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evaluating how alternative design choices in the workbench might af-
fect the ways in which system builders design ontologies and knowl-
edge bases and map their ontologies to selected problem solvers, The
modern study of human-computer interaction (Norman & Draper,
1986) and computer-programming behaviors {(Weinberg, 1985} has
its origins in cognitive psychology; there is an essential role that psv-
chologists can play in analyzing the human problem solving required
to build and debug intelligent systems from reusable building blocks,
Developers of intelligent systems must manage complexity, visualize
intricate relationships, and assess system performance in ways that
lend themselves to formal psvchological study. We are already at the
stage where system builders may incorporate into their work ontolo-
gies that contain hundreds of thousands of concepts and problem-

elving methods of enormous computational complexity. For our de-
velopment methods to continue to scale up, there is an urgent need to
provide more guidance to system builders, who may need to examine
and assemble these intricate building blocks. We are beginning to see
the emergence of new methods to help in the visualization of complex
knowledge bases and ontologies (Storey, Noy, Musen, Best, Fergerson,
& Ernst, 2002), but there is clearly much more work to be done.

Moving into the Next Generation of Development Tools

At the time of the Dartmouth Conference in the summer of 1956,
there was no Internet, no World Wide Web, no computing grid.
Computers were housed in specially built rooms at academic insti-
tutions, in government laboratories, and in large corporations. Most
interaction with computers over the next two decades would take
place via punched cards. The first commercially successful personal
computers were still 25 years away.

Now we live in a world were computers are commodities. They
are ubiquitous and interact with one another seemingly instan-
taneously over wide networks. We take it for granted that we can
launch a World Wide Web browser and read information stored on
computers almost anywhere in the world. Although desktop pub-
lishing and even hypertext existed long before the Web, the advent
of the Internet and the Web have changed qualitatively the nature of
information access in our society.

£



179
Building Intelligent Systems

The Internet and the Web are about to change qualitatively the
nature of intelligent systems. Just as users can translate print docu-
ments into hypertext markup language (nrML) and post them as
Web pages anywhere on the Internet, developers now can “publish”
ontologies and knowledge bases on the Web and can make them
available to any computer anywhere in the world. Problem-solving
methods such as heuristic classification can be made available as Web
services, and, suddenly, intelligent systems can be fashioned out of
components distributed throughout cyberspace (Benjamins, 2003).
The next generation of intelligent systems will comprise the same
kinds of components that have become popular as building blocks
for creating stand-alone systems, but now those building blocks will
be situated throughout the Internet. The result will be what inves-
tigators have come to call the Semantic Web, a World Wide Web de-
signed for access, not by humans reading HTML pages, but instead
by computers that will surf the Web in search of appropriate ontolo-
gies, knowledge bases, and problem-solving methods (Berners-Lee,
Hendler, & Lassila, 2001). The vision is that intelligent agents will be
able to locate on the Internet the right building blocks to solve real-
world tasks, to access those building blocks, and to use them in their
problem solving. Although, at present, creating the Semantic Web
remains a research goal, the scientific community has become capti-
vated by the possibility of extending the scope of intelligent systems
throughout cyberspace and by the potential of intelligent systems
that can draw on vast, virtual libraries of resources that have no
physical limitations and to which a global community of developers
can contribute (De Roure & Hendler, 2004).

There are no psychological correlates for intelligent problem
solvers that are based on building blocks distributed across the In-
ternet. There is no model for human cognition that matches the be-
havior of an intelligent agent that determines dynamically how to
optimize the processing of huge amounts of data in parallel and that
takes advantage of arbitrary memory stores and processing units
that may happen to be available anywhere in the world. Like Deep
Blue, intelligent systems that will use the Semantic Web and the
computing grid will be successful primarily because of their ability
to exploit particular computational technology, not because they will
model known cognitive processes. Nevertheless, this new genera-
tion of intelligent systems will still use the same kinds of ontologies,
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knowledge bases, and problem-solving methods that have becor
important in the engineering of current intelligent svstems, such
those now developed using Proteégé.

Expanding the scope of automated intelligence from progran
that run on stand-alone computers to applications that will draw .
the resources of the Semantic Web will require a new class of dev.
opment tools and engineering methods. The principal issue in buil
ing intelligent systems is one of managing complex models and the
interrelations. As those models individually increase in scope a1
collectively become distributed in cvberspace, developers will fa
new challenges in conceptualizing ontologies and navigating the
mappings to the various Web services that will provide probler
solving support. The need to visualize the dynamic flow of inform
tion across networks and to debuyg systems when their componer
are widely distributed will stimulate the creation of a new gener
tion of development tools and techniques. The availability of the e
tire Internet as a frontier for the creation of new kinds of intellige
applications is extraordinarily inspiring. The Internet alone is n
enough to guarantee our success, however. The Semantic Web w
become a reality only with the advent of appropriate engineeri
principles, of new tools that support those principles, and of ne
methods that can make the use of those tools cognitively tractable

Conclusion

Early developers of knowledge-based systems viewed their wo
as a problem in applied psychology. Their belief was that, the be
ter one’s model of an actual cognitive process in humans, the be
ter would be the computational artifact that would attempt to sols
the same task in the world. Rule-based systems offered appealir
computational architectures because much of human problem sol
ing could be modeled in terms of production systems. In practic
however, it was difficult for rule-based systems to scale up to ti
requirements of many real-world tasks. As rule-based systems we
reaching the peak of their popularity, psvchologists were strong
questioning the claim that such svstems could even be viewed
appropriate cognitive models in the first place.

[t is most helptul to view the construction of intelligent svsten
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as a problem in engineering, rather than in psychology. Intelligent
systems can be created from reusable building blocks that include (1)
domain ontologies, (2) knowledge bases that provide content knowl-
edge structured by those ontologies, (3) problem-solving methods
that automate stereotypical tasks such as heuristic classification and
constraint satisfaction, and (4) mappings that relate the concepts in
domain ontologies to the knowledge and data requirements of prob-
lem-solving methods. Currently, Protégé is the most widely used
workbench for building intelligent systems from reusable compo-
nents and demonstrates the utility of this approach.

The advent of the Semantic Web will entail the creation of new
kinds of intelligent systems from the same kinds of components that
we use now-—but the components will be distributed in cyberspace.
There is an exciting challenge to build a new generation of usable
development tools that will address the enormous complexity that
will result when systems can be assembled dynamically from com-
puting resources that are scattered across the Internet. Psychologists
will have an invaluable role to play in helping design and evaluate
new methods and tools for piecing together the widely distributed
building blocks.

Note

The Protégé system is supported as a national biotechnology resource by
the National Library of Medicine under grant LMO07885. Development of
Protégé has been supported by contracts from the National Cancer Institute
and the Defense Advanced Research Projects Agency and by grants from
the National Library of Medicine and the National Science Foundation. The
system may be freely downloaded from our Web site under an open-source
license (see http:/ / protege.Stanford.edu).
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