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2 - Highlights of Progress

In the last year, research has progressed on several fundamental issues of AL As in the
past, our research methodology is experimental; we believe it is most fruitful at this
stage of Al research to raise questions, examine issues, and test hypotheses in the
context of specific problems, such as management of patients with Hodgkin's disease.
Thus, within the KSL we build systems that implement our ideas for answering (or
shedding some light on) fundamental questions; we experiment with those sysiems (o
determine the strengths and limits of the ideas; we redesign and test more; we attempt
to generalize the ideas from the domain of implementation to other domains; and we
publish details of the experiments. Many of these specific problem domains are
medical or biological. In this way we believe the KSL has made substantial

contributions to core research problems of interest not just to the AIM community but
to Al in general.

Progress is reported below under each of the major topics of our work. Citations are to
KSL technical reports listed in the publications section.

2.1 - Knowledge Representation

How can the knowledge necessary for complex problem solving be represented for its
most effective use in automatic inference processes? Often, the knowledge obtained
from experts is heuristic knowledge, gained from many years of experience. How can
this knowledge, with its inherent vagueness and uncertainty, be represented and applied?

Work continues on BB1, with its explicit representation of control knowledge, as
reported last year (see the summary of Blackboard Architectures below). In addition,
part of our research on NEOMYGIN is focused on using a flexible, rich representation

of control knowledge so that we can model problem solving at the strategic level as well
as at the tactical level.

[See KSL technical reports KSL-87-01 and KSL-87-32]

2.2 - Blackboard Architectures and Control

How can we design flexible control structures for powerful problem solving programs?

We have continued to develop the BBl blackboard architecture for systems that reason
about -- control, explain, and learn about -- their own actions. In the area of control,
we have developed two new domain-independent control capabilities. One generic
control knowledge source refines specified parameters of abstract control plans by
generating legal values from a semantic network. The other control knowledge source
performs opportunistic goal-directed reasoning whenever actions recommended by other
control decisions are not executable. In the area of explanation, we have developed the
ExAct program. It provides a flexible, menu-driven set of explanation alternatives, as
well as a graphical display of the comparative advantages of alternative actions. In the
area of learning, we have developed two new capabilities. The WATCH program
observes domain experts solving problems and attempts to abstract from their actions
the underlying control strategy. It automatically programs new control knowledge
sources to generate the hypothesized strategy on subsequent probiems. The
TRANALOGY program notices when problems in a new domain are analogous to
problems in a known domain. It hypothesizes that analogous reasoning methods will

work in the new domain as well and automatically programs appropriate knowledge
sources.

We have begun conducting various experiments on the costs and .benefits of _control
reasoning. In the context of the PROTEAN system for protein structure modeling, we
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are investigating the power of different kinds of control knowledge and strategies to
produce computational efficiency. Early results suggest that a small computational
investment in control reasoning can produce substantial computational savings in
problem-solving operations. We also are exploring differences among alternative
architectural realizations of a particular control strategy.

We have continued to develop the ACCORD framework for the class of arrangement
problems exemplified by PROTEAN: arrange a set of objects to satisfy constraints.
ACCORD substantially enhances BB1's general capabilities for control, explanation, and
learning. In addition to PROTEAN, we have applied BBI-ACCORD in the
SIGHTPLAN system for designing construction site layouts.

In order to accommodate ACCORD and other task-specific frameworks, we have
developed a set of generic framework interpretation procedures for: parsing framework
sentences, matching and rating sentences, generating legal parameter values for sentences,
and translating sentences into the lower-level language of BB1. These procedures apply
to any user-specified framework that satisfies the standards of knowledge and
representation laid down in ACCORD. We refer to this growing collection of systems
and knowledge modules as the BB* environment,

[See KSL technical reports KSL-86-38, KSL-87-8, and KSL-87-10 and "other outside
publications” in Section II1.A.3.5]

2.3 - Advanced Architectures

The goals and technical approach of this project, largely supported by DARPA under
the Strategic Computing Program, have been discussed in previous annual reports. To
summarize briefly, we seek to achieve two to three orders of magnitude speedup in the
execution of knowledge-based systems, by identifying and exploiting sources of
concurrency at all levels of system design: the application level, the problem solving
framework level, the programming language level and the hardware systems architecture
level. Due to the inherent complexity of the task and the lack of theoretical
foundations for parallel computation with ill-structured problems, we have taken an
empirical approach. During the first phase of the project, which will be concluded in
July, 1987, we have made specific choices at each of the system levels, i.e. taken a
"vertical slice"” through the design space, and have conducted several experiments to
investigate the effects of a wide variety of parameters on performance.

Some highlights of our accomplishments thus far (most of which occurred during the
past year) include:

e Based on a careful and systematic study of potential hardware system
architectures, we have established an architectural framework for the
underlying machine as a multicomputer array. The study ranged over the
full spectrum of possibilities, from shared memory multiprocessors to shared
memory multicomputer networks to distributed memory multicomputer
networks, taking into account the VLSI opportunities of the 1990's.

» We have designed and constructed a complex, fully instrumented simulator
to realize the above architectural framework. The simulated class of
machines, called CARE, permits full manipulation of the parameters which
specify the hardware system, e.g. communication topology, memory Ssize, etc.
CARE is written in Zetalisp, and runs on standard Lisp workstations (TI
Explorer, Symbolics 36xx).

« We have studied and implemented basic additions to the Lisp language to

accomplish distributed Lisp processing on CARE class machines. These
additions are now incorporated into the basic simulation language.
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» We created an initial, experimental operating system for CARE class
machines, called CAOS. CAOS was used to produce our first experimental
results, an end-to-end experiment using the ELINT application, using
replicated knowledge sources and pipelining for achieving parallel activity.

« The results of these early experiments were encouraging. Linear speedup,
close to the 45 degree line, was achieved up to the intrinsic limits of the
application.

+ We generalized the traditional blackboard problem solving concept, and
developed two new blackboard frameworks. These two frameworks, CAGE
and POLIGON, take opposite points of view with respect to the locus of
computing activity. CAGE uses knowledge sources as the active agents,
whereas POLIGON takes a view that is oriented more towards dataflow, in
which the blackboard nodes are the active agents.

o« We evaluated a variety of real-world applications as drivers of the
underlying system levels, discarding several candidates which initiaily looked
promising but turned out not to be, for various reasons. Consequently, we
decided to build our own application, AIRTRAC. As we programmed this
application in different problem solving frameworks we began to learn
techniques for parallel programming. We initiated experiments to study the
performance of AIRTRAC in both blackboard frameworks.

« Detailed studies of the performance achieved in the ELINT/CAOQOS
experiments- led to drastic simplification of the pipelining scheme, an
orientation toward implementing blackboard nodes as active agents, and
using parallel object oriented programming as a low level implementation
technique. An environment, called LAMINA, grew out of this analysis.
Experiments are in progress to compare the performance of AIRTRAC
implemented in LAMINA with AIRTRAC implemented in the blackboard
frameworks. The first set of AIRTRAC/LAMINA experiments, using part
of the knowledge base that can be used in a data-driven manner, exhibited
linear speedup close to the limit of the concurrency inherent in the task.

By the end of 1987 we will have completed five sets of vertical slice experiments. It is
already clear that these experiments could have significant impacts on both the
hardware and software communities. Specifically:

« One important impact of our research will be to shift the emphasis in
parallel architectures for knowledge-based systems from (probably
premature) building of hardware to the development of software systems,
techniques and tools for the encoding of knowledge-based applications.
Hardware can certainly be built. The real difficulty is in developing a firm,
quantitative understanding of what hardware actually matters and what
hardware may actually hurt (e.g., building hardware based upon incompletely
thought-out policy decisions in the software design).

« We will have demonstrated that the distributed memory paradigm is not
only a viable aiternative to shared memory architectures, but perhaps
superior in important ways. The vertical slice experiments provide evidence
that implementing a relatively complex application, using a non-shared
address space with message passing, can be accomplished without the
complexities of managing shared address spaces. Moreover, we will have
demonstrated that distributed-memory multicomputers can be programmed to
achieve significant (ten to one hundred times) speed-up for nontrivial
symbolic problem solving applications. Furthermore, such multicomputer
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systems will provide a better fit to the (forecasted) technology for ULSI of
the 1990's than the shared memory architectures.

« We will have demonstrated that the major "source of power” in parallel
computing is the ability to allow the user to express and manipulate parailel
constructs at the level of the application. Thus, the best return on
investment is to develop appropriate tools to support parallelism at this
level, rather than to support the development of the underlying languages or
compilers. The speedup obtainable by only parallelizing programming
language constructs in a "programmer transparent” manner (e.g., parallel
Prolog or parallel production systems) is very limited.

« An important lesson learned from the success of our simulator is that real
applications can be carefully analyzed in an instrumented environment,
thereby permitting experimentation with alternate architectures. The
community would do well to stress simulation over hardware building:

« We will have demonstrated the need for fast process creation and process
switching mechanisms.

[See KSL technical memos KSL-86-36, KSL-86-69, KSL-87-02, KSL-87-07,
KSL-87-34, KSL-87-35.]

2.4 - Knowledge Acquisition and Machine Learning

Our research in machine learning has focused on several distinct problem domains
including medical (NEOMYCIN/HERACLES) and biochemical (PROTEAN) in
addition to domain-independent investigations. We also are motivated by the need for
effective tools for knowledge acquisition and maintenance of knowledge bases
(IMPULSE and STROBE for FRM, BBEDIT, KSEDIT with BB1).

Several papers by researchers in the KSL were presented at AAAI-86 in Philadelphia in
August. Wilkins and Buchanan describe a method of debugging rule sets (see below).
Rosenbloom and Laird [14] present a mapping between the SOAR architecture and
explanation-based generalization (EBG), in which a justifiable concept definition is
acquired from a single training example and an underlying theory of how the example
is an instance of the concept. SOAR is an architecture that supports general learning
through chunking, which is similar to but not the same as EBG. In addition, the
authors suggest answers to some of the outstanding issues in explanation-based
generalization.

Chunking is a learning mechanism that acquires rules from goal-based experience.
SOAR is a general problem-solving architecture with a rule-based memory that can use
the learning capabilities of chunking for the acquisition and use of macro-operators.
Rosenbloom et al. are investigating chunking in SOAR and find that chunking obtains
extra scope and generality from its intimate connection with the sophisticated problem
solver (SOAR) and the memory organization of the production system.

In their AAAI-86 paper, Horvitz, Heckerman, and Langlotz present a framework for
comparing alternate formalisms for plausible reasoning [6]. They demonstrate a logical
relationship between several intuitive properties for measures of belief and the axioms
of probability and discuss its relevance to research on reasoning under uncertainty in
artificial intelligence.
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Inductive Rule Learning

Buchanan, et al. present an empirical study of the incremental learning process using a
careful selection of counter examples in concept formation with the rule-learning
system RL (described in last year's SUMEX report). They find that "near misses”,
negative examples that are similar to acceptable cases, are particularly effective in
shrinking the space of possible theories that explain the examples observed. They
define a metric for the distance of each example from the target theory and measure
the effectiveness and efficiency of examples related to the distance measured,
demonstrating that the power of near misses to restrict the space of possible theories
results from their small distance from the target. They also find that intelligent
selection of instances based upon knowledge of the state of the evolving theory results
in a faster convergence of an evolving theory toward the target concept, requiring many
fewer cases for learning.

Debugging Knowledge Structures

In large rule-based systems, the performance of the system is strongly dependent on the
degree to which the knowledge of the system is "debugged” and refined, i.e., erroneous
rules are identified and removed, redundant rules are combined, missing rules are added,
and certainty factors of rules are found that give good results over many cases. Such
evaluation and restructuring of knowledge is an important type of learning and can be
automated to some extent.- Here we describe recent work in the debugging and
refinement of knowledge bases using several techniques.

Wilkins and Buchanan [19] analyze a problem with the rule sets of rule-based systems
that use certainty factors, i.e., better individual rules do not necessarily lead to a better
overall set of rules. Since all less-than-certain rules contribute evidence towards
erroneous conclusions for some problem instances, the distribution of these erroneous
conclusions is not necessarily related to the quality of individual rules. This has
important consequences for automatic machine learning of rules, since rule selection is
usually based on measures of quality of individual rules. The authors present a method
using a new Antidote Algorithm that performs a model-directed search of the rule
space to find an improved rule set. They report that the application of this method
significantly reduces the number of misdiagnoses when applied to a rule set generated
from 104 training instances. This work was also presented at the AAAI-86 Conference
in August.

Debugging the knowledge structures of a problem solving agent is the synthetic agent
method [20] determines a performance upper bound for debugging a knowledge base.
The synthetic agent systematically explores the space of near miss training instances and
expresses the limits of debugging in terms of the knowledge representation and control
language constructs of the expert system. This paper presents the framework for
evaluating a differential modeling system.

Wilkins describes the ODYSSEUS apprenticeship learning program [21], designed to
refine and debug knowledge bases for the HERACLES expert system shell. ODYSSEUS
analyzes the behavior of a human specialist using two underlying domain theories, a
strategy theory for the problem solving method (heuristic classification), and an
inductive theory based on past problem solving sessions. ODYSSEUS improves the
knowledge base for the expert system shell, identifying bugs in the system’'s knowledge
in the process of following the line-of-reasoning of an expert, serving as a knowledge
acquisition subsystem. ODYSSEUS can also be used as part of an intelligent tutor,
identifying problems in a novice's understanding and serving as student modeler for
tutoring systems.
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Wilkins, et al. illustrate that an explicit representation of the problem solving method
and underlying theories of the problem domain provide a powerful basis for automating
learning for expert system shells [22]. By using domain-independent task procedures
and task procedure metarules, domain knowledge can be located and applied to achieve
problem solving subgoals. However, these rules are often limited in use due to
insufficient domain knowledge. This paper describes the use of metarule critics in
ODYSSEUS for automating the acquisition of domain knowledge, illustrating a powerful
form of failure-driven learning at the level of subgoals as well as at the level of
solving the entire problem. '
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II1.A.3.4. Core System Development

1 - Introduction

In this section we describe progress on our core system development and work toward a
distributed AIM community. Before launching into the technical details, the
motivations and plans for core system work are first summarized along four
dimensions: 1) the motivation for the shift of the SUMEX-AIM community from a
central mainframe-based mode! of computing resources to a largely distributed
workstation-based model; 2) the prospects for workstation technology and vendor
support for a diverse distributed AIM community; 3) the core SUMEX-AIM systems
tasks needed to complement vendor developments to realize distributed community
operation; and 4) the integration, dissemination, and management of the shift of the
AIM community from a centralized to a more distributed operation, including the
remaining central resource functions:

o Motivation for a Distributed Resource: The motivations for supporting and
managing the AIM community as a distributed community are manifest.
First the cost/performance trade-offs between centralized shared computing
facilities and personal workstations have shifted dramatically toward
workstations, especially in the area of interactive symbolic computation
resources. While the technology is still quite young, the very best
environments for developing knowledge-based systems for biomedicine are
arguably already on personal workstations. Various kinds of workstations
are rapidly decreasing in cost and increasing in performance so that
appropriate models can be selected for cost-effective research support or
system dissemination into practical settings like health care clinics or
application laboratories.

Second, the AIM community, with its growing ties into other diverse areas
of biomedical informatics, has long been too large to effectively support
from a single central node like SUMEX. A number of AIM groups have
already moved to local mainframe computing resources (such as at Rutgers
University, the University of Pittsburgh, the University of California at
Santa Cruz, the University of Minnesota, and Ohio State University). Only
some of these have been able to establish network connections for their
machines to date, without which low-speed terminal connections must still
be made to the central SUMEX resource for mail exchange, software sharing,
information access. As workstation prices fall, this trend toward
decentralization will accelerate and the need for uniform network access,
information services, and systems/software support will increase. The
challenge will be to provide responsive central resource services that
encourage and facilitate effective communication, collaboration, and
information sharing in the new distributed environment.

o Prospects for Workstation Technology: Computer workstations have already
demonstrated remarkably high performance and low cost for symbolic

computing applications. The prospects for future generations of
workstations promise an even fuller spectrum of price/performance
alternatives. Even with the trend toward more effective personal

workstations, however, there are still aspects of an overall computing
environment most effectively implemented and supported through central
resources. These include services like large-volume information and file
storage, special parallel computing architectures, multi-vendor systems
expertise, and experimentation with integrating new computing technologies
for community deployment. But hardware is only a small part of the
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picture -- software represents the larger challenge in the effective
integration of workstations with shared resources -- and here is where a
community systems integration effort is required. @ Most vendors are
motivated to maximize the sales of their own products, whereas a
community of the size and scope of the AIM community must be prepared
to integrate technologies from diverse vendors in order to maximize its
productivity and to keep abreast of rapidly developing new capabilities. The
role of SUMEX-AIM in this new era is to integrate what is available from
diverse vendors with core system development efforts to facilitate
community research and communications and the smooth evolution of the
AIM distributed computing environment.

« Core Systems Development Tasks: In order for workstations to support AIM
community activities with minimum dependence on expensive, central
mainframes, they must be able to supply not only outstanding knowledge-
based system. development environments but also general computing
environments for tasks like electronic communications, text processing,
information and file management, and utilities like spreadsheet systems.
Many workstation environments do not have fully developed facilities in all
these areas and must be augmented. Another major area of core system
effort will be in the development of tools to facilitate effective workstation
to workstation interactions. These tools include being able to access remote
workstation and central computing resources, linking the graphics displays of
remote workstations with each other over communication networks,
establishing and managing cooperative computing tasks, and enabling remote
transfer and sharing of files and information. Finally we must stay abreast
of the rapidly changing workstation technology and have allocated a small
amount of funding each year to purchase appropriate examples of systems
important to AIM community research for testing, evaluation, .and
development.

o Managing the Community Transition: As system research and development
progresses, much will remain to be done to integrate and disseminate these
new workstation tools throughout the national AIM community -- so that
the central DEC 2060 resource can be phased out while maintaining support
of community activities. System tools must be tested, evaluated, and refined
in the broad context of the AIM community; community groups must fund,
acquire, install, and learn to use suitable workstation and network
communications equipment; residual central services must be developed and
made accessible to support sharing software tools, user consulting, and
information resources; and AIM workshop and other management tools for
coordinating, integrating, and extending community activities must be
evolved. We will use a smail group of Stanford and AIM community Al
researchers and students to guide the development and testing of distributed
subsystems throughout the research period. Initially, these will come mainly
from the Stanford community which is easily accessible and has a long
experience in experimenting with the development and use of workstation
technologies for Al research. After the early years of development and
experimental dissemination, we will begin to introduce these tools more
extensively for general AIM community use. QOur estimate is that these tasks
will require the full five-year research period in order to carry out the
necessary development, make an orderly and smooth transition, and evaluate
the results, without disrupting communications or inter-group collaborations.
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2 - Remote Workstation Access, Virtual Graphics, and Windows

2.1 - Remote Access

Lisp workstations of various types have proven extremely powerful, both as
development environments for artificial intelligence research and as vehicles for
disseminating Al systems into user communities. In addition to the compact,
inexpensive computing resources workstations provide, high-quality graphics play a key
1ole in their power. Such graphics systems have become indispensable for
understanding the complex data structures involved in developing and debugging large
Al systems and are important in facilitating user access to working programs (e.g., for
ONCOCIN and PROTEAN). However, as we move towards a distributed workstation
computing environment for Al research in the SUMEX-AIM community (and move
away from the centralized, shared DEC 2060), a number of technical obstacles must be
overcome. One of the most important is to eliminate the need for the user display to
be situated close to the workstation computing engine.

This is important in order to allow users to work on workstations over networks from
any location -- at work, at home, or across the country. The first step has been getting
reliable terminal access operational on all workstations. All workstations now have
TCP/IP based terminal servers, and TCP/IP is being installed in the SUMEX network
terminal concentrators. This allows primitive (non-graphical) access to the
workstation's abilities. A more comprehensive access will be provided through our
remote graphics work.

2.2 - Virtual Graphics

In the past, members of the SUMEX-AIM community have often watched each others
programs work by linking their CRT terminals to the text output of a running program
on the SUMEX 2060. In the case of workstations, though, it is much more difficult to
link across several networks to view the complex graphics output of a program. Even
locally, it is important to make graphical interaction with workstations across campus or
from home possible. One would like to be able to provide the same powerful graphical
tools and programming environment that are available to a user sitting in front of the
workstation to the remote user if that user has a low-cost bit-mapped display and
mouse. In order to accomplish this, it is necessary to capture and encode the many
graphics operations involved so that they can be sent over a relatively low-speed
network connection with the same interactive facility as if one had the display
connected through the dedicated high-speed (30 Mhz) native vendor display/workstation
connection.

As reported last year, we studied the feasibility of remote access to workstations by
experimenting with a virtual graphics protocol, the Virtual Graphics Terminal Service
(VGTS), which was developed at Stanford in the Computer Science distributed systems
group [9, 8]. The VGTS provides tools to define objects like windows, lines, rectangles,
circles, bitmaps, ellipses, splines, and graphics events like mouse clicks independently of
the graphics hardware and operating systems. This encoding minimizes the
communication bandwidth required between cooperating hosts, to remotely draw a line,
for example.

We also reported that an implementation of this protocol was developed and installed
in the operating system of a Xerox 1186 Lisp workstation so that its presence would be
transparent to the programmer. This means that if one connects to such a LISP
workstation from a SUN workstation (running suitable VGTS software), the Lisp
machine graphics will be sent over the net and reconstructed on the SUN workstation
without changes to the application program running. This implementation has worked
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very well in early experiments so that over an Ethernet, the remote response time is
quite close to the response time on the Lisp machine itself.

As a consequence of this work, we had demonstrated the feasibility of remotely using
LISP workstations over an Ethernet to take advantage of their graphics programming
environment.

During the past year, two new contenders for a virtual graphics standard protocol
appeared. These were the MIT Project Athena X window system [15], and Sun
Microsystems, Inc.'s Network Extensible Window System [17], referred to as X and
NeWsS, respectively. We spent several months studying both X and NeWS and met with
representatives of each group supporting these protocols.

X is a very complete protocol that has been developed over the past several years at
MITL. X operates at a somewhat lower level than VGP, and as a result can be more
bandwidth-intensive. It also assumes a static allocation of computation, display, and
interaction responsibilities between server and client. On the other hand, it more fully
implements the event mechanisms necessary to track mouse/window interactions and
mouse motion histories, and supports color. The protocol has been quite carefully
thought out, and provides more flexibility for implementing reasonable emulations of
the variety of window systems that exist within our environment. For example, TI
Explorers have mouse-sensitive regions within windows called "active regions,” and X
allows the support for such a region by defining an /nput Only window with its own
cursor. When the mouse moves into such a window, the cursor changes to show the
user that he has entered an active region, and at the same time sends an enter-window
event to the client. The client can then take the appropriate action for that active
region (for instance, scroll text). This is impossible to do in VGP.

NeWS is unique in the sense that it uses a programming language to define its protocol.
This programming language is an extension of Adobe's PostScript page layout language
for laser printers. This feature gives NeWS its extensibility, for if one wishes to add a
new function to the server, one simply sends the PostScript procedure implementing it
to the server, and remotely executes that new procedure. This gives the client a great
deal more control over what a window looks like; for example, one could implement
round or elliptical windows with NeWS. NeWS also allows a client to interact with
mouse motion histories and mouse/window events. Thus, it was very difficult to choose
between these two protocols.

Ultimately, we chose X as the remote graphics protocol standard for our work. This
decision was pragmatic, since we have limited staff resources, and X is receiving wide
support from both vendors and the Common Lisp community. An X client
implementation is being written for Texas Instruments Explorers here at SUMEX-AIMZ.
Our TI Explorer X client is well underway. It is being written in Common Lisp and
uses flavors, the Explorer object system, to tepresent instances of X windows. We are
currently beta-testing Xerox Common Lisp, and will port the Explorer X client to our
Xerox Lisp Machines later this year.

Currently, TI in conjunction with MIT is developing a server implementation for
Explorers. DEC is a major supporter of X, and there are implementations under
development for their Vax line of equipment. Sun Microsystems is also doing an X

1The X protocol has been completely redefined this past year. Tts most recent version, X.11, is assumed in
all of the discussion that follows.

N
“The client software runs on the Lisp machine and sends the graphics protocol commands to the remote

user display svstem. The dual of the client is the X server software which runs on the user display system
and translates the X protocol sent by a client Lisp machine into real graphics pictures and mouse actions.
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implementation beneath NeWS, as well as porting X to run directly on their equipment.
We are an alpha test site for the SUN implementation. This will provide us with
preproduction X server software that we can run on our SUN workstations to aid in
debugging our own client software. We anticipate implementations for workstations
like MacIntosh II's when a production version of X is released this Fall.

The X window protocol is more bandwidth intensive than some other protocols. It is
our feeling that even with this limitation, a suitable subset of the X protocol can be
used in cross-country connections where slower communications speeds and longer
delays are common. We will have to determine empirically what this subset is. One,
for example, would not want to track a mouse in such a situation, but could reasonably
expect to use mouse/window events, such as EnterWindow or LeaveWindow, t0 manage a
remote display over long connection distances. In any case, more work needs to be
done in this area to fully develop and integrate these capabilities into Lisp machine
systems and to insure that cross-country connections will indeed give usable response
time. Success of this work will mean that one can use LISP machine systems from
TELENET, ARPANET, or an Ether TIP connection throughout the SUMEX-AIM
community.

2.3 - Remote Graphics Applications

As an example of applying the remote graphics ideas, a TALK program has been
implemented which facilitates interactive, electronic communication between users on
independent workstations. Layered on the workstation's native editor, the program
allows the full use of all editing capabilities in the process of communication, including
deletions, corrections and insertions, font changes, underlining, paragraph formatting,
etc. Since the workstation's editor also supports both low- and high-level graphics, the
program not only facilitates textual exchanges among users, but also allows the sending
of screen images (back traces of program breaks, code fragments, etc.) as well as
structured graphics images (which can be modified on the destination workstation and
returned), all interactively. An example of a TALK session and an illustration of
TALK's relationship to other subsystems in the workstation software environment are
shown in Figure 2.

The TALK program allows the use of different user interfaces, the workstation's
document editor being just one possibility. We also implemented a simpler terminal
mode for compatibility with similar programs on other similar and dissimilar
workstations. The program was implemented initially using the Xerox XNS family of
Ethernet protocols for convenience and speed of development to try out the ideas.
Future extensions will include allowing use of different Ethernet (and possibly non-
Ethernet) protocols, since the program only requires a reliable byte-stream to operate.
We expect the [P/TCP protocols will be added next in order to be able to use the
program over the ARPA network.

The TALK program was released gradually to increasing numbers of users in order to
get real users’ feedback and make changes accordingly. The Medical Computer Science
group did an extensive test of the system, where for a period, they used it in place of
their normal electronic and non-electronic communication methods whenever possible.
This was both a test of the program and an exploration into what people want in the
next generation of electronic communication. The TALK program has been released to
the Xerox Lisp workstation community as a whole and researchers at Xerox PARC
successfully used the program to hold an interactive, graphic, electronic conversation
between users at the PARC facility (in California) and Xerox's EuroPARC in England.
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2.4 - Application-level Window System Standards

Modern programs need to utilize the multiple presentations, non-textual images, and
non-keyboard inputs available on all the systems in use by SUMEX. However, up until
now, each machine's window system has been idiosyncratic to that machine. There is
considerable research now aimed at providing a powerful, flexible window system that
can be implemented on a wide variety of hardware, and utilized by many forms of
software. However, most of this research is directed at the primitive operations needed
to do basic graphics, windowing, and interaction (as in the discussion of X protocols
above). We are also working to develop a high level interface to a standard windowing
system targeted at the writer of AI applications programs. This system is not being
designed to specify the entire man/machine interface, but to provide a simple, easy to
understand and useful way for program authors to provide sophisticated interfaces
without spending a large percentage of their time working only on the interface. We
are currently in the midst of analyzing current applications in order to develop a model
for this system based on real-world experience.

3 - File Access and Management

A stable, efficient mechanism for storing and organizing data is central to any
computing environment, and is one of the most challenging issues in the move to
distributed, workstation-based computing. It is necessary to provide standard services,
such as file backup, archival, a flexible, intuitive naming facility, and data interchange
services (e.g., software distribution). We also feel that, as the amount of data being
manipulated grows, it will become more and more important to have powerful tools for
managing hierarchies of files. We plan to support the community with a number of
UNIX-based file servers, like the VAX-based servers in use at SUMEX for several years
(see Figure 7) and the new SUN-based server (see Figure 5). These will require
continued SUMEX-AIM development, however. By keeping the number of servers
small, the distributed namespace problem should be manageable in the near term.
Current UNIX file servers are relatively cheap and fast. UNIX has many of the needed
facilities, e.g., backup, long names, hierarchical directory structure, some file property
attributes, data conversion, and limited archival tools. However, while general issues of
networking, remote memory paging services, and flexible file access have received
considerable attention in both the academic and commercial development of file
servers, there seems to be little attention given to other critical operational needs. For
instance, the much-used file archiving system of the DEC 2060 (sometimes called off-
line cataloged storage) has no analog service in the UNIX systems. Perhaps this is the
result of UNIX having its origin in the small computer world where the number of
users and volume of data has traditionally been quite low. Our efforts are going into
improving the archival facilities and providing case independence and multiple
generations by adding SUMEX software between the file system and the network. This
should temporarily solve these problems without substantial loss of performance or
maintainability.

For the long-term use of the distributed community, we plan to develop an optical
disk-based backup and archival system and to use enhanced tools on workstations to do
file management. We are currently investigating hardware options for optical disk
systems. As better techniques for managing a distributed file system come out of the
early research stages, we will use them to improve the distributed file service facilities.

3.1 - Remote File Access

During the past year, there has been a welcomed progress in vendors' attempts to
standardize file access protocols. Previously, each vendor had addressed the file storage
needs of their particular workstation in a way that was incompatible with most other
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workstations, making shared file access and support difficult in a highly heterogeneous
environment such as the SUMEX-AIM community. Also, the resources required to
maintain many distinct families of filing conventions and protocols on specialized
hardware, all meeting the performance needs of a demanding research community, are
prohibitive. Thus, last year we proposed to adopt a variant of the NFILE file access
protocol! developed by Symbolics, Inc. It now appears, however, that Sun Microsystems,
Inc's (SMI) Network File System (NFS) is becoming a more prevalent industry
standard, despite the fact that it does not support extensible file attributes and file
generations. In order to encourage the porting of NFS to other vendors’ workstations,
SMI has placed NFS in the public domain, and has a special group dedicated to aiding
interested parties in writing the requisite software. This group is also willing to make
some changes to the protocol to support non-UNIX file systems (for example, they
recently made a change so that NFS could be ported to a CRAY computer). We are
now beta-testing a Texas Instruments implementation of NFS on our Explorers, and are
ourselves engaged in implementing NFS on Xerox Lisp workstations.

Given that we have acquired an experimental SUN file server this year, and that NFS is
supported in the Kernel of the 4.3 release of Berkeley UNIX, this path for unified file
access across our mix of workstations appears to be the best solution available. Our
anticipated move to 4.3 UNIX on our VAX file servers this summer, and the
completion of the NFS port to the Xerox Lisp machines will give us a single file access
protocol that is supported by all of our systems with the exception of the Symbolics
3600's. It appears that a third party is working on an NFS implementation for
Symbolics machines and we will test this in the coming year.

3.2 - File Server Throughput

At present, a number of file service strategies are employed among and within the
various workstation and time-sharing communities. Each strategy has its merits and
drawbacks and only in their aggregate do they address all the needs of the users.

One yardstick of utility is the maximum speed of data transfer. Speed of data transfer
is affected by the speeds of the processors, disks, I/O circuitry, file system design,
network transport protocols, file service protocols, software efficiency, system loading,
and other operational parameters. Simple throughput measurements suggest that for the
immediate future, the mixed-vendor file service strategy still has advantages from the
point of view of data transfer speed. (See Figure 3.)

For the Xerox workstations, the Xerox 8037 file server (using the NS Filing protocol)
provided the greatest measured throughput (roughly 37% faster than the Sun 3/180 and
Vax 117750 file servers, using TCP FTP). For the TI workstations, the fastest server
was another TI Explorer (using the Chaos FILE protocoi) providing throughput 91%
greater than the nearest contender (a vax using the Chaos FILE protocol), and 269%
faster than the closest IP/TCP contender. The Sun workstation provides a virtual file
system interface only for the Sun NFS protocol, and hence was not benchmarked
against alternative servers because we are still working on optimized NFS facilities for
other workstations and servers.

None of the client/server configurations tested approached the theoretical maximum
throughputs projected by disk speeds, network speeds, and other system design
considerations. Therefore, we believe that through more effective software engineering
it will be possible to simultaneously improve data transfer speed and to reduce the
number of server implementations necessary to support the present level of service.
For example, the potential for software improvement was illustrated this year by fine-

1A file access protocol is intermediate between a remote file system and a file transfer protocol.
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tuning of the Xerox implementation of TCP, which yielded improved Sun file server
In the immediate future, our experiments in this area
will focus on the new implementations of the NFS file service protocol.

throughput by a factor of 30.
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4 - Electronic Mail

Electronic mail has become a primary means of communication for the widely spread
SUMEX-AIM community. The advent of distributed workstations is forcing a
significant rethinking of the mechanisms employed to manage such mail.  With
mainframes, each user tends to receive and process mail at the computer he uses most
of the time, his primary host. The first inclination of many users when an
independent workstation is placed in front of them is to begin receiving mail at the
workstation, and, in fact, many vendors have implemented facilities to do this.
However, this approach has several disadvantages:

« Workstations (especially Lisp workstations) have a software design that gives
full control of all aspects of the system to the user at the console. As a
result. background tasks, like receiving mail, could well be kept from
running for long periods of time either because the user is asking to use all
of the machine's resources, or because, in the course of working, the user has
(perhaps accidentally) manipulated the environment in such a way as to
prevent mail reception. This could lead to repeated failed delivery attempts
by outside agents.

« The hardware failure of a single workstation could keep its user "off the
air" for a considerable time, since repair of individual workstation units
might be delayed. Given the growing number of workstations spread
throughout office environments, quick repair would not be assured, whereas
a centralized mainframe is generally repaired very soon after failure.

. It is more difficult to keep track of mailing addresses when each person is
associated with a distinct machine. Consider the difficulty in keeping track
of a large number of postal addresses or phone numbers, particularly if
there was no single address or phone number for an organization though
which you could reach any person in that organization. Traditionally,
electronic mail on the ARPANET involved remembering a name and one of
several "hosts” (machines) whose name reflected the organization in which
the individual worked. This was suitable at a time when most organizations
had only one central "host.” It is less satisfactory today unless the concept
of a "host” is changed to refer to an organizational entity and not a
particular machine.

o It is very difficult to keep a multitude of heterogeneous workstations
working properly with complex mailing protocols, making it difficult to
move forward as progress is made in electronic communication and as new
standards emerge. Each system has to worry about receiving incoming mail,
routing and delivering outgoing mail, formatting, storing, and providing for
the stability of mailboxes over a variety of possible filing and mailing
protocols.

Thus, we are investigating the alternative strategy of having a mail server machine
which handles mail transactions. Because this machine would be isolated from direct
user manipulation, it could achieve high software reliability easily, and, as a shared
resource, it could achieve high hardware reliability, perhaps through redundancy. The
mail server could be used from arbitrary locations, allowing users to read mail across
campus, town, or country using more and more commonly available workstations.

The mail server acts as an interface among users, data storage, and other mailers.
Users employ a mail access protocol (MAP) to rtetrieve messages, access and change
properties of messages, manage mailboxes, and send mail. This protocol should be
simple enough to implement on relatively uncomplicated, inexpensive machines so that
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mail can be easily read remotely. This is distinct from some previous approaches since
the mail access protocol is used for all message manipulations, isolating the user from
all knowledge of how the data storage is used. This means the the mail server can
utilize the data storage in whatever way is most efficient to organize the mail. The
data storage could be anything from conventional magnetic disk file system to a highly
specialized mail filing system built on optical disks, since it is abstracted from other
elements in the mail system. The other mailers constitute the mail server’s (and thus
the users’) link to the outside world. The mail server would use various mail transport
protocols (e.g., SMTP) to exchange mail with other mail hosts.

We have been investigating user/mail interface issues for workstations, as well as issues
for the mail access protocol itself. We are examining several related projects, including
MIT's PCMAIL (Mark Lambert, MIT Distributed Systems Group), the public parts of
Xerox's Grapevine and NSMail, and work on Stanford’'s V system.

We have implemented an Interim Mail Access Protocol (IMAP) server on the 2060 and
a client implementation in Interlisp on Xerox D-machines. The resulting beta-test mail
environment proved to be quite usable; some D-machine users use it as an alternative
to the 2060 mail environment in their daily mail work.

The IMAP server manipulates the actual file store copy of the user's incoming
electronic mail under direction from the IMAP client. As noted above, the client has
no knowledge of the (possibly operating system- dependent) format of mail on the
server's file store; the IMAP protocol provides its own representation of mail and the
server translates between this and its host system file store conventions.

The TMAP client issues a series of fetch commands to retrieve data from the server. A
fetch command has two arguments: a message sequence and the name of the data item
to be fetched. A message sequence can be a single message number, a range of message
numbers, or a list of numbers or ranges. For example, a typical fetch command might
be "fetch 2:7,10 flags”, meaning "fetch the status flags for messages 2 through 7 and
message 10" (status flags include "new message”, "deleted message”, "message has been
read”, etc. as well as user-defined flags).

In IMAP, the actual message data is identified by names such as "RFC822.Header" and
"RFC822.Body" referring to the text-based mail representation used on the DoD
Internet standard (RFC 822). This is intended to be a temporary solution only, since
RFC 822 lacks structure and the capability to deal with non-text mail. We plan on
extensions to IMAP (IMAP II, see below) that will introduce a canonical and structured
representation of an electronic mail message. In such a structured form, an electronic
mail message would consist of a set of named properties and property values.

During implementation of the user interface we observed that the IMAP protocol had
several deficiencies which made certain mail concepts difficult or impossible to
implement. For example, there is no way in IMAP to notify the client of newly
arrived mail during an IMAP session. Other IMAP deficiencies were observed in the
design of a Common Lisp implementation for Texas Instruments Explorers; in
particular, TMAP is a "lock-step” protocol with no mechanism for multiplexed
operation. This means that IMAP is vulnerable to synchronization problems in which a
client interprets part of a previous response as the answer to the current query.

To address these concerns, a new Interim Mail Access Protocol (IMAP II) was designed
after extensive review. IMAP Il is heavily influenced by IMAP, although with a greater
degree of formality in the specification and quite a bit more extensibility. Instead of
the lock-step query/response model of IMAP, IMAP I uses tagged commands and data
and explicitly allows unsolicited data to be sent from the server to the client. IMAP [l
introduces a more formal structure to server-to-client path; all data is now identified
unambiguously. This is especially important for extensibility and unsolicited data.
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