain the unique chain
codes for shape boundaries. This itself is quite significant because the unique chain
code is invariant to translation, rotation and scale. It can be used to describe and index
shapes,

Based on the chain code normalization process, we then derived the unique binary
number which is suitable for shape index. The distance and similarity measures are
calculated from the unique binary numbers. Using this approach, the index is compact
and the retrieval operation is simple. Thus it should be suitable for large image data-
base applications.

Our experiments show that the proposed region based shape representation and simi-
larity method compares favourably to FD-based methods in both retrieval effective-
ness and efficiency. Below, we look at the relationships between the region-based
method and other closely related shape representations and similarity measure. One
concern with any shape representation and similarity measure is its sensitivity to noise.
So we briefly discuss the noise effect on the proposed approach.
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One can think of the method introduced in this paper as an extension to pixel wise
comparison techniques used in crude image recognition systems, but with three major
improvements. First, grid celis are used instead of pixels in the index and retrieval
process, leading to high efficiency. Second, our method is orientation independent.
Third, our method is scale independent. We believe that by combining this method
with texture and colour based methods, a very high performance image retrieval sys-
tem can be achieved.

A closely related work is reported by Jagadish [14]. In his method, shapes are decom-
posed into a number of variable size rectangles, and two pairs of coordinates for each
rectangle are used as the representation of the shape. The major differences between
his method and our method are as follows. First, our representation is invariant to
shape scale, translation, rotation and mirror operations, whereas his method is not
invariant to rotation and mirror operations. Second, we decompose a shape into a
number of fixed size squares (cells) whereas variable size rectangles are used in Jagad-
ish’s work. Thus it is difficult to do decomposition and more data are required for rep-
resenting these rectangles in his technique. Third, it is easier to compute shape
similarity in our approach.

Compared to methods based on curvature, significant edges and points [8, 13], our
method has the following advantages. First, our normalisation is more natural and
accurate. Second, it is easier to calculate shape similarity in our approach.

It appears that the retrieval performance of the region based approach is sensitive to
noise on shape boundaries. This is because noise may change the position of the major
axis thus change the binary sequence dramatically. But it may not be a serious problem
considering the following. It is likely that the chance that noise affects the major axis is
very low. If the noise does not affect the major axis, our method may actually perform
better than other methods. This is because slight noise may not change the binary
sequence but may change the boundary properties such as curvature, significant edge
and points. So overall, the retrieval performance of the proposed approach under noise
may be still comparable or better than other methods. This is partially proved in our
experiments as some shapes in our database are “noisy” versions of others. Of course,
until a comprehensive test is carried out, we cannot draw a definite conclusion. Also,
for image retrieval applications, the retrieval is not based on exact match, a slight
change in retrieved shape order due to noise may not be very important.
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Abstract. A 2D map is proposed for random verification of 1D cellular
automata image sequences for image retrieval. Two statistical quantities
are used to measure the variations between current and next 1D cellular
automata images for a given function, which provides a framework for
random verification of cellular automata image sequences in 2D maps.
Two sample sets of chaotic behaviour of 1D cellular automata image
sequences and their maps are illustrated and compared.

1 Introduction

The next generation of database systems will be required to support a substantial
level of visual and image content, and the ability to identify and retrieve images
efficiently will be an important requirement [5]. To efficiently provide support
for content-based retrieval, the problem of feature extraction an indexing will
need to be addressed. In our previous studies [13, 14, 15], different feature in-
dices (such as probability vectors) have been proposed for 2D binary images on
hexagonal and rectangular grids. To demonstrate the usefulness of feature in-
dices in practical environments, it is normally necessary to have a large amount
of images organised by the proposed feature indices. To collect a large amount
of images organised by specific indices will be very costly. Using random num-
bers, however, it is possible to generate large numbers of testing sample sets
[4,7, 8, 9]. Under different mathematical models, fractals {2, 3}, chaos [1, 2} and
cellular automata [4, 7, 8, 9] are useful tools for generating families of 1D and 2D
sample images from initial images and mathematical equations. This will provide
an ideal controlled environment to test and compare different indexing schemes
for content based retrieval. Since random sequences may have totally different
behaviour, it is necessary to have many applications to determine whether the
image sequences are sufficiently random. For answering how random is random,
we would like to use map structure for verification, which provides an efficient
way for comparing random sequences.

2 Random Verification of Image Sequences on 2D Map

A balanced approach for the classification and transformation of 2D binary
images on regular plane lattices has been proposed in [10, 11, 12, 13, 14].
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The measures discussed in this paper provide further developments of those
in [12, 13, 14, 15]. In meaningfully measuring the variation complexity of a se-
quence of images using the balanced approach on 1D binary images, a number
of definitions are required.

Let X?® denote a 1D binary image with N points at time ¢ and z* be a given
point on X* 2* € {0,1}. For an image sequence {X*};>¢ generated from a given
function f, we have

X = f(X1). (1)

By considering the pair of relationships between the successive images X
and X**!, and letting N* (or Ntl denote the number of 1 {or 0) points on X?,
N = N* + N* and AN? (or AN?) denote the number of variation of 1 — 0
(or 0 — 1) points from X* — X'*! it can be seen that the following master
equations in difference form hold,

N**' - N' = ~AN' + AN, (2)
Nt _ Nt = _AN' 4+ AN'. (3)

In measuring quantities for both 1 — 0 (or 0 — 1), two statistical measures
denoted by p! and i can be defined,

pt = AN'/N; (4)
i = AN'/N (5)

which may be regarded as the fractions of points changed from the respective
states. Since the values of the sum on both measures satisfies 0 < p* + ji* <1, if
each pair of measures corresponds to a point in 2D space, many possible points
can be represented within the triangular area of the [0, 1] segment as described
by the inequality.

0<pt+t <1 (6)

Thus, using the transformation of equations (4) and (5), a pair of two images
Xt and Xtt! determines a pair of two variations p* and .

On noting both p* and ji* lie within the unit interval [0,1] and assuming their
independence, we may represent them as a 2D map as shown in Figure 1.

From Figure 1(a), it can be noted that this map is roughly similar to the
Ulam-stein map [6] for the quadratic transformation. In Figure 1(b), the main
diagonal line of the map p* = i* is illustrated. All points on the line have a pair
of equal values for the two variations.

Different points of the map correspond to different values of the two measures.
Let g(u®, i*) be an updating function on the triangular region in Figure 1(a).
Let

g(n® 5% =0, v, i° € 0,1).

A new point g(pf, i*), t > 0 can be renewed using

¢ ~ty _ J Co, if.‘](/f—laﬁtﬁl) =0;
g{p’ |) {g(“:~1,ﬂt-1) +C1, (mod 256), otherwise
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1 Distribution Area 1 Main Diagonal Line

(a) (b)

Fig. 1. 2D Map. (a) Triangular distribution area (b) main diagonal line

where Cy is a constant odd number, and C is a constant even number. Under
such mechanism, the points and their values distributed on the map represent
global information of the image sequence on evolution. This malkes it possible to
represent the map as a greyscale or pseudo-colour image. Different densities of
the points would illustrate random behaviour of the image sequence. This will
be particularly useful in the verification of different behaviour of chaotic image
sequences.

3 Equilibrium Conditions of Chaotic Sequences

There are significant differences in chaotic behaviour between continuous and
discrete systems. For a finite dimensional cellular automata image sequence, it
has to be a quasi-chaotical sequence [8, 9]. Such sequence is expected in a fixed
point or a limited circle eventually after a long period. Because expected lengths
of limited circles for chaotical sequences are propotation to 2V. It is useful for
most random verification schemes to process a sub-image sequence to determine
possible behaviour of the sequence.

Determining equilibrium conditions using 2D map has been investigated in
[15}. In adopting a statistical approach, it is essential to determine the equilib-
rium conditions of a chaotic sequence.

In each individual transforming procedure, two independent measures gener-
ally result in ji* # pt. For processing chaotic image sequences, it is necessary to
investigate its equilibrium condition. Since fi* and p¢ are direct quantitative mea-
sures of variations of the images, for an image sequence {X*}7_, using equation
(2), we have following equations.

NT _ NT—I — __ANT—l _i_ANT-—l
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Nt _ Nt = _AN? + AN?;

N'—=N°=—AN°+ AN°®
Summing both sides of the equations, we have
T—1
NT - NO — Z(Nt-}—l _ Nt)
t=0
T-1 5
=Y (-AN'+ ANY)
t=0
T-1 T-1 .
=) AN'+ ) AN
t=0 t=0
Since NT,N® < N, a global constraint for the sequence can be obtained for
any T,

T-1

T—1
0<IY @=) wl<t (7)
t=0 t=0

~ =T _ .
Denote 7 ) gcper ' by B and 33 gc,cp#® by B, then for the image
sequence,

. =T T

-7 <

Jm g -7 | <1/T =0, (8)
and in the limit, we have

fadt ~00 ——
E=p =p=pg~ (9)
From equation (9), it is evident that a chaotic image sequence has to have
a pair of equal measures for the mean densities of the variation sequence. Since

all sequences of cellular automata satisfy this condition, a general equilibrium
condition is,

E=FE=0; (10)
and E=u>0. (11)

Under such conditions, if an image sequence is a chaotic sequence, 1t satisfies
equation (11). Sequences may exhibit different behaviour depending on both
the transforming function and initial configuration. For any image sequence, the
measures JI and 7 provide invariant characteristics for the sequence.

Because equation (7) is an intrinsic constraint for any sequence of the two
statistical measures of cellular automata image sequences, a chaotic equilibrium
sequence needs to have points concentrated on the main diagonal line or dis-
tributed around both parts separated by the main diagonal line in the map.
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4 Chaotic Image Sequences and Their Maps

To show the usefulness of this new map for random verification, two sets of
chaotic image sequences are selected from k = 2,r = 1 cellular automata. To
illustrate different properties under a large number of iterations, two rules (rules
73 and 165) [9] are selected from the function set with 256 functions under the
same initial configuration. Corresponding to Wolfram’s four classes {8, 9], both
73 and 165 are in class III (exhibits chaotic aperiodic behaviour).

Each sequence will be represented by at most three maps undertaking 256,
2560 and 25600 times of iterations. There are a total of 6 images (256 by 64)
and 6 corresponding maps plus two greyscale maps given in Appendix A.

For the two rules, there are significant differences among their image se-
quences and corresponding maps. It is a common question to ask how random
is random for a given image sequence. Since each point on the map corresponds
to a pair of variations, a sufficiently random sequence may have a large number
of distincting points distributed on the map. In general, the larger the areas of
points distributed on the map, then more random behaviour of image sequences
is expected.

From the random variantions of image sequences, the image sequence of rule
73 has less random behaviour than rule 165. There are several invariant parts
on the images of rule 73. From a visual aspect, complexities of the two im-
age sequences have significant differences. Both rules 73 and 165 provide some-
what chaotic image sequences, and the points are concentrated on a certain area
around the diagonal line.

Chaotic images and their maps are generated by a system of 2D map for vi-
sualising cellular automata image sequences implemented on an SGI Indy Work-
station.

5 Conclusion and Further Work

Using the two variation measures, it is possible to construct a 2D map for random
verification of a given image sequence of 1D cellular automata. All equilibria are
represented by points concentrated around the diagonal line of the new map and
all invariant sequences will be convergent to the origin of the map. They can be
used for the verification of different behaviour over a long period of times for an
initial image and function for cellular automata. This construct can provide new
insight into the detailed investigation and classification of invariant properties
relating to content-based image retrieval for chaotic image sequences. Since the
map representation is a new structure, it is necessary for further investigation
to be carried out on the systematic exploration of chaotic image sequences,
especially for 256 rules of £ = 2,r = 1 cellular automata image sequences and
more complicated structures. More structural information may be revealed from
such investigations.
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Appendix A

The 8 maps are illustrated in Pictures (A)-(H) respectively and 6 sets of sample
images are shown in Pictures (a)-(f) for the last 256 1D images in each image
sequence. The binary images are illustrated as 2D images in 256 by 64 matrices.
Map images are represented as 256 by 256 matrices. The initial image is a 1D
array with 64 points.

Pictures (a),(b) and (c) are three sub-image sequences of rule 73 for the last
256 images on the first 256, 2,560 and 25,600 iterations, and Pictures (A),(B)
and (C) correspond to three 2d maps of rule 73 under the first 256, 2,560 and
25,600 iterations respectively.

Pictures (d),(e) and (f) are three sub-image sequences of rule 165 for the last
256 images on the first 256, 2,560 and 25,600 iterations, and Pictures (d},(e) and
(f) correspond to three 2d maps of rule 165 under the first 256, 2,560 and 25,600
iterations respectively.
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Finally Picture (G) is a greyscale picture of the map {C) for Rule 73 and Picture
(H) is a greyscale picture of the map (F) for Rule 165 respectively under the
first 25,600 iterations from the initial image.

The following notations are used,

R 165 (F 256) : Using Rule 165, the map is generated by the first 256
iterations from the initial image;
R 165 (L 256/257) : Using Rule 165, the sub-image sequence illustrated

is the last 256 images from the image sequence with a total of 257 images.
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Extracting Complex Tissues of MRI Brain
Images Using Conjugate Transformation for
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Abstract. In designing efficient, reliable and valid filters to process com-
plex MRI brain images, a new established system, conjugate transfor-
mation, is proposed to construct smoothing filters in this paper. The
smoothing filters constructed by the new method can perform 7.5-10.2
times faster than traditional erosion, dilation, opening and closing filters
using multiple complex masks. This method is especially preferable for
organising multiple complex patterns as a combinatorial mask to peform
higher operations recursively. Speed-up ratio analysis for such smooth-
ing filters is provided and recursive results of sample images in erosion,
dilation, 7-closing and reversion are illustrated.

1 Imntroduction

The search for structural and functional abnormalities in the brains of patients
with schizophrenia has been accelerated by the appearance of new techniques,
such as Magnetic Resonance Imaging (MRI) and Positron Emission Tomogra-
phy (PET). Previous studies with Computerised Axial Tomography (CAT) have
provided only limited information concerning the nature of the underlying neu-
rological basis of functional disorders such as schizophrenia. In neuroimaging,
the reliable and valid classification of brain tissue into cortical grey matter, sub-
cortical grey matter, white matter and cerebrospinal fluid (CSF) is essential for
the volume estimation of these components. Volume changes have frequently
been interpreted as evidence for pathology [6]. The classical technique is man-
ually to outline cross sections of a particular structure on consecutive slices of
brain scan, estimating the area by pixel counting and computing the volume by
multiplying slice thickness by the summation of areas. Others have attempted
3-compartment segmentation (grey, white, CSF) involving image pre-processing
to correct radio frequency inhomogenity [6], using fuzzy logic {2] or boundary
pixel locking algorithms [6] in handling ambiguous boundaries resulting from
partial volume artefact, assigning criteria range for different tissues [5] and us-
ing discriminant function analysis and ‘training classes’ [3]. We have been trying
a 4-compartment segmentation using semi-automatic procedures [7]. This pro-
cedure provides a practical scheme to segment brain volumes into cortical and
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subcortical grey matter, white matter and Cerebro-spinal fluid (CSF). This
segmentation provides useful information for examining the volume of cortical and
subcortical regions. To perform such extraction more efficiently, it is necessary to
investigate automatic segmentation techniques of MRI brain images. This current
attempt uses conjugate transformation to improve the reliability, validity and speed of
the classification exercise.

A number of automatic segmentation methods have been used in MRI with limited
success [1] during the past decade. In an automatic system for MRI segmentation
using fuzzy clustering technology, Clark and colleagues [2] has shown that, using a
combination of fuzzy clustering, mathematical morphology and knowledge based
techniques, it is possible to extract automatically complex tissues forming distinct
segments. This system has some essential functions that meet our requirements. In
their approach, the following components are included:

(1) Extracting a set of binary images from an original image as a relevant feature
image set using grey-scale measures;

(2) 2D morphological operations on feature binary images, filters for different
purposes: expansion, extraction, smoothing and so on using dilation, erosion,
opening and closing;

(3) Quantitative measures for feature images, giving the number of feature points,
percentages of relevant features between two relevant images such as
distinction of grey matter and white matter;

(4) Fuzzy control policies for the extraction and combination of relevant
information from sets of feature images according to the operations (1), (2)
and (3)

From an image analysis viewpoint, the key component of the system developed by
Clark et. al. [2], is the use of 2D mathematical morphology to implement different
filtering functions. To extract complex tissues in practical situations, many
morphological filters are required, and it is well known that some intrinsic difficulties
exist in designing proper filters to extract complex patterns, especially the extraction
of fine-structures using morphological schemes. For example, in extracting precise
curves in arbitrary directions, it is necessary to construct a T-opening operation, select
multiple masks and perform recursive operations of erosion and dilation [4]. It is
necessary for such operations to take a time proportional to the number of selected
masks. Considering our MRI image analysis requirement to extract more refined
structures of brain tissues in detail, it is essential to establish more suitable schemes in
representing complex tissues.
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2 Proposed Approach

To improve the reliability, validity and speed of classification, a new image analysis
technique, namely conjugate transformation [8,9,10,11], will be employed instead of
standard mathematical morphology techniques to extract complex tissues from MRI
brain images.

This new scheme can be used to represent essential geometric structures in binary
images for complex components such as extracting precise curves, separating pure
block components and constructing highly efficient smoothing filters. Using
conjugate transformation, it is feasible to design faster procedures for extracting these
complex geometric components directly. Many functions requiring a complicated -
opening (or t-closing) operation in morphological operations can be implemented in a
simple form using conjugate transformation. This technique requires merely a fraction
of the time necessary for traditional methods [10]. In general, a speed-up ratio of
about 8 can be observed when using conjugate transformation instead of
morphological operations for smoothing filters of binary images on a rectangular grid.
Here, a family of smoothing filters is constructed using both morphological and
conjugate schemes. Results are provided in both speed-up ratios and sample images.

3 Inner Structure of Conjugate Classification

This section explains the reason behind smoothing filters and the inner structures of
the conjugate classification. More details concerning the inner structure can be found
in {10]. The conjugate classification for the hexagonal grid has been established by
Zheng and Maeder [8] and further investigated by Zheng in [9,10]. The balanced
approach for regular plane lattices is described elsewhere [10,11]. Only the third level
of the conjugate classification is relevant for smoothing filters. This classification
using the three invariants (x,p,q) can be briefly summarised as follows.

Let X denote a binary image on a given grid, and x ¢ X be a given point of the
image. The simplest scheme for the rectangular grid of nine points (3x3 window) is
used as structuring form. The kernel form is a regular form composed of nine grid
points for which one point x is at the central position with eight neighbouring points
X, — X, around it. The kernel form can be denoted by K(x) or K (Figure 1).

The kernel form K(x) of the rectangular grid is a point x with eight neighbouring
points around it. When each point is allowed to assume values of only 0 or 1, there is
a total of 2 states. From the state set K(x) of 512 states and the inclusion relation of
set theory, one can use a hierarchy of 7 levels to represent the conjugate classification
[10]. Each level contains 512 states and each node is a subset of states. No two
nodes in the same level contain the same state. Let X(x) be the root, then the first

level can be divided into one state set GG and one conjugate state set (7 dependent on
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Fig.1. The Kernel Form of Rectangular Grid

the value € {0, 1} of the central point ¢. The second level of 18 nodes can be
distinguished by {,G} and {,G}, the number of connections, 0 > p > 8 ; that
is, the number of eight neighbouring points with the same value of the central
point. The third level of different nodes is denoted by {{G} and {gé} related
to 0 > ¢ > 4 which corresponds to the number of branches, (the number of
runs of the eight neighbouring points with the same value of the central point
in each state). In short, the conjugate classification using three invariants is a
hierarchy of four levels, which has one (root), two, eighteen and thirty-six nodes
respectively. Each node of the hierarchy is a class of states with 1-3 calculable
parameters. The symbols (z,p, ¢) are used to denote a node of three calculable
parameters of this classification. For convenience, each node is called a class.

3.1 Two Pseudo-triangles of Pattern Classes

The hierarchical structure of the conjugate classification provides a flexible frame-
work for supporting different applications. The structure of the third level of the
conjugate classification for pattern classes is shown in Figure 3(a) for two specific
classes and in Figure 3(b) for two pseudo-triangles.

Thirty-six feature classes {JG},{]G} can be conveniently represented by
{A,...,R} and {a,..., 7} representing classes in another two pseudo-triangles re-
spectively as shown in Figure 4.

3.2 Relevant Pattern Classes for Smoothing Filters

In relation to smoothing operations, it is required to use a collection of specific
nodes in two geometric clusters G or G, respectively, where G, = {A,C, D, E}
and G5 = {a,d,c,d} . From a structural viewpoint, node A or a represents 1
(or 0) isolated cluster; node C or ¢ describes 1 (or 0) line-end cluster and nodes
{D, E} or {d, e} may be interpreted as 1 (or 0) spur clusters in processed image.
Using these clusters, it is possible to decompose different noises in a binary image
into combinatorial forms of defined feature clusters.

In Figure 3(a), it is shown that each node may contain multiple states. In
two geometric clusters, fixed numbers of states are involved.

Let |a| denote the number of states in « . There are |G,| = |G| = 25 states
in one cluster where |A| = |a| = 1,|C|=|c| = |D|=|d| = |E| = le| = 8
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Fig. 3. Two pseudo-triangles in the 36 letters

3.3 Speed-up Ratios between Morphological Operations and
Reversion

Dilation and erosion are essential operations of mathematical morphology. It
is well-known that an essential operation uses one state as mask in one oper-
ation that needs a time equivalent to once look-up table operation. To con-
struct complex operations involving N states (N > 1), it is necessary to employ
r-operations. Under the current framework of mathematical morphology, a 7-
operation takes N times longer than an essential operation [4]. Different from
the two essential operations of morphology, conjugate scheme uses only one op-
eration, reversion, as the essential operation. Two specific state sets determine
a specific operation. Dilation and erosion are only special cases of reversion.
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Different selected state sets construct different functions. Since conjugate classi-
fication classifies the entire state set of the kernel form into two pseudo-triangles
as nodes, it is more convenient to use n nodes as a united mask directly instead
of those N states. From [10], the Speed-up ratio is

Sp(N,n) =2x9x N/(4x8+7xn), (1)

where N is the number of states involved and n is the number of classes for the
N states. The speed-up ratio equation has been verified in {10} using an SGI
workstation and is found to be highly accurate in practical environments.

Two cases need to be considered for comparisons.

Case 1. once recursion of dilation (or erosion) for G, (or G,) states, N =
25,n = 4,

Sp(25,4) =2x9x25/(4x8+7x4) =15, (2)

Case 2. once recursion of T-opening (or 7-closing) for both G, and G, states,
N =50,n=28,

5,(50,8) =2 x 9 x 50/(4 x 8+7 x 8) > 10.2. (3)

4 Use of Smoothing Filters

To show the results for the proposed scheme, 14 sample images are selected for
the smoothing filters mentioned and these are shown in Figure 5. Picture (a)
is the original MRI brain image in grey scale; picture (b} is a threshold binary
image for extracting grey matter from picture (a). Using picture (b) as the initial
image for different smoothing filters, pictures (c)-(e) are results of reversion
operations involving both and states under one, four, and ten times of recursions
respectively. Picture (e) has a better smoothing effect than pictures (c) and (d).
Pictures (f)-(h) show the results of dilation merely involving states and pictures
{i)-(k) are three results of erosion involving only states under corresponding
recursions. Compared with the smoothing effects of pictures (f)-(h), pictures (f)-
(h) have smoothed black components and pictures (i)-(k) have smoothed white
components. The smoothing effects of pictures (f)-(k) cannot be compared with
those of pictures (c)-(e). Under morphological framework, it is feasible to use
erosion then dilation for 7—opening operation or dilation then erosion for 7
closing operations. Pictures (1)-(n) show the results of 7—closing under 1, 4, and
10 times of multiple dilations then another 1, 4, and 10 times of multiple erosions
respectively. Compared with pictures (c)-(e) and pictures (1)-(n), there are only
minor differences between three pairs of pictures under the same recursions. In
this special case, T—opening results are similar to 7—closing omitted here.

In relation to the speed-up ratios in practical images, the conjugate scheme
is superior to traditional schemes. Smoothing filters constructed using it will
play a key role in the extracting of complex tissues from MRI brain images
in further medical image analysis applications and the construction of medical
visual information systems.
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(a) Original Image (greyscale)

(b) A Binary Image of Grey Matter
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Figure 5. Different Smoothing Filters. (a) original; (b) a binary image of grey
matter; (c)-(e) reversions; (f)-(h) dilations; (i)-(k) erosions and (1)-(n) -
closings for 1,4 and 10 times from picture (b)
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Abstract. Feature-based indexing is one method that can be used to
provide the needed access to first-hand, unbiased primary subject mat-
ter in visual information systems. The diversity and dynamism of user
information needs and the inherent characteristics of visual information
however make the process of indexing quite challenging and thus some
unique approaches are required. From an analysis of the special nature
of visual information, and of user information needs, the paper identifies
the requirements for providing acceptable levels of performance in visual
information retrieval. To meet the identified requirements, the paper pro-
poses a uniform indexing framework, which is hierarchical, general and
extensible, supporting both multiple indices and multilevel indices, while
providing the needed constructs for similarity and relevance grouping.
Candidate features that meet the requirements of robustness and uni-
form indexing at the various levels of the index hierarchy as may be
needed in the uniform framework are also indicated.

1 Introduction

The recent popularity of applications involving visually- stimulated information
such as digital libraries, video-on-demand, image archives, picture galleries, etc.
has made visual information management a significant aspect of the more gen-
eral area of multimedia information systems. Like in traditional databases, the
importance of indexing in visual databases, (or visual information systems !,
VIS) requires no further elaboration. Unlike in traditional databases however,
visual databases have some unique properties which make it implicit to search
for more efficient and effective mechanisms for access to their content. Visual
databases are typically characterized by huge volumes of data, various types of
data (video, images, paintings, maps, etc.), and can be accessed based on various
visual cues (e.g. shape, colour, texture, etc.). Further, from the information re-
trieval point of view, the various typology of user information needs, which is in-
herently dynamic, make it necessary to consider the ultimate users in developing
appropriate indexing mechanisms. VIS also make new implications on traditional

! In this work, we use visual databases and visual information systems synonymously.
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performance measures - retrieval efficiency, retrieval effectiveness, and indexing
efficiency. In particular, performance levels acceptable to users of small-scale
databases, as measured by recall and precision, may be unacceptable to users
of huge-volume, integrated VIS. Thus, rather than the usual dichotomy placed
on retrieved (relevant) and non-retrieved (non-relevant) documents, groups of
perceived relevant information items may be preferred, and this brings up new
issues like visual similarity evaluation and relevance ranking.

Some of the above problems have been recognized, and efforts are being made
to address them from various quarters. For instance, in response to the need to
access image content from a multiplicity of dimensions, some recently reported
systems (QBIC [13] and CORE [39]) have used various features such as shape
[16], colour [15, 25, 36] and texture as indices. Other features, such as geometric
invariants [14], symbolic signatures [6], and spatial information [8, 18] have also
been proposed. Apart from images, various approaches have also been suggested
for content-based access to other types of visual data, especially video. These
methods have however treated visual information in an isolated manner, making
it difficult in providing transparent retrieval across the different forms of visual
data, and in combining the various features, for instance in relevance ranking.

The diversity of visual information types however calls for a uniform index-
ing framework (in addition to fast indexing and retrieval mechanisms). Such a
framework should provide uniform indices across the multiple sources (or types)
of visual information, and should also be able to support the various conceptual
levels at which users may wish to consider the visual content, (for instance, ob-
jects in a video frame, or at the shot level). In addition, the need to support the
various typology of user information requirements - such as those with holistic or
specific information needs - also requires that such a framework provides indices
at varying levels of indexing exhaustivity and specificity, and that the multiple
dimensions (shape, colour, texture, etc.) with which users ”think about” visual
information be put into consideration. And all these should be in the context of
a truly integrated visual information system, incorporating an eclectic collection
of visual data types, rather than the current approach of treating the various
visual information sources in isolation.

Our objective is thus to provide such a uniform indexing framework, for a
truly integrated VIS. In contrast to other similar proposals, [19, 34], the frame-
work we present is hierarchical and general, and can support both objective
feature-based indices and subjective attribute-based descriptors. It also supports
the various types of user information need, and uses multiple indices at various
levels of the hierarchy to provide access to the visual information content at
different conceptual levels, including object-level access. The next section briefly
explores current efforts that are related to the proposed framework. In section 3,
the various issues that affect the performance of & truly integrated VIS are char-
acterized, based on which we identify the requirements for an indexing system
for visual information retrieval. Section 4 presents the uniform indexing frame-
work that meets the identified requirements. Suitable features for the framework
are described in section 5, and section 6 concludes the paper.
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2 Related Work

Integrated visual databases typically contain an eclectic collection of visual data
types - video, images, pictures, paintings, etc., thus posing serious challenges
to eagy and meaningful non- subjective access to their contents. The need for
indexing in traditional database systems has long been recognized, as evidenced
by the rigorous research effort in developing structures to support indices for
traditional and image databases (see [5, 32] for a survey). Likewise, workers in
information retrieval have long known the huge impact which effective indices
could have on retrieval performance. In fact, it has long been pointed out that
indexing is the major problem and the costliest bottleneck in information re-
trieval [12]. With visual databases playing a central role in visual information
systems (VIS), the need for effective indices to the huge volumes of data be-
comes even more acute. It is therefore apparent that, as opposed to the isolated
treatment of indexing and retrieval in most currently available proposals, an
improved performance mn visual information retrieval systems would demand a
simultaneous consideration of both the problems of indexing and of retrieval.
This Line of thought is also supported by views of information retrieval as a
matching problem [4, 9]. Claccia, et al. [9] considered the problem of retrieval
as a massive similarity matching problem, while in [4], the problem was viewed
as that of matching the semantics of the underlying information representation
(the index) with the user’s ’anomalous states of knowledge’ (i.e. the usually un-
clear user’s information need). There have also been some recent reports on the
inherent relationship between indexing and retrieval performance in traditional
information retrieval [35].

The need for models to support VIS have equally been realized and some
proposals have been made, especially in the context of multimedia databases.
Klas et al [22] identified a set of requirements for multimedia information man-
agement and proposed a number of primitives to support the requirements in an
object-oriented framework. Dittrich [10] also proposed the object-oriented data
model as a possible framework for handling multimedia data. Klinger and Pizano
(23] supported visual databases by identifying *visual structures’ and providing
descriptive data for such structures, in an approach that Enser [11] has called
the visual-linguistic paradigm. They also proposed the use of the entity- relation-
ship data model for the support of the identified structures. More recently, Leung
and Zheng [26] proposed the use of the relational model for modelling descrip-
tive data about image contents. Data models for video have also been proposed
[30], and efforts have also been made in providing query support for visual /video
databases [20, 21]. Interestingly, Hwang and Subrahmanian [21] also proposed
query support for object-level access to the video information. Obviously, this
is premised on the assumption that indices for such objects are available. How-
ever, currently, notwithstanding the positive impact of such fine-grained access
on retrieval in visual databases, few of the reported visual indexing and retrieval
systems provide access at such fine-grained levels.

Apart from the reported work in [26], most of the others concentrated on the
database aspects, rather than the indexing and retrieval problem. Without dis-
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counting the problem posed by the diversity of visual information content, visual
information retrieval requires a uniform indexing framework for fast and effec-
tive access. This need has also been recognized in [22, 28], and a few proposals
have recently been made [19, 27, 34]. The proposals so far have however focused
on the use of subjective attribute descriptors for image contents, and we are yet
to see proposals for truly content-based integrated VIS, incorporating video, im-
ages, pictures, paintings, etc. Moreover, models supporting feature-based indices
which are automatically extracted from the visual information are still lacking.
The aim of this work is to fill this void by providing a uniform indexing frame-
work appropriate in a truly integrated visual information retrieval system. With
such a framework, retrieval can be performed transparently across the various
types of visual information, using the various cues with which users think about
visual information contents, while operating uniformly at the various levels of
the VIS hierarchy. Such a framework thus provides the needed mechanisms for
the support of object-level queries as would be required by the query