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Abstract

Training people on science and engineering as well as providing scientific
and engineering solutions are key abilities in the technology-driven devel-
opment of our society. Recent innovations in global networking and, in
particular, the creation of the World-Wide Web and the widespread use of
mobile-code technology, put a new generation of software systems within
our reach, which promise a new quality of knowledge dissemination and
absorption.

Herein we document our design of a combined software technology basis
and content creation methodology (tentatively named KNOWLEDGEWEB)
that addresses both modern education methods and distributed solution
providers in the area of science and engineering. In accordance with the
twofold goal, we propose two main technologies: active books and know-
ledge on demand. The first component, active books, blurs the distinc-
tion between traditional textbooks and educational software by integrat-
ing content-dependent software into the static text (like, for example, a
computer algebra system into a textbook on mathematics). The result is
a new medium, which assists the student in acquiring the desired know-
ledge. The second component, knowledge on demand, does not aim at
teaching knowledge, but at providing knowledge encoded in solvers, i.e.,
software components that realize solution procedures, such as constraint
solvers, data-mining procedures, and so on. In other words, it favours a
black-box approach to knowledge dissemination in contrast to the white-
box approach of active books. These solvers may be spread over the global
network, some of them may require special hardware resources like super-
computers. For many problems a set of solvers has to be combined into
concerted operation, and moreover, a convenient user-interface is needed.
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1 Introduction

The technology-driven development of our society requires sophisticated methods
- for training people on science and engineering as well as for providing scientific
and engineering solutions. The current state of global networking and, in particu-
lar, the World-Wide Web and the widespread use of mobile-code technology, put
new software systems within our reach, which promise a new quality of knowledge
. dissemination and absorption. In the following, we introduce a software tech-
nology basis and content creation methodology, called KNOWLEDGEWEB, that
addresses both modern education methods and distributed solution providers in
the area of science and engineering.

1.1 The VlSlOl’l

This report outlines the design of a new generation of software systems that
" provide a new quality of knowledge dissemination and absorption by combining

~ three key areas in which the involved groups have developed strong experience
* during the past years: :

e distributed software systems,
e advanced programming and problem solving paradigms,
e mathematical education and training.

In our opinion, the combination of these technologies will yield software
products for conquering two crucial markets focusing on important social and
commercial challenges of the next century:

e training people on science and engineering;
e providing scientific and engineering solutions.

Both markets address the need of people to learn to cope with a constantly
changing and increasingly complex environment that is essentially shaped by
human technology:

1. The first market refers to a person’s ability to understand and to influence
the developments in a particular application domain. This requires sound
education in order to learn the laws of the domain, to analyze complex
problems within this domain, and to provide a functional solution to prob-
lems in this domain. The domain thus must become a “white box” whose
internal workings the person must know.
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2. The second market refers to a person’s ability to utilize solutions to prob-
lems in unfamiliar application domains. This requires the ability to contact
solution providers for these domains, send them problems and get answers
in return, both formulated in a suitable language. This domain can be

viewed as a “black box” whose internal workings the person need not care

of. ‘

Of course both markets are not contradictory but complementary: we need to
educate experts in one application domain that can develop solutions for this
domain based on the knowledge of experts in other domains.

1.2 The Spearheads

In Section 2, we outline two technologies addressing the markets outlined above.
These proposals are based on our convictions that the demands can be met by
novel approaches to knowledge presentation and dissemination only.

1. Educating People: Active Knowledge

Up to today, knowledge transfer mostly relies on the use of paper-based
books. The knowledge presented by such books is completely “passive”: the
reader tries to understand the thoughts of the author without being able
to ask questions, to run exercises and get feedback, there is no possibility
for interaction with the book.

We propose to integrate existing software components into an authoring
environment for the development of active books that incorporate facilities
for the kind of interaction sketched above. The book can embed execut-
able contents and it can draw resources from the Internet. Based on this
environment, an interactive mathematics book is being developed as a case
study.

Today, a couple of software systems serve the need of developing (CD-ROM based)

multi-media products for the mfotamment market. Our proposal extends these

. goals by addressing the special requirements of scientists and engineers to inter-

~ face with technical software systems and Internet resources and especzally em-
phasizing the interaction between reader and book.

2. Prox?iding Solutions: Knowledge on Demand

Up to today, there is no good way to provide scientific and engineering
solutions over the network. Low-level approaches based on facilities such
as Web-servers with CGI interfaces are rather ad-hoc and do not easily
allow the multi-disciplinary integration of solution servers from different
application domains.



We propose to develop an environment for the creation of servers for sci-
entific and engineering solutions. The core of this environment is a mid-
dleware that integrates standard client frontends (Web browsers) on one
side with various types of technical software systems (Mathematica, Math-
Lab, ...) on the other side based on a generic format for the exchange of
techmca,l data between server and middleware and a generic format for the
presentation of results in the client frontend. These formats are based on
‘already ongomg developments i in these ﬁelds (OpenMath MathML)

Today, a couple of software systems serve the huge market of SME’s (small and
 medium enterprises) developing Web servers for online commerce over the Inter-
net (browsing catalogues, ordering products, ... ). Our proposal intends to provide
similar services for scientists and engineers to enable them to put their services
on-the network, which requzres different kinds of technologzes and interfaces.

- Of course, the technical basis of both proposals partially overlap. While both
- activities can be pursued independently and separately, their combination would
. yield considerable synergy effects.

1.3 The Technologies |

* The vision formulated in the previous section is based on a couple of key technolo-
gies in which our groups have a long standing experience. Various related projects
are already being pursued by these groups individually or in collaboratlon (see
Section 3) ;

Distributed Software Systems Today we experience the increasing demand
to interconnect software products that previously operated in an isolated mode
in order to enable them to cooperate to achieve a common goal. As a result we
get distributed software systems consisting of many components which asynchron-
ously execute in different locations and whose activities have to be appropriately
coordinated (see e.g. Projects 3.1.2, 3.1:4, 3.1.3, 3.3.1, and 3.3.2). For this pur-
pose, middleware is employed in order to free the components from low-level
tasks such as locating other components or selecting appropriate communication
protocols (see Project 3.2.1). . oL .
Nowadays, the Internet serves as a general -purpose communlcatlon backbone
with high-level services such as the World-Wide-Web built on top of it; the pro-
gramming language Java promises to become the language of choice for Inter-
net based systems. Middleware standards such as CORBA or widely available
products as DCOM or Java’s RMI may save as the glue to combine components
to distributed applications. Multicasting features embedded in Web browsers,
presentation tools, and groupware start to support distributed collaboration. .
The distributed applications outlined in the current report will use these in-
dividual technologies as standard components; there is no necessity to develop
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proprietary counterp'arts. However, the real challenge lies in their integration into
a consistent framework which requires technical expertise as well as knowledge
in the application domain as provided by the project partners.

Advanced Programmlng and Problem Solvmg Models Many of the sci-
entific and engineering services which the current report addresses can be best
formulated and solved using programming and problem solving models that are
on a much higher level than conventional imperative programming languages such
as C, C++, or Java. Examples of such paradigms are functional programming,
logic programming, constraint solving, automated proving in restricted math-
ematical theories using special methods, as well as any combmatlons of these
methods (see e.g. Projects 3.1.4, 3.2.2, 3.2.3, 3.3.1).

As an example, take the very important engineering problem of modeling con-
trol systems and answering questions about properties such as their stability. A
very convenient way of solving this problem is to formulate each component of
this system as a higher-order predicate (parameterized over predicates describ-

ing its sub-systems) that relates certain measurable quantities expressed in real

numbers (pressure, temperature, ...); this formulation can be nicely expressed
in a functional/logic language with constraints. Plugging together the descrip-
tions of the individual components yields a predicate which can be evaluated by
a language interpreter that generates systems of constraints over the reals to be
handled by a constraint solver.

A server solving control system problems may therefore consmt of a func-
tional/logic language interpreter combined with a constraint solving engine; this

engine (one or more, since the constraint solver may be based on a parallel al-

gorithm) may itself represent an autonomous server offermg its functlonahty over
the network.

. In a similar way, ‘many of the services addressed by the current report may
make use of various advanced programming and problem_solvmg methods

Mathematical Education and Training  An important aspect for the pre-
paration of active knowledge in the form of interactive books is a clear understand-
ing of the logical structure of the material being presented and the relationship
between its individual components, in order to master the complexity of their

interaction and to find appropriate means of presentation. This is much more

difficult than in conventional paper-based books since the individual components
may depend in various ways on each other, may be used in many contexts and
may be invoked by each other and by the reader of the book (executable contents).
This raises many logical and software-engineering issues that can be only appro-
priately addressed if a formal basis (model, theory) of the underlying domain is
available according to which the presentation is structured (see Projects 3.1.1,

3.2.2, and 3.3.2).
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As an example, take an algebra course presenting knowledge (theory, al-
gorithms, reasoning strategies) about various concrete and abstract mathematical
structures such as algebraic numbers, rings, and polynomials. One possibility to
- organize the material is to structure it in the form of functors, 1.e. domain para-
 meterized over other domains, where each functor encapsulates all the knowledge
" about the domain (carrier set, operations, proving methods) that can be appro-
- priately invoked from other functors depending on it. Correspondingly a tower

~ of mathematical structures can be constructed and accordingly presented, sup-
porting demonstration examples can be developed, giving the user the possibility
to ezperience, to exercise and to ezperiment on all the material covered by the
book. : :
To develop educatlon and tralnmg material therefore not only requires the
technological basis but also guidelines and techniques how to develop and struc-
ture the material; example material has to be developed and to be elaborated as
tutorials for developers of new material. :

2 KnowledgeWeb Proposals

: The following proposals outhne two concrete possibilities: how the combined ex-
pertise of the partners can be effectively utilized to create a new generation of
software systems. Each activity can be pursued independently and separately,
but their combination would yield considerable synergy effects.

2.1 Active Knowledge

The transition from traditional print media to electronic documents significantly
increases flexibility and creates new opportunities; but to date, this potential is
seldom exploited fully. A printed book is by its very nature a passive object; but
an electronic book can be active, in the sense that it can react to manipulations
by the reader. More precisely, content-depended software components may be
integrated, which complement the static text. Input from the reader is processed
by this software—the book reacts and adapts in accordance. We call these gen-
“eralized books active books. The supplied content is not just passively read, but
reacts to feedback from the reader. : S

The transition from standalone PCs to networked computing env1ronments
provides additional features for active books. It is no longer required that the
complete content, including its active components, resides on a single machine.
Instead it may be spread over multiple processing elements, some of them may
have special features, such as special 1/O devices or special performance, needed
for certain active components of the book. The result are distributed active books.

The main purpose of active books, just as with their passive predecessors, is
to convey knowledge, which is acquired by the reader. The learning process can
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be greatly aided by the active nature of the medium, independent of whether the
learned material is the differential calculus or the use of a new software tool. In
the case of the differential calculus, the book may contain a computer algebra
system, such as Mathematica, to check a students answers to exercises and to
provide solutions to problems stated by the student. In the case of the tutorial
for new software, the active book will include the software whose use is studied,
to provide the hands-on experience, which is so vital in learning how to operate
new software. : .

In other words, traditional books contain passive knowledge, whereas we want
to provide active knowledge. Active knowledge is more accessible for the learning
person as it can adapt and react to the learner. Hence, the new technology is not
merely a new medium, but it adds value.

2.1.1 State of the Art

On first sight, it may seem that the whole Web is a huge distributed active book,
with all its CGI scripts and Java applets realizing the active components. But
this view is too general and does not match our concept of active books. The main
differences between active books and the Web in general are twofold: (1) the Web
is a mainly self-organizing, collective effort of independent contributors, whereas
an active book is the consequence of a co-ordinated effort of a comparatively
small group of people; and, partially as a consequence, (2) the Web is highly
diverse and fragmented, whereas the content of an active book is monolithic,
albeit structured. Nevertheless, active books can, of course, be provided via the
Web, i.e., they can be elements of the Web.

As a consequence, the technology of the Web, including HTML, Java, and
CGI, forms the basis of the development of active books, but it is too general
to be used directly, as it would require substantial coding efforts that distract
from providing content. In other words, we require an additional set of tools
that allows to provide content without worrying too much about the technical
realization of the resulting active book. :

It should be clear that our intention is not the development of mere electronic
support for displaying text or multimedia documents, such as hypertext. We
take the idea of electronic documents one step further and integrate content-
dependent software. Such extensions have, to date, received considerable less
attention, although they provide many new opportunities.

Nevertheless, there already exist documents that have to be considered as
active books by our definition, but we observe that the technology is not fully
utilized and, more importantly, a methodology and tool set to write active books
is missing. Nevertheless, the existing instances demonstrate the usefulness of the
concept, and our main aim is to simplify the production, such that it is accessible
to a broader group of authors and is more cost-effective.
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2.1.2 Proposal

We propose the development of (1) a methodology and (2) a tool set for the
creation of active books. Both are meant to minimize the efforts needed to create
active books and to allow the authors to concentrate on creating content. The
‘_ proposed software makes use of standard formats and la.nguages in particular,
"HTML and Java.

' The actlve research that is under way at the Imperlal College, RISC, and
" the Umver31ty of Tsukuba, provides important background for the proposed pro-
ject. In particular, various activities described in the Appendix are of immediate
interest for software supporting active knowledge.

The Theorema project (Appendlx 3.1.1) investigates the use of an extension of
Mathematlca to develop textbooks in the area of Mathematics that include an en-
gine to support proofs and mathematical reasoning. Furthermore, the Distributed
Algebraic Geometry project (Appendix 3.1.2) develops distributed algorithms for

_ classroom presentations. Both projects require expertise not only with regard to
; educatlonal software, but also with regards to its implementation in distributed
) environments and the 1ntegrat10n of active components into hypertext presenta-
~ tions. :
. Another prOJect that is concerned with the development of Middleware for
* distributed systems is described in Appendix 3.2.1. It features the integration of
state-of-the-art interfaces between different software components and especially
the integration of Java-based user interfaces. Finally, our work on Distributed
Goffin 3.3.1 investigates the high-level specification of distributed systems. The
last two projects, demonstrate our efforts to simplify the use of distributed sys-
tems, the integration of diverse software components, and generatlon of modern
user interfaces.

Methodology The development of active books to realize active knowledge
requires a design methodology on two levels: first, a programming methodology
that integrates hypertext viewers with content-dependent software components,
and second, a contght, design-methodology that uses the new technology to max-
imize the benefit for the reader. The programming methodology defines an inter-
face technology between the different components of the system, using modern
protocols, such as Java RMI or CORBA. Furthermore, it guides the development
of the active components in an active book. The content design-methodology es-
sentially defines in which way active components should be used in active books
in a science and engineering context.

Tools To simplify the development of active books, we propose to develop au-
thoring tools supporting the integration of heterogeneous active and passive com-
ponents into hypertext documents as well as the distribution of the components
over multiple processing elements. Authoring applications provide the possibility
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to search, browse, and organize distributed content, while creating an front-end
representation of an active book in the form of HTML-based documents, which
may be enhanced with a scripting language such as JavaScript. HTML and
- JavaScript define the outline and representation of embedded content originat-
ing from external Web sites. Deployment of a HTML-based outline of an active
book, generated by means of the authoring application, on a Web server makes
it possible to consider a completed active book itself as an active content element
and, therefore to embed one active books within each other. The user inter-
face of authoring applications is ideally implemented as a thin Java-applet client,
providing a high degree of portability and interoperability.

Content used by active books may include active (Java applets, CGI, Act-
iveX, VRML virtual reality worlds) as well as passive elements (multimedia,
HTML documents)—see also [BN96]. Optionally, to provide a high-performance
storage for passive content, third party object-oriented database servers might be
applied. Authoring active books correlates closely with content requesting and
delivery techniques. To request a context element, an active book interfaces with
a middleware component, which provides transparent content _referencing, search,
and delivery. The middleware functionality from the point of view of active books
closely matches the requirements imposed by the Distributed Solution Ware-
house to the Knowledge Mediator middleware (Section 2.2) [BS97, MLDM96].
CORBA /Java ORB and HTTP/CGI models can be nicely applied to implement
middleware with integrated functionality. These models also provide a standard
interface to middleware components. An integrated middleware enables the use
of Distributed Solution Sites as a kind of active content available for the creators
of active books. o

2.2 Knowledge on Demand
2.2.1 Overview | |

The World Wide Web (WWW) is becoming a low-cost, platform independent
standard interface mechanism with which to access the computational resource
that are distributed all over the world. Moreover, the powerful idea of executable
contents or active information has opened new and exciting avenues which will
lead WWW to a new landscape of organising and assimilating scientific and
technical knowledge that are distributed all over the world into a global-wide
knowledge base. With the efficient deployment of such an ever-growing knowledge
. repository, the way of working in industry and academic societies will have a
revolutionary change.

We consider the research in this new field is of fundamental scientific, commer-
cial and social importance. We therefore propose as a research and development
project to build up a prototype of Web based global mathematical knowledge on
demand service engine which-aims to provide to workers in industry and academy
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all kinds of mathematical services via the Internet using Web. The system is
based on the Web based distributed computing model where the mathematical
solutions contributed by the expertise in various scientific decipline are organised
into a globally distributed solution warehouse. These solutions can be provided
on demand to the user via the Knowledge Gateway middleware to the users all
over the world.

1 2.2.2 System Architecture

The system is based on a distributed computing model. It composed of geograph-
ically distributed computation sites, each of which provides its local mathematical
solutions. At each site a set of Solution APIs are provided to support the solution
deployment from local experts and also a Site Management Agent which handle
the communication between the site with its clients.

The entire site is integrated via Web as a globally dlstnbuted knowledge
warehouse. This integration is Supported by the Knowledge Mediator middleware
which provides a centralized control of the distributed sites and acting as a broker
- for building clients and the distributed servers to deliver knowledge to its required
< clients. The Math-lounge is provided as a Web based GUI client environment,
- which provides a uniform view of the distributed knowledge warehouse.

The functionality of those major components is described in detail as follows:

e Math-Lounge:

The Math-lounge is a Webébased Client tool for deploying distributed know-

~ ledge service. It is composed of an intelligent search engine, which supports
an efficient querying to the site management database for requlred service.
The Math-lounge also uses Java Applets technology to prov1de active in-
formation for dehvermg solutlons '

¢ Knowledge Mediator:

The knowledge Mediator acts as a middleware establishing the connective
between clients and the server sites containing the solutions required by
the clients. The middleware is also served as a framework for managing the
distributed service sites and service provision. The maJor components of
the mlddlware include: '

— Site Management Database: it consists of a repository recording the
detailed information about each registered solution sites. This repos-
itory is maintained automatically via a set of site agents dynamically
updating the information of each registrated sites. The repository will
be used to build up the math-louge for deploying the service and also
will be used to monitor the status of the whole system.

15



— Service Manager: it is a database recording user information including
the accounting information of service provision, statistic information
about service usage of each site and the database of dynamic messages
of user’s feedback. It also provides a set of service help functions
including user help, service alias, alternative service for fault tolerance.

— Solution Broker: it is responsible for establishing connection between
a service requesting client and its required service. The broker is im-
plemented using Java RMI object communication mechanism.

e Distributed Solution Warehouse:

The geographically distributed computation sites, each of which provides its
local mathematical solutions, integrated based on the Web infrastructure,
form a distributed solution Warehouse. Each site consists of a set of:

— Solution APIs: which are used to support the solution deployment
from local experts It is implemented using J avalDL.

— Site Management Agent: which handle the communication between
the site with its clients. It also responsible for reporting the updated
- information of the site. -

2.2.3 Research Programme

The research aims to build up a prototype of the knowledge on demand engine
in 2 years time. The first year we will focus on develop the key components and
their integration technology We also will at this stage to build up several solution
sites for proving concepts. In the second year, we will focus on the development
of Math-lounge GUI and Site APLs. Many functions for commercial services
such as accounting, security and system maintainance will be investigated and
integrated into the system. A full functional demonstration of the KoD engine
Wlll be delivered by the end of the second year.

3 Pro ject SurVey

KNOWLEDGEWEB draws from a collection of projects underway at the Research
Institute for Symbolic Computation (Linz, Austria), the Imperial College Lon-
don (United Kingdom), and the University of Tsukuba (Japan). The results of
these projects build the basis on which KNOWLEDGEWESB is developed, and so,
KNOWLEDGEWEB’s feasibility critically rests on this previous and ongoing work.
The purpose of this section is to survey these projects and put them into rela-
tionship with KNOWLEDGEWEB. The projects a grouped by research institutions
and preceded by a brief outline of the research group.
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3.1 Research Institute for Symbolic Computation

The Research Institute for Symbolic Computation (RISC-Linz) of the Johannes
, Kepler University Linz has pursued for almost two decades research on computer
- algebra, computational geometry, computatlonal logic, automated reasoning, con-
~ straint solvmg, functional and logic programmmg and parallel and dlstrlbuted
processing with apphcatlons in geometrlc modehng, computer—arded engmeermg,
robot simulation, NC—programmmg, expert systems and neural networks.
The institute has a faculty of 15 members with doctoral degree. About 50
students from mathematlcs and computer science (more of half of which are from
abroad) currently pursue thelr dlplomas respectlvely Ph.D. Six doctoral students
‘of RISC-Linz have graduated sub auspiciis pmeszdentzs Prof Buchberger is
“chairman of the section of mathematlcs and computer science of the European
Academy of Sciences and chalrman of the Hyper—G consortlum promoting the
hypermedia mformatlon system HyperWave ;
; By an initiative of Prof Bruno Buchberger, the Software Park Hagenberg was
. founded, a technologlcal center that currently incorporates about 25 companies
_ and several academic institutes all of which are related to software (1 e. methods,
_ tools, development, application, marketing, and training). The Fachhochschule
. Hagenberg initiated by Prof. Buchberger offers two curricula on “Software Engin-
~ eering” and on “Communication- and Medla—De31gn The institute participated
in the Central European Initiative (CEI) and is a member of the Austria Center
for Parallel Computation (ACPC).

Members of RISC-Linz have participated in numerous national research pro-
jects (supported by Austrian Science Foundation FWF and the Austrian Federal
Ministry of Science and Research BMWF'), international research programs (e.g.
the European ESPRIT III and ESPRIT IV programmes and in the Japanese
RWCP Real-World Computing Program) and also collaborated in various devel-
opment projects with industrial partners. Currently, RISC-Linz is in collabora-
tion with the University of Tskuba pursuing a two years project on “Distributed
Constraint Solving for Functional Logic Programming” sponsored by the Japan-
ese Research Institute For Advanced Information Technology (AITEC). .

.3.1.1 Theorema

This project pursued at RISC-Linz [T he98, BJ+97] pr0v1des new technology for”
generating formal proofs for any application field (mathematlcs computer sci-
ence, engineering, but also “soft” sciences like economy, political science etc.).
Theorema is based on the Mathematica software system but goes far beyond the
present capabilities of Mathematica, which is limited to. mathematlcal problem
solving based on known mathematical result but with no reasoning power.

A variety of general and special reasoning techniques is being implemented
in Theorema including provers for propositional and: first-order predicate logic,
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inductive domains (natural numbers and lists), non-inductive domains (polyno-
mials), and simplification provers [Buc96]. The proofs generated by the system
are presented in natural language [BJV97] and in a structured way that allow
the user to control the level of detail dlsplayed Future versions of the system
will provide tutoring components for various groups of users (math and computer
science students, engineers, software developers, scientists, managers, etc.) to the
system. These tutoring components will introduce the users to formal reasoning
techniques and gradually develop their reasoning potential.

We expect that the system will have a wide market. In the future world
of rapidly changing technologies, the technlques of mastenng clear, precise, fast
and complex intellectual analysis and reasoning will prove to be one of the fun-
damental and unchanging contents of global educatlon Improving the quality
and reliability of formal thmkmg will have a mgmﬁcant impact on the further
development of research, technology, economy, and somety Formal thinking and
reasoning techniques can only be trained by intensive interaction with an ex-
perienced teacher in a wide variety of examples that adapt to the individual
background and educational level of the student. Hence, this type of teaching
until now was not available to the masses. The Theorema system will be able to
put this individual and interactive tutoring potential right onto the desk of the
user be it students in one of the traditional branches of education (high school and
academic education) or in the increasingly important areas of adult and recurrent
education. -

3.1.2 Dlstrlbuted Algebraic Geometry

In this project, RISC-Linz is developing a distributed version of the hbrary CASA
that provides a set of powerful methods for performing computations and reas-
oning ‘about geometric objects in classical algebraic geometry [TW97]. CASA is
implemented as a set of packages in the computer algebra system Maple which
provides powerful presentation and visualization facilities (similar to those of
Mathematica). , ‘e o ‘

We have developed an application framework for writing parallel programs
in Maple which allows to create concurrent task and have them executed by
Maple kernels running on different machines of a network. The system called
“Distributed Maple” [Dis98b, Sch98] consists of two components:

1. A Java class library which implements a general purpose communication
framework and scheduling mechanism for distributed applications.

2. A binding that allows to access the Java scheduler from Maple and imple-
ments a parallel programming model on top. ‘

" The portable technological basis of the system makes it easy to install it in

any environment, to implement distributed algorithms, to exchange them among
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researchers, and to present the algorithms in classroom. We are now going to
develop an “electronic textbook” of such algorithms that can serve as the basis

of integrated presentations:.

3.1.3 Distributed Algorithms Education

In the frame of this project, we have developed the toolkit DAJ for design-
ing, implementing, testing, simulating, and visualizing distributed algorithms in
Java [DAJ97, Sch97]. DAJ consists of a Java class library with a simple program-
ming interface that allows to develop distributed algorithms based on a message
passing model. The resulting programs may be executed in standalone mode
using a Java interpreter or embedded as applets into HI'ML pages and executed
by Web browsers. The goal of the toolkit is to provide an universally accessible
platform for research and education in the area of distributed algorithms. DAJ
is freely available over the World Wide Web.

. Our motivation for this work stemed from some uneasiness with how to teach
. distributed algorithms and programming: there are various excellent textbooks
: on this topic, but they describe distributed algorithms in an abstract notation
rather far away from real programs. Furthermore, there is a lack of an easy to
~ use and universally accessible platform for implementing the algorithms taught in
* class and investigating their dynamical behav1or We therefore have designed and
implement the DAJ toolkit that provides an easy way of programming distributed
algorithms and visualizing their dynamlc behavior based on a programming model
that-is intuitive but still close to "real” systems; this gives the possibility to
develop documents that integrate text and executable codeina single framework.

3.1. 4 Dlstrlbuted Constralnt Solvmg for Functional. Loglc Program—
ming

This two-yea,rs project (1997-1999) is bemg pursued by RISC-Linz in cooperation
with the Umver31ty of Tsukuba and sponsored by the Japanese Research Institute
For Advanced Information Technology (AITEC) Its goal is the development of
a dlstrlbuted software system consisting of

¢ a functional logic language interpreter on one machine based on an existing
implementation developed by the University of Tsukuba on the computer
algebra system Mathematica; :

e a number of constraint solving engines running on other machines based on
various methods created and implemented by RISC-Linz using C++ and
the software library Sturm. :

The functional logic language is extended in two directions: two directions:

e the possibility to specify (non-linear) constraints over real numbers;
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e the possibility to specify parallelism within the program.

We aim to target the language towards hierarchical modeling complex control
systems from engineering using the higher-order features of the language and
solving the large constraint sets using the computational power available in large
computer networks.

A first skeleton prototype of the envisioned system was delivered in March
1998 and is freely available [Dis98a]. The system implements the constraint
functional-logic programming calculus CFLP [MS98] which is an extension of the
narrowing calculi LCNC and HLNC developed at the University of Tsukuba [M0196a
‘ M095 HI97].

' CFLP is implemented by an interpreter in the computer algebra system Math-
“ematica. During execution, the interpreter cooperates via the MathLink protocol
with external processes that concurrently solve systems of constraints over real
numbers. The first prototype runs on a single machine; it is going to be ex-
‘tended to an implementation that handles non-linear constraints over the reals
by external solvers running on various machines in a network. The system can
be then applied to problems from application domains like physics or electrical -
engmeermg

3.2 Imperial College London

The recent history of centrally provided parallel computing at Imperial College
started with the inauguration of the Imperial College / Fujitsu Parallel Comput-
ing Research Centre (IFPC) in May 1994. This Centre was formed by a donation
from Fujitsu Laboratories of Japan of a 128 processor Fujitsu AP1000 distributed
memory parallel machine. The Centre’s role has been to run an open programme
of parallel applications and research throughout Europe. The subsequent enthu-
siastic and successful adoption of parallel computing within Imperial College led
the College, again in collaboratlon with Fujitsu, to submlt a bid under the 1996
HEFCE JREI for upgraded resources to support a multl—dlsmphna,ry programme
dedicated to Imperial College users. This bid was successful and led to the award
of £1.65M. Subsequent negotiations with Fujitsu enabled the initial proposal (a

- Fujitsu AP3000 with 80 U200 UltraSPARC processors) to be upgraded to-an 84
processor AP3000 with 60 U300 processors, a VX vector machine and 500GBytes
of backing store.

The new facility constitutes the Imperial College Parallel Computing Centre
(ICPC) which started operation in summer 1997 with the installation of the
VX vector processor and the first 16 nodes of the AP3000. The AP3000 was
upgraded in January 1998 with the delivery of the first 48 of the U300 processors
and is scheduled to be upgraded to the full configuration in June 1998. The
IFPC continues to operate in parallel with the ICPC providing an open service
internationally.
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The ICPC’s role is_to provide support for multi-disciplinary applications of
high performance, parallel computing, across all the constituent Departments of
Imperial College. Professor Darlington acts as Director of the Centre and Dr.
- Guo as Technical Director. :

The ICPC serves a practical and an academlc role Its practlcal role is the
physical provision and support of state-of-the-art HPC resources to Imperial Col-
lege workers. Its academic role is to link this activity with the development and
dissemination of appropriate computational techniques in order to achieve max-
imum effective use of these resources. It achieves this latter purpose by working
with the applied groups, gathering and disseminating shred knowledge and ex-
perience, and by linking its activities to fundamental computational methods
research carried out by research groups directly associated with the Centre in the
Department of Computing. :

Current research in the Department of Computing directly assocmted with
the Centre includes : -

e Data Mining and Networked Computing Sponsored by FECIT £200,000

e High-level Parallel Environments EPSRC £260,000
e Optimisation and Decision Support EPSRC £300,000

e High Performance Financial Computing ESRC (ROPA) £260,000

3.2.1 Distributed Data Mlmng and Decision Support System

This project pursued by the Imperial College Parallel Computing research Centre
(ICPC) and supported by Fujitsu European Centre for Information technology
aims to build a tool-rich,: platform-neutral, high performance and dynamically
customisable decision support system for the AP3000 Fujitsu parallel server by
applying data mining and parallel optimisation technologies and a World Wide
Web-based client-server computing model. This system will provide powerful
support for decision making in an internet/intranet based enterprise setting by
fully embedding the decision making functions into the World Wide Web infra-
structure. The overall design implements the “3-tier” architecture for Web-based
applications by integrating a Web server and a set of decision support application
servers into a middle tier between the client-side decision making tools and the
data server that provides uniform access to databases [DMG97, CDG*98a).
The application is presented to the user as a web-based client that integrates
visualisation for data and knowledge with a powerful visual programming envir-
onment [CDG*98b]. In this programming environment the users interactively
explore and analyse data sets and produce data analysis procedures, which can
be re-used and modified later. Local and physically remote databases can be
accessed, but the distributed nature of the application is transparent to the user.
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The client is implemented with Sun’s JavaBeans and executes in standard web
browsers. »

The middle layer of the apphcatlon provides system services for handhng user
objects and manages the components of the system. It includes a subsystem for
running user sessions, storing persistent objects, transaction handling, and remote
database access. It implements security policies that control users’ access to data,
data analysis procedures and results. The whole system consists of components
that interact via APIs (application programming interfaces). Components can
be maintained and upgraded without affecting the rest of the system and new
components that conform to the system API can be added. The middle layer
manages the repository of components that are available at ‘any given time in an
installation of the system. Further features include remote database access via
JDBC (Java Database Connectivity) and full auditing and accounting logs. The

“architecture of the middle layer is generic and can be specialised for particular
application environments, with instances for data mining and financial modelling
currently under development It is 1mplemented with Sun s Enterpnse JavaBeans
(EJB). :

Server components consist of high-performance data analysis functions that
are optimised for parallel machines [DGST97]. These functions are encapsulated
as distributed objects and can be executed on dedicated machines which can
be physically remote. Any kind of computationally intensive application can be
provided in this way, and current functions include parallel data mining and finan-
cial modelling. The component integration facility is also used to build interfaces
with third-party systems such as statistical packages. The server objects are im-
plemented as CORBA objects, using J avalDL. The hlgh-performance algorlthms
are written in C with the parallel MPI library.

- The most important development of this pI'O_]eCt so far is the des1gn and

.1mplementat10n of the Java-based middle layer. This system is designed as a
generic middleware to support a wide range of Web-based client-server computing

models. It can be extended to support a fully distributed knowledge deployment
system as proposed in the KNOWLEDGEWEB pro;ect

322 | »Aivitomatic :Genefation.of ParaIlel Financial Code

- This: project is pursued by the Imperial College Parallel Computing research
Centre (ICPC) and supported by Economical and Social Research Concil of UK.
The research activities of the project is centralised by building up a financial
modelling environment which generate parallel simulation code from financial
models expressed in mathematical terms by the financial engineers.

The basic building blocks of the system will include a model specification
system, a knowledge base, a set of libraries of parallel numerical codes and an
interactive program synthesis engine. The model specification system will be
based on Mathematica enhanced with graphical user interface facilitating mod-
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elling and visualisation activities. The specification system will allows modellers
to design their models directly at the mathematical level. The underlying sym-
bolic computation system provides a uniform notation for the mathematics of
- specification and the procedural description of the knowledge necessary for code
synthesis. It simplifies incorporating analytic model and lets transformations
apply algebraic reasoning such as determining convergence criteria, establishing
‘series approximations and estimating truncation errors.
‘ The knowledge base provides an object oriented representation of domain
knowledge and rules that implements many model design choice such as rules for
coordinate transformations and discretisation (such as Crank-Nicholson, ADI or
Runge-Kutta methods). The knowledge base also provides mechanisms to sup-
port interactive model design and implementing various design choices such as
the solver to be used with the equational system. The set of parallel numerical
codes will be implemented to provide the essential functions for building up vari-
ous solvers. The interactive program synthesis engine will carry out the program
- synthesis tasks through a series of levels that progress from mathematical spe-
 cification to algorithm synthesis and then to computatlonal structurmg and then
- to parallel code generation. : :
. The system will be 1mplemented for any parallel computer system running
. the MPI standard communication library so that the generated codes will be
generally portable. The project will use the 80 node masswely parallel Fu31tsu
'AP3000 in the ICPC. It is expected to be widely used: by financial engineers. It
therefore forms another important site in the KnowledgeWeb system for providing
financial modelhng solutlons ‘ :

3.2.3 Applying Constraint Logic Programming Languages for Mod-
‘elling Multl-ob_]ectlve Decision Makmg under. Uncertalnty

The prolect supported by AITEC of Japan, 1nvolves the apphcatmn of constraint
logic programming technologles to blllld up a modellmg tool for large scale multi-
objective decision problems. The dlstmct advantage of the CLP specification lies
in its declaratlve nature and the ﬂex1b111ty of abstraction, thus enabhng operatlons
research to be effectively applied to real world apphcatlons A CLP spemﬁed
business model can then be translated into constraints 1nvolvmg binary integer
variables and the resulting mixed integer lmear programming problem solved
using parallel constraint solvers ,

The major components of the proposed mtegrated and hol1st1c solution to the
modelling problem will comprise —

1. A CLP based framework that allows the natural spemﬁcatlon of complex
modelling and decision making procedures.

2. A methodology for translating such logic-based spec1ﬁcat1ons into an 1nteger
programming formulation. :
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‘3. The modelling language will interface with a set of parallel constraint solv-
ers. The generated constraints will be solved using underlying constraint
solvers developed at Imperial College.

4. The whole system will be developed to facilitate incremental expansion.
An open interface to a wide range of constraint solving algorithms for in-
terrelated integer programming algorithms will be provided using the API
(application program interface) technique.

In the project, the user interface will be based on the the WWW technology.

Using Java Applets the logic based modelling language will be available via the

Web. This will provide a platform independent client tool for decision makers.
The solvers will run on a high performance server. Using this Java enabled Web-
based client-server model, the power of high level modelling and high performance
constraint solving can be integrated and deployed for a wide range of business
users to solve large scale multi-objective decision making problems. Therefore,
this project provide a concrete site in the KnowledgeWeb system providing par-
ticular service for multi-objective decision making.

3.3 University of Tsukuba |

- The Symbohc Computation Group (SCORE) of the Umver31ty of Tsukuba is

concerned with symbolic computing and has an emphasis on the design, im-
plementation, and application of declarative programming languages. Over the
years we were engaged in extensive research on the integration of declarative
paradigms—in particular, of functional programming and logic programming.
We designed computational models of functional logic programming based on a
rewrltmg method called narrowing and applying our expertise in term rewrit-
ing. We defined narrowing calculi with mathematlcal rigor and proved various
propertles of the calcull Based on the narrowing calculi we built several sys-
tems, among - which are a distributed functlonal-loglc system written in JAVA,

‘a parallel functlonal logic system (ertten in C) running on Fuptsu s AP1000+,

and functional- loglc system written in Mathematica, which runs on a variety of

" computers that are supported by Mathematica. Our competence in the design

of computation models and theoretical investigation of the models are hlghly
regarded in the international research community.

Nowadays, our efforts are oriented towards parallel and distributed comput-
ing. Until recently, we have used a Fujitsu AP1000+ (32 processors) and, in
the near future, we will install a high-performance workstation cluster. Among
our research in symbohc computation that exploits these facilities is integer pro-
gramming based on a parallel Buchberger algorithm. This project is conducted
in cooperation with Prof. Darlington’s group at the Imperial College, London.
Furthermore, we are concerned with the parallel implementation of functional
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languages and their extension to provide a high-level approach to-parallel and

distributed computing. Our research in this area spans from semantics and lan-

“guage design over optimized implementation techniques to programming meth-

- . odology. Furthermore, our research naturally incorporates another important re-

. search area connected to constraint solving, namely distributed functional-logic

b

programming with constraints.. SCORE and RISC are now jointly developing
a. prototype system that is aimed at the industrial use of functional and logic

. systems with constraints.

We believe that the conceptual complex1ty of dlstrlbuted systems requires

‘strong support from the used programming languages and programming environ-

ments, to ease the development and maintenance of complex systems. Languages
with a functional and logic programming heritage seem ideal due to their clean
semantics, type safety, concise denotation and manipulation of complex data
structures, as well as support for modular programming and code reuse.

- The SCORE group currently consists of three faculty members (Prof Dr.

¢ Tetsuo Ida, Dr. Aart Mlddeldorp, Dr. Manuel Chakravarty) and nine gra,duate
students P :

- 3.3. 1 Dlstrlbuted Gofﬁn and Moblle Code

| Durmg the last ﬁve years, members of the Imperial College and the Umver51ty

of Tsukuba have investigated the high-level description of parallel and distrib-
uted systems following the idea of separating computation and co-ordination.
The research resulted in the language Goffin [CGKL98, CGK98] (also called Dis-
tributed Haskell). Furthermore, we worked in the direction of a multi-threaded
implementation framework [Cha97, Cha98] for this language.

Goffin is considered to be a declarative parallel programming language. It
utilizes the functional language Haskell [H*92] as a computational base language
and extends it with a co-ordination layer that has its roots in concurrent con-
straint programming [Sar93]. The co-ordination layer of the language is used to
specify and organize a set of concurrently executing agents, which can be dis-
tributed over the processing ‘elements of a parallel computer, the workstations
of a local network, or the Internet. While maintaining the clear semantics of
its functional base language, Goffin provides mechanisms to express reactive be--

“haviour, explicit agent placement, soft real-time constraints; and dynamically

reconfigurable inter-application communication—features needed in parallel and
distributed systems and often neglected in declarative languages.

‘The functional base language with its higher-order programming model and
flexible evaluation order together with the strict separation of computation and
co-ordination supports structuring software.: Furthermore Goffin includes fea-
tures like strong typing, automatic memory management, and a mature module
system, which are expected in a modern programming language. All this serves
to enhances programmer productivity and opportunities for code reuse.
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QOur implementation work for Goffin is based on an extension of the Spineless
Tagless G-machine [Pey92], which allows a highly optimized implementation of
graph reduction. We extended it to include multi-threading and support for agent
distribution and communication. Currently, we are working in the direction of a
mobile code framework and the use of runtime code-generation techniques (also
known as just-in-time compilation). Mobile code implies a high architecture
independence as well as the possibility to include code into documents (in the
same way as Java applets), which is important for our work on- active books 2.1.
Runtime code-generation is important to increase the efficiency of the mobile
code, but even in a non-mobile environment, it enables code optimizations that

“are impossible in a traditional compiler. In contrast to Java’s byte code, we use
a structured code, which leads to smaller binaries and simplifies runtime code-
generation and optimizations. -

3.3.2 Tele-Teachlng

Active books (Section 2.1) provide an interactive environment for educatlon and
training, accessing distributed active and passive elements through the middle-
ware interface. A closely related application that requires an integrated mid-
dleware providing transparent content requesting and delivery is the Virtual
Classroom [SANB95, Har95, Hil95, JJH92, BKW97, PK91]. The virtual classroom
creates a distributed educational environment providing means for-communica-
tion between a teacher and a group of students, while supporting the use of
heterogeneuos distributed content. A virtual classroom is based on the same
design principles and technologies as an active book, but moreover introduces
teacher and student roles and provides real-time communication facilities, as well
as dynamic content composition and delivery. A number of teacher-student in-
teraction patterns for a virtual classroom is currently: 1nvest1gated in the SCORE
group and an apphcatlon prototype is under development. ‘ ~

3.3.3 Computational M‘bdel}s‘ foi’ Functional L’c‘)g“icLangu‘ag'es‘

There is a growing interest in integrating the functional and logic programming
paradigms. The computational mechanism of functional-logic programming lan-
guages is narrowing: Since narrowing is a rather complicated operation, involving
subterm replacement and unification, it is not easily implemented. Hence calculi
consisting of a small number of more elementary operations that simulate the
complicated narrowing operation have been proposed. Such narrowing calculi
are called lazy. In [MOI96b] and [MO98], we made a fundamental study of as-
pects related to completeness of one such calculus, called LNC. Completeness is '
the desirable property that every solution to a given goal can be computed by
the underlying computational mechanism.

Typically, lazy narrowing calculi have three kinds of non-determinism: (1)
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the choice of the equation in the current goal, (2) the choice of the inference
rule of the calculus, and (3) the choice of the program rule. Surprisingly, the
first kind of non-determinism cannot be removed without further ado, i.e., lazy
narrowing calculi—unlike SLD resolution—are in general not strongly complete.
" Three major results are reported in [MOI96b]. We established a connection
between the strong completeness of lazy narrowing calculi and the completeness of
~ basic narrowing, an efﬁc1ent variant of narrowing. For the latter several sufficient
~ conditions are known. [MOIQ6b] we further showed that completeness is
maintained by always selectlng the leftmost equation. Finally, we addressed
the eager variable elimination problem, a well-known open problem in unification
theory. It is known that many redundant derivations can be avoided if the variable
elimination rule, one of the inference rules of LNC, is given precedence over the
other inference rules. We established the completeness of a restricted variant of
eager variable elimination in the case of orthogonal term rewriting systems.

In [MOY8], we gave reasonable sufficient syntactic conditions under which the
second non-determinism can be completely removed, while retaining complete-
. ness. In practice these conditions are usually met. So implementations of lazy

‘narrowing only have to do backtracking over the choice of the program rule, just

as in SLD resolution.
"~ The work reported in [MOI96b] and [MO98] deals with unconditional sys-
tems only. Since the expressive power of functional-logic programming languages
is greatly enhanced by allowing conditions in the program rules, it is important
to extend the results concerning the removal of non-determinism in lazy nar-
rowing calculi to conditional rewrite systems. In [HM97], we extended LNC to
conditional rewrite systems and we showed that the resulting calculus LCNC is
' strongly complete whenever basic conditional narrowing is complete. Currently
we are investigating whether the other results obtained in [MOI96b] and [MO98]
can be extended to the conditional case.

In [SNI97], we extend narrowing to the higher-order case and introduce the
higher-order lazy narrowing calculus HLNC. -

3.3.4 Other Projects

SCORE pursues a number of other projects whose contents are closely related to
the current proposal:

1. Research on the Principles for Constructing Software with Evol-
utionary Mechanisms

Supported by Grant-in-Aid for Scientific Research on Priority Areas Min-
istry of Education, Science, Sports and Culture of Japan (SCORE is the
member research grouprof the above project) Period: Fy 1997 - 1999.

2. Computation Model for Higher—ordér Functional Logic Program-
ming
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Supported by Grant-in-Aid for Basic Research (B), Ministry of Education,
Science, Sports and Culture of Japan Period: Fy 1996-1997.

3. Application of Conditional Term Rewriting. Systems to Declarat-
ive Programming -

Supported by Grant-in-Aid for Scientific Research (C), Ministry of Educa-
~ tion, Science, Sports and Culture of Japan Period: Fy 1995-1996.

_ 4. ;Cénstruction‘of Multimédia,Programming Environment for Func-
tional Logic Programming
Supported by Grant-in-Aid for Developmental Scientific Research (B) Min-
istry of Education, Science, Sports and Culture of Japan Period: Fy 1995-
1997.

5. Computation Model of Programming Languages based on Term
- Rewriting L
Supported by Okawa Foundatien for Information and Telecommunications,
Fy: 1996. o :

6. Declarative programming, databases and human-interface in mul-
timedia computing environment

Supported by Tsukuba Advanced Research Alliance (TARA), Umversmy of
Tsukuba Period: Fy 1994-1996.

7. Feasibility Study of Declaratlve Coordination Programming in
Open Computlng Env1ronment

(http://www.score.is.tsukuba.ac.jp / IPA / 1p3,97 html) Supported by IPA Period:
Fy 1996. -
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