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5 P41 RR00785-16 Description of Program Activities

II. Description of Program Activities

This section corresponds to the predefined forms required by the Division of
Research Resources to provide information about our resource activities for
their computerized retrieval system. These forms have been submitted
separately and are not reproduced here to avoid redundancy with the more

extensive narrative information about our resource and progress provided in
this report.

II.A. Scientific Subprojects

Our core research and development activities are described starting in section
IT1.A.2, our training activities are summarized in section I11.A.2.7, and the
progress of our collaborating projects is detailed starting in section IV.

II.B. Books, Papers, and Abstracts

The list of recent publications for our core research and development work is
given in section III.A.2.5 and those for the collaborating projects are in the
individual reports starting in section IV.

II.C. Resource Summary Table

The details of resource usage, including a breakdown by the various
subprojects, is given in the tables starting in section II1.A.2.8

3 E. H. Shortliffe
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III. Narrative Description

ITII.A. Summary of Research Progress

III.A.1 Resource Overview

This is an annual report for year 16 of the SUMEX-AIM resource (grant RR-
00785), the third year of a 5-year renewal period to support further research
on applications of artificial intelligence in biomedicine. For the technical and
administrative reasons discussed in earlier reports, the SUMEX project now
includes the continuation of work on the development and dissemination of
medical consultation systems (ONCOCIN) that had been supported before
1986 as resource-related research under grant RR-01631. Progress on core
ONCOCIN research is therefore now reported here as well.

The originally proposed research program (June 1985 renewal application)
included an ambitious plan to:

« Continue our long-range core research efforts on knowledge-based
systems, aimed at developing new concepts and methodologies needed for
biomedical applications.

» Substantially extend ONCOCIN research on developing and
disseminating clinical decision support systems.

» Develop the core systems technology to move the national SUMEX-AIM
community from a dependence on the central SUMEX DEC 2060 to a fully
distributed, workstation-based computing environment.

+ Introduce these systems technologies into the SUMEX-AIM community
with appropriate communications and managerial assistance to
responsibly phase out the central resource and DEC 2060 mainframe in a
manner that will support community efforts to become self-sustaining and
to continue scientific interactions through fully distributed means.

. Maintain our aggressive efforts at training and dissemination to help
exploit the research potential of this field.

II1.A.1.1 SUMEX-AIM as a Resource

SUMEX and the AIM Community

Since the SUMEX-AIM resource was established in late 1973, computing
technology and biomedical artificial intelligence research have undergone a
remarkable evolution and SUMEX has both influenced and responded to
these changing technologies. It is widely recognized that our resource has
fostered highly influential work in biomedical Al — work from which much of
the expert systems field emerged — and that it has simultaneously helped
define the technological base of applied Al research.

The focus of the SUMEX-AIM resource continues to emphasize research on
artificial intelligence techniques that guide the design of computer programs

5 E. H. Shortliffe
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that can help with the acquisition, representation, management, and .
utilization of the many forms of medical knowledge in diverse biomedical
research and clinical care settings — ranging from biomolecular structure
determination and analysis, to molecular biology, to clinical decision support,
to medical education. Nevertheless, we have long recognized that the
ultimate impact of this work in biomedicine will be realized through its
synthesis with the full range of methodologies of medical informatics, such as
data bases, biostatistics, human-computer interfaces, complex instrument
control, and modeling. From the start, SUMEX-AIM work has been grounded
in real-world applications, like systems for the interpretation of mass spectral
information about biomolecular structures, chemical synthesis, interpretation
of x-ray diffraction data on crystals, cognitive modeling, infectious disease
diagnosis and therapy, DNA sequence analysis, experiment planning and
interpretation in molecular biology, and medical instruction. Our current
work extends this emphasis in application domains such as oncology protocol
management, clinical decision support, protein structure analysis, and data
base information retrieval and analysis. All of these research efforts have
demanded close collaborations with diverse parts of the biomedical research
community and the integration of many computational methods from those
domains with knowledge-based approaches. Even though in the beginning
the "Al-in-medicine" community was quite small, it is perforce no longer
limited and easily-defined, but rather is spreading and is inextricably linked
with the many biomedical applications communities we have collaborated
with over the years. Driven both by the on-going diffusion of Al and by the
development of personal computer workstations that signal the practical
decentralization of computing resources, we must develop new resource
communication and distributed computing technologies that will continue to
facilitate wider intra- and inter-community communication, collaboration,
and sharing of biomedical information.

The SUMEX Project has demonstrated that it is possible to operate a
computing research resource with a national charter and that the services
providable over networks were those that facilitate the growth of Al-in-
Medicine. SUMEX now has a reputation as a model national resource,
pulling together the best available interactive computing technology,
software, and computer communications in the service of a national scientific
community. Planning groups for national facilities in cognitive science,
computer science, and biomathematical modeling have discussed and studied
the SUMEX model and new resources, like the BIONET resource for
molecular biologists, are closely patterned after the SUMEX example.

The projects SUMEX supports have generally required substantial computing
resources with excellent interaction. Today, with the dramatic explosion of
high-performance workstations that are more and more generally available,
the need for a central source of raw computing cycles has significantly
diminished. In place of being a distributor of CPU cycles, SUMEX has
become a communications cross-roads and a source of Al and computer
systems software and expertise.

E. H. Shortliffe 6
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SUMEX has demonstrated that a computer resource is a useful "linking
mechanism" for bringing together electronically teams of experts from
different disciplines who share a common problem focus. AI concepts and
software are among the most complex products of computer science.
Historically it has not been easy for scientists in other fields to gain access to
and mastery of them. Yet the collaborative outreach and dissemination
efforts of SUMEX have been able to bridge the gap in numerous cases. Over
40 biomedical Al application projects have developed in our national
community and have been supported directly by SUMEX computing
resources over the years — many more have benefitted indirectly through
access to the software, information, and advice offered by the SUMEX
resource.

The integration of Al ideas with other parts of medical informatics and their
dissemination into biomedicine is happening largely because of the
development in the 1970's and early 1980's of methods and tools for the
application of Al concepts to difficult professional-level problem solving.
Their impact was heightened because of the demonstration in various areas
of medicine and other life sciences that these methods and tools really work.
Here SUMEX has played a key role, so much so that it is regarded as "the
home of applied AL"

SUMEX has been the home of such well-known Al systems as DENDRAL
(chemical structure elucidation), MYCIN (infectious disease diagnosis and
therapy), INTERNIST (differential diagnosis), ACT (human memory
organization), MOLGEN/BIONET (tools for DNA sequence analysis and
molecular biology experiment planning), ONCOCIN (cancer chemotherapy
protocol advice), SECS (chemical synthesis), EMYCIN (rule-based expert
system tool), and AGE (blackboard-based expert system tool). Since 1980, our
community has published a fifteen books that give a scholarly perspective on
the scientific experiments we have been performing. These volumes, and
other work done at SUMEX, have played a seminal role in structuring
modern Al paradigms and methodology.

The Future of SUMEX-ATM

Given this background, what is the future need and course for SUMEX as a
resource — especially in view of the on-going revolution in computer
technology and costs and the emergence of powerful single-user workstations
and local area networking? The answers remain clear.

Basic Research on Al in Biomedicine

At the deepest research level, despite our considerable success in working on
medical and biological applications, the problems we can attack are still
sharply limited. Our current ideas fall short in many ways against today's
important health care and biomedical research problems brought on by the
explosion in medical knowledge and for which Al should be of assistance.
Just as the research work of the 70's and 80's in the SUMEX-AIM community

7 E. H. Shortliffe
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fuels the current practical and commercial applications, our work of the late
80's will be the basis for the next decade's systems.

The report of the panel on medical informaticsl, convened late in 1985 by the
National Library of Medicine to review and recommend twenty-year goals for
the NLM, listed among its highest priority recommendations the need to
greatly expand and aggressively pursue an interdisciplinary research
program to develop computational methods for acquiring, representing,
managing, and using biomedical knowledge of all sorts for health care and
biomedical research. Similar recommendations have been stated recently by
the panel on Information Technology and the Conduct of Research of the
National Academy of Science2. These are precisely the problems which the
SUMEX-AIM community has been working on so successfully and which will
require work well beyond the five year funding period we have requested. It
is essential that this line of research in the SUMEX-AIM community,
represented by our core Al research, the ONCOCIN research, and our
collaborative research groups, be continued.

The Changing Role of the Central Resource

At the resource level, there are changing, but still growing, needs for
computing resources for the active AIM research community to continue its
work over the next five years. The workstations to which we directed our
attention in 1980 have now demonstrated their practicality as research tools
and, increasingly, as mechanisms for disseminating Al systems as cost-
effective decision aids in clinical settings such as private offices. The era of
highly centralized general machines for Al research is nearly at an end and is
being replaced by networks of distributed but heterogeneous single-user
machines sharing common information resources and communication paths
among members of the biomedical research community.

Most of our community groups have been able to take advantage of local
computing facilities, with SUMEX-AIM providing a central cross-roads for
communications and the sharing of programs and knowledge. In its core
research and development role, SUMEX-AIM has its sights set on the
hardware and software systems of the next decade. We expect major changes
in the distributed computing environments that are just now emerging in
order to make effective use of their power and to adapt them to the
development and dissemination of biomedical Al systems for professional
user communities. In its training role, SUMEX is a crucial resource for the
education of badly needed new researchers and professionals to continue the
development of the biomedical Al field. The "critical mass" of the existing

Long Range Plan. Report of the Board of Regents, National Library of Medicine.
National Institutes of Health. January 1987.

Information Technology and the Conduct of Research — The User's View. Report of the
Panel on Information Technology and the Conduct of Research, National Academy of
Sciences. National Academy Press. 1989.
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physical SUMEX resource, its development staff, and its intellectual ties with
the Stanford Knowledge Systems Laboratory (KSL — see Appendix A for a
summary of current KSL research activities), make this an ideal setting to

integrate, experiment with, and export these methodologies for the rest of the
AIM community.

We will continue our experimental approach to distributed systems, learning
to build and exploit distributed networks of these machines and to build and
manage graceful software for these systems. Since decentralization is central
to our future, we must learn its technical characteristics.

Resource Sharing

An equally important function of the SUMEX-AIM resource is an exploration
of the use of computer communications as a means for interactions and
sharing between geographically remote research groups engaged in
biomedical computer science research and for the dissemination of Al
technology. This facet of scientific interaction is becoming increasingly
important with the explosion of complex information sources and the regional
specialization of groups and facilities that might be shared by remote
researchersl. Another of the key recommendations of the NLLM medical
informatics planning panel? was that high-speed network communication
links be established throughout the biomedical research community so that
knowledge and information can be shared across diverse research groups and
that the required interdisciplinary collaborations can take place. Recent
efforts to establish a national NSFNet3, largely to support the supercomputer
projects funded by NSF but also to replace and upgrade part of the national
research community linkage that the now aging ARPANET has supported,
have made important progress. Still, these efforts do not encompass the
broad range of biomedical research groups that need national network access
and to date, the NIH has not played an aggressive role in the interagency
Research Internet coordination efforts. We must work to build a stronger
institutional support for a National Research Network.

SUMEX continues to be an important pathfinder to develop the technology
and community interaction tools needed to expand community system and
communication resources. Our community building effort is based upon the
developing state of distributed computing and communications technology

1 Lederberg, J. "Digital Communications and the Conduct of Science: the New Literacy."
Proc. IEEE, 66(11):1314-1319, 1978.
Coulter, C. L. "Research Instrument Sharing." Science, 201(4354), 1978.

Newell, A., and Sproull, R. F. "Computer Networks - Prospects for Scientists." Science,
215(4534):843, 1982.

NLM Long Range Plan: Medical Informatics. NLM Planning Panel 4. National Library
of Medicine, National Institutes of Health. January 1987.

Marshal, E. "NSF Opens High-Speed Computer Network." Science. 243: 22-23, 1989.

2

3
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and we have therefore turned our core systems research to actively
supporting the development of distributed computing and communications
resources to facilitate collaborative project research and continued inter-
group communications.

Summary of Long-term Goals

Maintain the synergistic relationship between SUMEX core system
development, core Al research, our experimental efforts at disseminating
clinical decision-making aids, and new applications efforts.

Continue to serve the national ATM research community, less and less as
a source of raw computing cycles and more and more as a transfer point
for new technologies important for community research and
communication. We will also continue our coordinating role within the
community through electronic media and periodic AIM workshops

Maintain our connections to national networks (e.g., NSFNet, ARPANET,
and TELENET) and our local Ethernet and assist other community
members to establish similar links by example, by integrating and
providing enabling software, and by offering advice and support within
our resources. '

Focus new computing resource developments on more effective
exploitation of distributed workstations through better communication

and cooperative computing tools, using transparent digital networking
schemes.

Enhance the computing environments of workstations so that only
minimal dependency on central, general-purpose computing hosts remains
and these mainframe time-sharing systems can be phased out eventually.
Remaining central resources will include servers for communications,
community information resources, and special computing architectures
(e.g., shared- or distributed-memory symbolic multiprocessors) justified by
cost-effectiveness and unique functionality.

Incrementally phase in, disseminate, and evaluate those aspects of the
local distributed computing resource that are necessary for continuing
national AIM community support within this distributed paradigm. This
will ultimately point the way towards the distributed computing resource
model that we believe will interlink this community well into the next
decade.

Responsibly phase out the existing DEC 2060 machine as effective
distributed computing alternatives become widely available. Because of
severe budget pressures, the 2060 was taken out of routine service during
this past year in a much more accelerated fashion than was planned or
was comfortable for ATM users to acclimate to the new UNIX operating
system environment. We are still finishing up a number of interim
systems alternatives to discontinued 2060 services not available in
standard UNIX environments.
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« Continue the central staff and management structure, essentially
unchanged in function during the five-year transition period, except for
the merging of the core part of the ONCOCIN research with the SUMEX
resource.

III.A.1.2 Significance and Impact in Biomedicine

Artificial intelligence is the computer science of representations of symbolic
knowledge and its use in symbolic inference and problem-solving processes.
Projects in the SUMEX-AIM community are concerned in some way with the
application of Al to biomedical research and the resource has given strong
impetus and support to knowledge-based system research in biomedicine.
For computer applications in medicine and biology, this research path is
crucial. Medicine and biology are not presently mathematically-based
sciences; unlike physics and engineering, they are seldom capable of
exploiting the mathematical characteristics of computation. They are
essentially inferential, not calculational, sciences. If the computer revolution
is to affect biomedical scientists, computers will be used as inferential aids.

The growth in medical knowledge has far surpassed the ability of a single
practitioner to master it all, and the computer's superior information
processing capacity thereby offers a natural appeal. Furthermore, the
reasoning processes of medical experts are poorly understood; attempts to
model expert decision-making necessarily require a degree of introspection
and a structured experimentation that may, in turn, improve the quality of
the physician's own clinical decisions, making them more reproducible and
defensible. New insights that result may also allow us more adequately to
teach medical students and house staff the techniques for reaching good
decisions, rather than merely to offer a collection of facts which they must
independently learn to utilize coherently.

Perhaps the larger impact on medicine and biology will be the exposure and
refinement of the hitherto largely private heuristic knowledge of the experts
of the various fields studied. The ethic of science that calls for the public
exposure and criticism of knowledge has traditionally been flawed for want of
a methodology to evoke and give form to the heuristic knowledge of scientists.
AT methodology is beginning to fill that need. Heuristic knowledge can be
elicited, studied, critiqued by peers, and taught to students.

The importance of Al research and its applications is increasing in general,
without regard for the specific areas of biomedical interest. Al has been one
of the principal fronts along which university computer science groups are
expanding. The pressure from student career-line choices is great. Federal
and industrial support for Al research and applications is vigorous, although
support specifically for biomedical applications continues to be limited. All of
the major computer manufacturers (e.g., IBM, DEC, TI, UNISYS, HP, Apple,
and others) are using and marketing Al technology aggressively and many
software companies are putting more and more products on the market.
Many other parts of industry are also actively pursuing Al applications in
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their own contexts, including defense and aerospace companies,
manufacturing companies, financial companies, and othersl.

Despite the limited research funding available, there is also an explosion of
interest in medical AI. The American Association for Artificial Intelligence
(AAAI), the principal scientific membership organization for the Al field, has
over 7000 members, several thousand of whom are members of the medical
special interest group known as the AAAI-M. Speakers on medical Al are
prominently featured at professional medical meetings, such as the American
College of Pathology and American College of Physicians meetings; a decade
ago, the words artificial intelligence were never heard at such conferences.
And at medical computing meetings, such as the annual Symposium on
Computer Applications in Medical Care (SCAMC) and the international
MEDINFO conferences, the growing interest in Al and the rapid increase in
papers on Al and expert systems are further testimony to the impact that the
field is having.

Al is beginning to have a similar effect on medical education. Such diverse
organizations as the National Library of Medicine, the American College of
Physicians, the Association of American Medical Colleges, and the Medical
Library Association have all called for sweeping changes in medical
education, increased educational use of computing technology, enhanced
research in medical computer science, and career development for people
working at the interface between medicine and computing. They all cite
evolving computing technology and (SUMEX-AIM) Al research as key
motivators. At Stanford, we have a vigorous special graduate program in
Medical Information Sciences for student training and research in Al. This
program has many more applicants than available slots. Demand for these
graduates, in both academic and industrial settings, is so high that students
typically begin to receive solicitations one or two years before completing
their degrees.

IT1.A.1.3 Summary of Current Resource Goals

The following outlines the specific objectives of the SUMEX-AIM resource
during the current five-year award period begun in August 1986. It provides
an overall research plan for the resource and the backdrop against which
specific progress is reported. Note that these objectives cover only the
resource nucleus; objectives for individual collaborating projects are discussed
in their respective reports in Section IV. Specific aims are broken into five
categories: 1) Technological Research and Development, 2) Collaborative

Feigenbaum, E. A., McCorduck, P., and Nii, H. P. The Rise of the Expert Company: How
Visionary Companies are Using Artificial Intelligence to Achieve Higher Productivity and
Profits. Times Books, New York, NY, 1988.

Winston, P. H., and Prendergast, K. A. The Al Business: Commercial Uses of Artificial
Intelligence. The MIT Press, Cambridge, MA, 1984.
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Research, 3) Service and Resource Operations, 4) Training and Education,
and 5) Dissemination.

Technological Research and Development

NIH-based SUMEX funding and computational support for core research
is complementary to similar funding from other agencies (including
DARPA, NASA, NSF, NLM, private foundations, and industry) and
contributes to the long-standing interdisciplinary effort at Stanford in
basic Al research and expert system design. We expect this work to
provide the underpinnings for increasingly effective consultative programs
in medicine and for more practical adaptations of this work within
emerging microelectronic technologies. Specific aims include:

Basic research on Al techniques applicable to biomedical problems. Over
the next term we will emphasize work on very large multi-use knowledge
bases, blackboard problem-solving frameworks and architectures,

knowledge acquisition or learning, constraint satisfaction, and qualitative
simulation.

Investigate methodologies for disseminating application systems such as
clinical decision-making advisors into user groups. This will include
generalized systems for acquiring, representing and reasoning about
complex treatment protocols such as are used in cancer chemotherapy and
which might be used for clinical trials in other domains.

Support community efforts to organize and generalize Al tools and
architectures that have been developed in the context of individual
application projects. This will include retrospective evaluations of
systems like the AGE blackboard experiment and work on new systems
such as BB1, CARE, EONCOCIN, EOPAL, Meta-ONYX, and architectures
for concurrent symbolic computing. The objective is to evolve a body of
software tools that can be used to more efficaciously build future
knowledge-based systems and explore other biomedical Al applications.

Develop more effective workstation systems to serve as the basis for
research, biomedical application development, and dissemination. We
seek to coordinate basic research, application work, and system
development so that the Al software we develop for the next 5-10 years
will be appropriate to the hardware and system software environments we
expect to be practical by then. Our purchases of new hardware will be
limited to experimentation with state-of-the-art workstations as they
become available for our system developments.

Collaborative Research

Encourage the exploration of new applications of Al to biomedical
research and improve mechanisms for inter- and intra-group
collaborations and communications. While Al is our defining theme, we
may consider exceptional applications justified by some other unique
feature of SUMEX-AIM essential for important biomedical research. We
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