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Report on Workshop on Research in
Experimental Computer Science

Barbara Liskov

This report describes a workshop that was concerned with how to improve research in
experimental computer science. The overall goal of the workshop was to identify problems
and issues in experimental computer science and to propose solutions. The workshop was
sponsored by the Office of Naval Research, in coordination with the NSF, DARPA, and
other science agencies that participate in the Federal Coordinating Council on Science,
Engineering and Technology (FCCSET). It was held on October 16-18, 1991, in Palo Alto,
CA.

The workshop consisted of two parts. For the first day and a quarter the entire set
of attendees met as a group in an attempt to identify problems and issues that required
more detailed discussion. An overview of what happened in these sessions is given in
Section 1; Section 1.5 describes some conclusions based on these sessions.

The rest of the workshop was spent in small working groups that focussed on specific
issues. Each of these groups was charged with coming up with a set of proposed solutions
to problems in the specific area they were addressing. Section 2 describes what happened
in the working groups and the recommendations.

Each session (whether attended by the entire group or a subgroup) had a scribe who
was responsible for taking notes during that session and providing a written summary, and
a session leader who led the discussion and reported on it at the final workshop session.
The summaries are included in Appendix A. Information about the program committee
and attendees is contained in Appendix B.

1 General Sessions

The purpose of the first five sessions was to identify the problems and issues that would be
the focus of the breakout sessions. This section gives a brief summary of what happened
in each session, and identifies certain common themes.

1.1 Opening Panel

The workshop opened with a panel featuring brief presentations by Bob Taylor, Anant
Agarwal, Rick Selby, Susan Owicki, and Paul Cohen. Bob Taylor's main point was that
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even though the state of research in computer science as a whole has improved over the
course of his career (spanning 30 years), the number of university departments capable
of doing first class experimental research has increased only modestly. In addition, he
stated that he believes that good experimental work requires that people build what
they design and use what they build on a daily basis. Anant Agarwal's point was that
we should learn to reuse one another's work and replicate one another's results. This
requires credit for making one's work available to others, since the tools produced by a
group may represent the group's competitive advantage, which can be reduced by early
dissemination of the tools. In addition, credit for using someone else's work, support for
distribution of tools, and support for the infrastructure needed to make reuse practical
are also needed. Rick Selby discussed the fact that artifacts must be built and evaluated,
but their construction requires a large amount of time-consuming engineering work; work
can be reduced by reuse, but only well-engineered and well-supported tools are worth
reusing. Susan Owicki noted that the goal of performance measurement is not Just to
get numbers. Instead it should identify the impact of particular approaches or techniques
on performance so that we can make informed decisions on their value. Also, because
technology is changing so fast, we must either get results fast, or we must abstract away
from technology so that results will survive in spite of changes. Paul Cohen discussed the
results of a survey of papers in AAAI-90 that indicated that AI needs more sophistication
in its experimental methodology (but it was clear from the tone of the workshop discussion
that this conclusion applies broadly across all fields of computer science).

1.2 Other Disciplines

In the second session we discussed experimental work outside of computer science. The
first speaker was Jim Plummer; the second was Jack Owicki.

Jim Plummer works on solid state and IC applications. In Jim's field, it is very
expensive to build devices, and they use extensive simulation, with very sophisticated
simulation tools, prior to building. Jim believes that: all experiments measure something;
all theories are wrong if you push them far enough; simulations are only as good as the
models on which they are based; and adequate models for simulators always arrive too
late to simulate state-of-the-art devices. Publication of research in his area is centered
around small experiments that are components of large projects; a few experiments might
be packaged into a thesis. The capital cost of equipment is extremely high, leading to
sharing of both labs and infrastructure; even with sharing, the costs are almost more than
can be borne by university faculty.

Jack Owicki is a scientist who works in a interdisciplinary area that includes chemistry,
biology, and physics. He pointed out that doing experiments well involves more than just
taking measurements; you must also figure out how to interpret your data. He also noted
the difference between hypothesis testing and fishing expeditions (which one hopes will
eventually raise hypotheses that can be tested). Model systems are useful for experimental
work because they simplify reality when it gets too complicated, but they create a tension
between scope and fidelity. Jack believes that the style of research differs from scientific
discipline to discipline, and that no field is broadly similar to computer science although
there are limited analogies in various areas.
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1.3 Case Studies

The third and fourth sessions were devoted to case studies of experimental projects. The
focus in the presentations was on the structure of the project and what was needed to
make it work rather than on the research content of the work. In the first case studies
session there were a number of short presentations; the second session featured a panel
on the Spur project at UC Berkeley.

Richard Anderson described his work on implementing parallel algorithms to see how
they perform in practice. He needed access to state-of-the-art multiprocessors, but he
didn't use much of such a resource, so that he wanted to be able to share it with others.
In addition he needed good measurement facilities, good infrastructure support (e.g.,
programmers and systems experts), and knowledgeable colleagues to help him understand
anomalies.

Hans Berliner discussed the HiTech chess machine. This was a small project that
began with a new idea of one of his students. They greatly underestimated the amount
of work needed. They had support from several staff in the hardware lab (at CMII). The
research was focussed on getting a particular program to work fast enough as opposed to
studying specific techniques to identify their contribution to the project as a whole.

David Cheriton discussed the way that the V-system project has served as a vehicle
for systems research. He believes a substantial research vehicle is needed to enable so-
phisticated experimental systems research. Such a vehicle brings problems to researchers'
attention and allows them to tackle problems much more easily than could be done in
a more conventional setting. Although many students worked on the V system simulta-
neously, they tended to work one-on-one with David rather than on group projects with
other students. David has found that there is a tension between the work needed to
maintain the environment and make progress, and the need to free students to pursue
their own research objectives.

M. Satyanarayanan discussed the differences between running a project using profes-
sional staff and running one using students. (This is related to David Cheriton's last
point.) Professional staff put the needs of the project ahead of individual needs to do
research, and there are no problems in having them work together, and in having them
reuse techniques they didn't invent instead of inventing new ones. Students must do
research, have problems with joint work (in deciding what goes into whose thesis), and
must have something original of their own. In addition, they are not as appreciative of
simplicity as the professional staff, and their time is fractured because of the need to take
classes and exams. This means their results will come along slowly so that they need to
choose problems that are farther into the future.

Hank Levy discussed systems research at the University of Washington, which is un-
usual among academic institutions for the large amount of collaboration among faculty.
Joint work is encouraged for the students; all papers have multiple authors and the con-
tent of individual theses is worked out in a dynamic and flexible fashion. New projects
build upon the artifacts developed for older ones. The research methodology was: choose
a problem; design a solution; choose the most efficient implementation path to demon-
strate that your solution works; analyze your results and iterate until done. Furthermore,
quick turnaround in being able to build a prototype is important (6 months is acceptable,
3 years isn't).
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The Spur project at UC Berkeley was discussed by panelists Randy Katz and Dave
Patterson (the two PIs on the project) and Susan Eggers, Jim Larus, and David Wood
(project students who have gone on to faculty positions elsewhere). The project was
very broad and was intended from the beginning to lead to a high-performance, working
system. Key positive aspects included: the breadth led to students who were educated
broadly and understood systems rather than just isolated components; going all the way
to working prototypes led to more knowledge in some areas than would have been pos-
sible via functional analysis; students got broad exposure on the outside and valuable
experience (the project retreats were considered particularly valuable; these were semi-
annual mini-conferences in which the students made presentations as part of an external
review process). However, the students felt that they spent additional time (1 to 2.5
years) because of the need to complete the overall project. (The use of professional staff
was vital here, since they provide continuity, have skills students lack, free students to
concentrate on research, and suffer less from the personal/group tension.) Things might
have been faster if the deliverables had been ideas rather than systems, and there might
have been more chance to investigate alternative designs. None of the former students is
doing research on such a large scale at present, although this may come with time.

When commercial RISC machines became available (partway through the project)
it might have been desirable to redirect the project away from the goal of producing a
deliverable system. However, doing so would have caused problems; e.g., some students'
research was contingent on continuing on the original path.

1.4 The Role of Simulation

The fifth session featured a talk by Doug Clark on simulation vs. experimentation. Doug's
main point was that simulation should be considered the primary tool for evaluation of
a design, and hardware should be built only as a last resort. Simulation has a number
of advantages: it's cheap, it provides results quickly, you can evaluate many different
samples within a benchmark suite, your results can be easily replicated, it's flexible, and
you can measure any aspect of the system. But it also has disadvantages: the simulation
will always be slower than the real machine, and too slow for users to experiment with it;
the workloads you run may be too small (because of the speed); it may not be accurate
enough; it might be wrong. Building may still be essential to overcome these problems;
in addition, you must build something if you want to sell it, and students need to learn
how to build boards.

Simulations will allow you to get your results sooner than really building something
provided fabrication is time-consuming. If it's the design that takes most of the time,
which is the case in many areas of computer science, simulation may be less helpful.

1.5 Common Themes

A number of common themes came up during the plenary sessions. First, support is
needed for a number of activities that aid research but are not themselves research (at
least by today's standards). We need help in building artifacts that are sufficiently robust
that others can use them with confidence. We need to find a way to encourage replication
of results. We need infrastructure (shared equipment, professional staff, etc.) and money
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to purchase tools. Support includes both funding, and ways to give certain activities (e.g.,
replication) academic respectability.

Second, it is clear that we have much to learn about doing performance measurements.
Too often the numbers themselves are the goal, but numbers alone don't tell you enough.
We need to be able to evaluate and compare techniques, and we need to do this in a way
that isolates or neutralizes as many of the non-critical aspects as possible.

Third, there are two distinct styles of experimental research. Often we experiment
to prove or disprove an hypothesis. Sometimes we do exploration instead. It would be
a mistake to rule out exploratory research on the grounds that it isn't scientific enough.
Experimental projects differ in other ways too, e.g., in scale, or in how "real" the result
must be.

Fourth, the primary job of students is learning how to do research, as opposed to doing
research, or building/maintaining/distributing systems. They need individual projects
and unique solutions. There are many calls on their time, so progress is slower than it
could be. At the least, projects of any size need professional staff, not just to provide
support for infrastructure, but to help build artifacts.

Fifth, simulation is a valuable tool but it has a number of problems. Basically, a
simulation runs too slowly to provide an artifact that others can use; the lack of such
an artifact means that unexpected uses cannot be explored. In addition, simulations are
models, which may be incorrect, or may omit details that will be important if the system
is really built. Finally, for certain areas it may be as fast to build the system as to simulate
it.

Finally, it is unclear how far to go when building a system. To provide a tool with
good performance requires tremendous effort, more than seems justified (in many cases) to
achieve research objectives. However, good performance is sometimes required to achieve
other goals, e.g., adoption or technology transfer.

2 Breakout Sessions and Recommendations

This section describes the six breakout sessions. The recommendations of these sessions
constitute the major output of the workshop.

2.1 Benchmarking, Measuring, and Comparing

The session on benchmarking, measuring, and comparing was concerned with techniques
for evaluating the performance of systems. The group distinguished between benchmarks,
which are a way of comparing the performance of systems, and workloads, which are a
way of evaluating how a particular system performs.

This session came up with four recommendations:

1. There should be incentives, funding, and professional recognition for creating and
disseminating benchmarks and instrumentation tools. Journals should have a sec-
tion in which papers on such things as new workload-gathering tools could be pub-
lished.

6



2. Benchmarks need to be discarded periodically and replaced with new ones so that
we can avoid the problems of systems that are optimized to work well on particular
benchmarks.

3. We need better methodologies for building and understanding benchmarks. In par-
ticular we need scalable benchmarks that allow extrapolation from short runs to
larger systems and interpolation from long runs to intermediate points.

4. Reports on benchmarks need to be presented in enough detail to permit reproduction
by those skilled in the state of the art.

2.2 Industry-University Collaboration

The session on encouraging indiitry-university collaboration discussed what works and
what doesn't in encouraging university-industry collaboration and technology transfer,
and what changes would facilitate such collaboration. It also discussed the differences in
time frames for projects undertaken in industry and in academia.

The panel came up with suggestions of ways to improve collaboration:

1. The reward system of academia should reward technology transfer to industry and
take it into account when making promotion decisions.

2. The reward system in industry should encourage people from industry to spend time
working in academia with research groups. The duration of these visits should be
at least a year or two. Many attendees at the meeting felt that US companies did
not value university interaction as much as they should and that such visits were a
way to improve things and to enhance technology transfer.

3. Industry is more likely to use robust technology that has been stress tested in con-
ditions similar to that faced in industry. To encourage academics to carry through
their research to this stage, funding should be provided for hiring technical staff
members in universities whose job is to transform research prototypes into plausible
models for industry. In addition, funding is needed to support the prototypes (or
to transfer their support to an industrial organization).

The group felt that universities are the right place to do long term research, and
that since such projects are risky, the right source of funds for them is government agen-
cies. They recommendea that researchers structure their work to produce interesting and
demonstrable artifacts along the way to make sure that their results remain relevant in
spite of technological shifts. Such artifacts should be specified as milestones in planning
the research.

2.3 Experimental Methodology

The session on experimental methodology was charged with coming up with suggestions to
improve the quality of experimental work. The group classified research projects based on
whether the research goals were known or unknown when a project started, and whether
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the measurements to be taken were well understood. The categorization is useful because
it affects the experimental methodology. For example, the choice of benchmark is im-
portant for projects in which both the goals and the measurements are well-understood
(e.g., RISC architectures fall into this category), less important when the goals are well
understood but the measurements aren't (e.g., software engineering), and largely irrele-
vant when neither goals nor measurements are well understood (e.g., the Arpa net in the
early days).

The group came up with recommendations concerning funding, increasing the validity
of experimental results, and education.

1. Funding agencies should sponsor the development of good quality workloads for
different applications. Examples include workloads for integer and floating point in-
tensive computation, database, graphics, speech, and signal processing applications.
In addition to workloads, instrumentation tools should be developed, so that new
workloads can easily be generated as requirements change.

2. Create sections in journals, analogous to the Correspondence section in IEEE Trans-
actions on Computers, specifically for validating others' work. The importance of
articles in this section would be less than that of regular articles.

3. Reviews for funding agencies should include a specific category for work whose
primary purpose was to validate other work, so that the proposal would be reviewed
in the proper light.

4. Proposals to do experimental research should have detailed sections on the method-
ology and the criteria that would constitute success of the experiment.

5. This latter point should apply to the reviewing process as well. Empirical papers
submitted to conferences and journals should contain enough methodological details
so that the work is enabling to other researchers.

6. Create a collection of great examples of experimental research in each field of com-
puter science, in essence developing a paper role model for others' to follow. These
papers should be summarized in a survey paper and also compiled into book form.

7. A curriculum should be developed for a course in experimental methods and statis-
tics for computer science research, and offered in our departments.

2.4 Infrastructure and Funding

The session on infrastructure and funding focussed on how projects should be organized
to maximize results and what form funding should take. This group discussed various
forms of infrastructure including support staff, hardware, and software artifacts; such
infrastructure might be shared within a single large research group, among many groups
at a university, or even nationally.

This session came up with a proposal to fund a small number of broadly based research
institutes at universities. This proposal was an attempt to recreate the atmosphere (and
hopefully the productivity) of the big computer science labs (e.g., Project Mac). An
institute would receive a large amount of money with relatively little direction on how
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it would be spent; most likely it would span universities and would focus on work in a
particular area. Something like this has been tried in Canada. (This is the Canadian
Institute for Advanced Research.) An institute would free people from having to write
proposals so frequently; attendees felt that too much time was being consumed with this
activity. Also, it would free them to follow new paths. However, there was disagreement
about whether such an institute would be a good idea; some attendees believed that the
money would be wasted and that funding specific, more directed proposals (perhaps very
big ones) would be better.

A related proposal was to pair strong with weak institutions (for example, as part of
an institute). This might be a way of improving the quality of weaker institutions. Some
attendees felt that the CER grants had not been as effective as had been hoped (although
there have been some conspicuous successes), and that the adoption plan might work
better. There was broad agreement that the goal now is not to increase the number of
PhDs, but rather to increase their quality.

In addition, the panel proposed a number of other action items:

1. Funding of infrastructure is a good way to leverage good systems people (who are
a major scarce resource).

2. Funding of entry-level people is a good way of increasing the number of good ex-
perimentalists.

3. A variety of funding models is needed (e.g., big and small projects).

4. Competing proposals should be funded.

5. Funding agencies should be careful not to micro-manage research. A particular
concern was the current emphasis in some funding agencies on dividing up a project
area into subparts and assigning the subparts to individual institutions. This is not
a sensible approach to doing research, and is likely to be time consuming and to not
lead to a good result.

6. Care must be taken not to have standards stifle research. For example, Mach is a
good platform for applications being built today, but research is needed into the
platforms of tomorrow.

7. Care must be taken not to treat universities as development organizations.

2.5 Theory and Practice

The session on theory and practice discussed ways to increase the interaction between
researchers in these two areas. The group agreed that such interaction was useful: the-
oreticians benefit by discovering interesting problems to work on, and experimentalists
obtain useful "products" such as algorithms and impossibility results.

The group suggested a number of approaches for fostering interaction between theory
and practice:

1. The best paper from a systems conference should be presented at a theory con-
ference, in the hopes that it will trigger theoretical research. The dual proposal,
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presenting a top theory paper at a systems conference, generated interest but was
less clearly supported.

2. Ask funding agencies to support collaboration between theoreticians and practition-
ers. Proposals for joint work should be encouraged. Another possible organization
is to have theoreticians act as consultants on system projects.

3. Encourage teaching and use of engineering analysis in computer science. Engineering
analysis involves the careful use of approximations at each step. It can be contrasted
to the more common pattern for computer science theory, in which an initial large
approximation is made in creating the abstract model of a problem. Subsequent
analysis is precise and rigorous, but the problems that are important to practitioners
may be lost in the initial abstraction.

4. Identify good examples of fruitful interaction between theory and practice.

5. Encourage experimentalists to propose simple models that can be tractable for the-
oreticians. This can motivate theoreticians to work in an area as well as making
their results more relevant to practical problems.

6. Find ways to evaluate those whose work spans more than one area. University
promotion policies encourages researchers to do deep work in a single field. The
former Bell Labs ranking system is an intriguing contrast, although it isn't clear
how it could be applied in other settings. Until recently, all researchers in the
laboratory were ranked in a single list. This was accomplished by a sort of merge
sort: each line manager ranked her own people, then the lists were merged to give
a ranking for the next level in the hierarchy. Since each manager could be expected
to support her own people, moving ahead in the sort requires support from other
managers. Such a system strongly encourages interdisciplinary work.

2.6 Large-Scale Systems and Experimentation

The session on large-scale systems and experimentation was concerned with finding ways
to increase the effectiveness of research in this area. The group identified two reasons for
undertaking large-scale projects: the bigness itself may be the research, or a large-scale
system is needed to enable further research. They agreed that good systems people are
the scarcest resource and looked for ways to increase their numbers and enhance their
effectiveness.

The panel identified five important ways to attain leverage in large-scale systems
research.

1. Shared Infrastructure. Sharing a common infrastructure was identified as the most
important way to attain leverage; rather than building everything from the ground
up, systems should build on top off a common base. To effectively share infrastruc-
ture, subareas need to clearly identify what constitutes infrastructure and what is
really sharable. Mechanisms are needed to produce, distribute, and support this
shared infrastructure.
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2. Interfaces. Standard interfaces can be a source of tremendous leverage. Conversely,
standards can also unnecessarily constrain research, especially when they are im-
posed by the funding agencies. Subareas need to clearly identify which interfaces
make sense to standardize and which to leave unspecified.

3. To enhance sharing we need to make tools widely available. Such tools will be
more useful if they are parameterizable, e.g., a parallelizing compiler that allows
experimentation with optimization techniques.

4. Cooperation with Industry. Cooperating with industry, particularly in hardware
prototyping projects, is almost a necessity. Most universities, and even some in-
dustrial research labs, lack the resources and engineering expertise to develop large
complex systems. Identifying the limitations of university researchers and exploiting
the talents of industry is key to the success of large hardware projects.

5. Leverage off of Previous Work. Large-scale projects must build upon previous work
as much as possible, focusing their intellectual efforts and resources on the novel
aspects of their systems. This includes building upon both previous research projects
and commercial systems.

6. Raise Level of Abstraction Whenever Possible. Researchers should reduce the scale
of the research project by raising the level of abstraction whenever possible. For ex-
ample, the SPUR designers evaluated a large collection of instruction set extensions
using instruction-level simulations. Many of the possible extensions were eliminated
without considering the lower levels of abstraction (e.g., logic and circuit design).

They also identified the following problems: First, a way to evaluate people who
work on large collaborative projects is needed. Second, very often the infrastructure we
advocate sharing is the competitive advantage of the research group that developed it.
Mechanisms are needed to encourage and reward researchers for sharing and supporting
the infrastructure. Questions that need to be addressed are: How long should a group
have exclusive access? How can the funding agencies encourage and reward sharing? How
can universities encourage and reward sharing?
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A Detailed Description of the Workshop

A.1 Opening Session

Leader: Barbara Liskov, Scribe: David Gifford

The overall goal of the workshop is to identify probleiils and issues in experimental
computer science and to propose solutions. The outcome of the workshop will be a
report of recommendations to be published and to be provided to funding agencies. Some
questions we might address include:

"* What are good experimental results?

"* How can we do experimental research successfully?

"* Should we have more standards involvement (OSI, X/OPEN, etc.)?

"* How can we collaborate successfully?

"* What support is needed?

The morning session began with a panel that included Bob Taylor (DEC SRC), Anant
Agarwal (MIT), Rick Selby (USC), Susan Owicki (DEC SRC), and Paul Cohen (U. Mass
Amherst).

A.1.1 Bob Taylor

In reading over the workshop position papers Bob Taylor felt that during our discussions
we need to use with care words like science, experiment, design, and taste because they
are all important to quality.

Bob has been managing science for 30 years, including 13 years with Xerox and 7 years
at DEC. He has been involved in areas that include time-sharing, AI, workstations, laser
printing, and personal distributed computing. All of the work he has done can b- consid-
ered systems projects, but the projects have included both theoretical and experimental
components. From his point of view these projects have had an impact on the shape of
computing today, and although the shape of computing has changed dramatically over the
past several decades, he does not believe that university research has become dramatically
stronger.

Bob has one major principle for managing projects: always insist on a commitment
that the people in a computer system project will build what they design, and use what
they build on a daily basis. This principle is based on a belief that only through the
extensive use of an artifact do you truly understand the implications of your work. In his
laboratory all people use their experimental systems, from secretaries to scientists. This
level of commitment and use is a necessary precondition for technology transfer.
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A.1.2 Anant Agarwal

Anant Agarwal suggested that we can understand how to improve our practice of ex-
perimental computer science by examining experimental physics. He pointed out some
contrasts between experimental physicists and experimental computer scientists:

" Physicists build on each others' work, starting where the last left off. Computer
scientists repeat much of the foundational work, and thus have a harder time build-
ing up experimental projects. We need more discipline to reuse what others have
created.

" We do not replicate each others' results. A number of reasons might underlie this.
First, we may not care. Second, not enough credit is assigned to replication of work.

" We do not disseminate the tools of our work, in part because of the serious cost and
overhead, and in part because the tools built by a research group may represent
that group's competitive advantage - for example, a novel method for collecting
multiprocessor traces is a research contribution in its own right, but is aJso a tool that
enables further research. There is a cost to the immediate dissemination of a tool
that was constructed through great effort and that represents a group s competitive
advantage. Funding agencies should pay attention to this.

" Computer systems, like physics experiments, need substantial infrastructure, or the
infrastructure will be the experiment itself.

He concluded that funding agencies should "encourage" dissemination, and we need
better infrastructure, which can be helped with more funds and more sharing.

Discussion: David Cheriton cited the recent failures of physics as a reason not to hold
them up as a model, and Steve Squires cited the state of certain labs as a reason not
to hold physics up as an example. Hans Berliner said that physics would not be so
regular if all physicists had the ability to invent their own electrons. A discussion of the
dissemination of experimental prototypes in other sciences followed, and certain people
felt that in these other sciences it was easier to take advantage of others' work. Butler
Lampson did not know if it really was simpler - he wondered how easy it is to get the
second cell sorter or the second scanning electron microscope.

A.1.3 Rick Selby

Rick Selby observed that researchers construct software artifacts (including tools and
systems) that embody a set of software principles and key ideas. In the construction of
artifacts there is an inherent tradeoff between the advancement of knowledge and time
consuming engineering tasks. Artifact construction can be made easier by building on
the work of others. However, often there is a reluctance of researchers to use the artifacts
of others because of the amount of work required, monolithic design, poor robustness, or
lack of support. This leads to the unnecessary redevelopment of components, tools and
infrastructure.
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The empirical evaluation of artifacts is important to advance science. Artifacts help
to validate or refute techniques and theories, demonstrate quantitative advantages, and
provide insight into practical impact. Some of the issues involved in such empirical studies
include the high cost of setting up credible experiments, the lack of agreement on mea-
sures of central concepts (such as design flexibility or error-proneness), and the limited
replication of previous studies due to cost and view that replication is not at the forefront
of research.

Discussion: Satya pointed out that for effective reuse of artifacts they need to be robust,
and that funding agencies may want to explicitly allow for resources to be spent on
support. Others pointed out that using components in the style of DEC SRC might be
difficult when everyone is not in one building. Bob Taylor said that they have a link with
Paris that permits that remote lab to effectively use the components built at SRC. Rick
Selby suggested that labs should "support" the software they produce, and others said
that academic computer science projects have a hard time supporting exported software.
Rick Rashid pointed oilt that international distribution of software is not that difficult.
David Cheriton pointed out that export via industry when it happens is very effective, and
we should not overlook this path. Butler Lampson said that using external software as
a starting point for modification is a fine idea, but trying to depend on existing software
components as 'urn-key tools is a different matter. Anant Agarwal pointed out that
sometimes you get back more from your external distribution than y.ou put in. John
Hennessy said that a large infrastructure is necessary to support code, and graduate
students could not be forced to do this job. Bob Taylor suggested that universities could
support software if they established an appropriate organization.

A.1.4 Susan Owicki

Susan Owicki began by -bserving that performance measurement in experimental com-
puter systems has the goal of identifying techniques that can be used to give good per-
formance in subsequent systems. Performance measurement is more than a score on a
benchmark because one needs to understand the factors that determine the score. The
desire for understanding is motivated by the fact that the future matters more than the
present.

Measurement is difficult. A phenomena may be hard to observe, measurements may
perturb the system, there are too many indepe-dent users, and results from different
systems are hard to compare, largely because of the large number of independent variables.
However, measurement is difficult in real sciences too.

Computer science has an additional problem because technology changes so quickly
that results have a limited lifetime when they are relevant. Thus we need to either get
results fast or get results that last.

To get results as fast as possible we can rely on approximations, build and share tools,
and take advantage of our maturing disciplines. Approximations can be built up from
simulation and isolated experiments.

To get results that last we need to abstract away from technology. Thus counting
operations and not microseconds is the right idea.
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Discussion: John Hennessy pointed out that one can cheat with simulations, which is
a problem. Jon Bentley said that one can cheat in theory also. Satya said that it would
be nice if hardware provided better support for precise measurements. It was pointed
out that is also important to validate simulations, and to make sure they are valid in
the context in which the results are intended. Rick Rashid said that the Mach Kernel
debugger provides a large amount of performance information, and similar data could be
extracted from application program. Anant Agarwal pointed out that one can cheat with
real implementations as well as with simulations. Ed Lazowska said that more people get
misled than cheat, and it is important to have enough expertise in one group to properly
interpret and present results. Butler Lampson pointed out that both simulation and
implementation have their place. David Cheriton suggested that bogus papers have their
place also.

A.1.5 Paul Cohen

Paul Cohen presented a study of the papers in the AAAI-90 conference. He designed the
study to explore the methodology of research in AL. Of the 150 papers accepted from the
700 submitted, 89% described an example; 69% provided some analysis, proved theorems,
or provided complexity results; 42% described multiple trials; 30% demonstrated perfor-
mance, coverage, or compared performance; 16% probed results, unexpected results, or
negative results; and 17% gave hypotheses or predictions. This suggests that AI needs
more sophistication in its experimental methodology.

The goals of Al are to develop models and technology to support the design and
analysis of intelligent systems. Paul studied three subjects in AAAI-90 papers: the use of
models, the description of a system, and the presentation of an algorithm. 25 papers had
to do with models alone; 45 with both models and algorithms; 36 with algorithms alone; 1
with both models and systems; 4 with models, algorithms, and systems; 3 with algorithms
and systems; and 37 with systems alone. Model centered people look at problems such as
n-queens and constraint satisfaction. Systems centered people work on problems such as
path planning and inflection in speech.

Paul also discussed the recent workshop on AI Methodology. The workshop had
30 attendees, with wide-ranging backgrounds. A dozen position papers, four speakers,
and five working groups were presented. The working groups included generalization and
replication, comparing systems, evaluating systems that depend on knowledge, evaluating
integrated systems, and theoretical AL. The workshop came up with 13 recommendations
that will be published. For example, one recommendation is that Al researchers should
describe their goals, and not what they are doing.

The workshop was conducted with four pleas for methodology discussions: focus on
specific methodological questions, recognize that different research methods are appropri-
ate to particular research questions, postpone discussion action items such as "infiltrat-
ing" program committees in a session dedicated to that purpose; and acknowledge the
spectrum of coercion, but don't let it be paralyzing because people do want guidance.

Discussion: Paul stated that a model of research may have influenced the AAAI study
in favor of experimental work to some extent, but the questions were not strongly slanted.
Bill Dally said that people have focused on how to do research, but we also need to explore
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what to do research on. We need to judge ideas on combination of methodology and
significance. It was observed that in AI it is difficult to tell if results are correct.

An unpublished paper of relevance to the AI discussion is "The Experimental Study
of Machine Learning", by Pat Langley (langley@ptolemy.arc.nasa.gov) and Dennis Kibler
(kibler@ics.uci.edu).

The group agreed that although Paul's presentation concerned AI, the problems ex-
isted in other areas of computer science as well.

A.2 Research in Other Disciplines

Leader: Ed Lazowska, Scribe: David Gifford

This session consisted of two talks, one by an engineer, and one by a scientist, followed
by a discussion.

A.2.1 Experimental Engineering Research in Universities: Solid State and
IC Applications

Jim Plummer, Integrated Circuits Laboratory, Stanford University

Jim Plummer started by describing the goals of his laboratory. University IC labo-
ratories do not build 1.2 million transistor chips like the i486. Instead, they look farther
out to technology that will be needed in the next 20 to 25 years. It is difficult to actually
put a new technology into production, and thus it is done by industry.

One research area Jim's lab is exploring is reducing the line widths in IC processes
below what are thought to be the existing barriers of conventional devices. For example,
they are exploring GeSi transistors with very small base widths, but they are hard to
build. Their experimental program requires very advanced analytical techniques because
they work at the atomic level, and they also apply their skills to new areas, such as
micro-machining. They also make prototype chips out of new technologies, such as A/D
converters.

A second area they work in is manufacturing, and here they seek to understand how to
improve traditional processes. To this end they have actually constructed a new type of
process machinery that will perform many process steps on a single wafer. Many papers
are published on individual aspects of such a machine, but only one paper on the entire
machine has been published to date. They also explore how to achieve manufacturing
technology advances in areas such as ion implantation and isolation.

Their methodology for developing new technology for devices is based upon simulations
(equipment, process, and device level), followed by laboratory experiments (unit processes,
split lots, and complete flows). It may take 50-100 iterations to get a new technology to
work. They extensively use sophisticated simulation tools.

Jim's view on experiments vs. simulation vs. theory is as follows: (1) all experiments
measure something; (2) all theories are wrong if you push them far enough; (3) simulations
are only as good as the models on which they are based; and (4) adequate models for
simulators always arrive too late to simulate state-of-the-art research devices.

The publication of research results usually centers around small scale experiments that
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are easily understood by others (e.g. boron diffusion at 1100 degrees C in oxygen). Many
such results might be packaged together into a thesis (e.g. boron diffusion in silicon).
Complete system experimental results are rarer and usually less useful because they give
too few details to be reproduced (e.g. a complete BiCMOS process flow). Most people
believe the experimental data published in the field. However, interpretation of the results
is often debated.

The number of universities that can do experimental work is decreasing because of
the cost of facilities. At Stanford they have a 10,000 sq feet Class 100 facility that
can fabricate Si and GaAs. The original capital cost of the facility was $10-15M, with
an additional $10M for equipment. The operating costs of their facility total $2.85M
per year and break down as follows: supplies, $700K; permanent staff (12 technicians
and 2 supervisors), $700K; electricity $800K; building systems maintenance, $400K; and
equipment upgrades (they pay about 25% of the cost), $250K. Of these operating costs,
$1.65M is not covered by university overhead. Perhaps 10 faculty and 100 graduate
students are needed to support the facility.

One consequence of the high operating cost of their experimental facility is the sharing
of equipment and technical staff. They have discovered that many faculty find projects on
this scale inappropriate for university research. There is also a problem locating funding
for start-up costs for new faculty. They are also working with physicists who are using
semiconductor technology to build detectors for dark matter.

Time to graduation for experimental students is not necessarily longer than for theory
students if the problem is partitioned properly at the outset, and if research objectives
can be adjusted during the degree program.

Technology transfer is accomplished in part by having industry people on site. They
consciously choose things to work on that are far enough out that proprietary issues do
not hinder cooperation with industry.

A.2.2 Research in Methodologies in Scientific Disciplines

Jack Owicki, Molecular Devices

Jack Owicki works in an interdisciplinary area that includes chemistry, biology, and
physics. In his experience science is grubby, and much less elegant than undergraduate
science courses and the media suggest. When he is in the lab, he spends 50% of his time
debugging, 40% doing experiments that fail, and 10% doing worthwhile experiments.
Francis Crick stated the front lines of research are always in a fog.

In Jack's view, measurement is not the same as experimentation. Numbers without
interpretation is not science. Making measurements is relatively easy. Making precise
accurate measurements is harder. Knowing what you know and what you don't know
is the key. The hardest thing to do is making measurements that can be interpreted
unambiguously.

There are two broad kinds of experimental approaches: hypothesis testing and fishing
expeditions. Fishing expeditions gather information rather than test hypotheses. They
are useful because it is hard to formulate questions and hypotheses without data. At some
point one must return from the fishing expedition to integrate the data with a thesis.

An experiment that seeks to test a hypothesis must be designed such that the hypoth-
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esis is falsifiable. The experiment must be able to disprove the hypothesis. A hypothesis
can never be proved, just disproved. This is because there are always alternative expla-
nations.

Model systems are useful for experimental work because they simplify reality when it
is too complicated. They retain the most important features of reality (you hope), and
they discard non-essential features (you hope). Model systems are at the center of the
classic reductionist approach to biology. Model systems create a tension between scope
and fidelity (perhaps like AI issue of coverage vs. accuracy).

Standards in scientific experimental work are of a different nature than standards in
experimental computer systems. Analogues of system-performance benchmarks are not
common. Science focuses on standardization to study phenomenon in standard settings,
such as using standard genetically homogeneous organisms (E. coli) that are publicly
available. However, standards can be constricting at times. For example, all human
toxicology experiments must be done on rodents.

Reported data from experiments are widely accepted, but the interpretation that
is placed on such data is subject to debate. Replication of experiments is enabled by
including all relevant details in experimental publications. Replication permits others
to confirm reported results and to build on a reported result. A publication should be
enabling "to a practitioner skilled in the art". Replication can be inhibited if the apparatus
is extremely expensive (perhaps $100M) or if a unique organism is involved. In the case
of unique organisms, the principle is that they should be made available by the original
experimenter to interested parties.

The style of research differs from scientific discipline to discipline. For example, physics
seeks depth, uses theory extensively, and is based upon extensive collaboration because
of the expensive equipment involved. Papers with 50 authors can be found, and peer
review panels must allocate time on the most expensive equipment. By way of contrast,
biology is not as aesthetic as physics. Biology can not always use Occam's razor because
evolution did not always produce the simplest solution to biological problems. Analytical
chemistry is concerned with measurements, and scientists develop measurement tools. In
paleontology it is too late for direct experiments, and thus one must do imaginative anal-
yses on the few data that are available. Small research groups result, and personnel costs
dominate. In cell biology one must deal with biological complexity, and interpretations
are confounded by complexity. One result is that typically many papers are required to
establish an important point. Cell biology has an increasing bend toward a quantitative
instrument-oriented approach. Industry-academic ties are evolving in cell biology.

In sum, no field is broadly similar to computer science, but there are limited analogies
in various areas. Perhaps there are stronger analogies between experimental computer
systems and older engineering disciplines. Regardless of the discipline, interpreting data
is the centerpiece of the scientific enterprise.

A.2.3 Discussion:

Bob Taylor suggested that computer science might be more like mathematics, in that it is
a synthetic discipline. Even though we try to understand what our artifacts are good for,
it is not science. Jack Owicki pointed out that both science and computer science need to
lead to new understandings and thus they are similar in important ways. Furthermore,
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hypothesis testing has a higher value than fishing expeditions, but at times it is hard to
tell what you are doing.

In response to a question Jim Plummer said that access to equipment in his discipline
is really only limited by finances because they use nonstandardized tools.

Ed Lazowska suggested that postdoctoral positions are an essential part of scientific
maturation. Jack Owicki felt that the presence of postdocs in science was primarily a
matter of supply and demand. Jim Plummer noted that Stanford has a new six year long
terminal position (Assistant Professor of Research) that is meant to create a new kind of
postgraduate career.

Bill Dally asked about how consensus is reached on the importance of topics. Jim
Plummer said that there was no well accepted mechanism, but there is agreement on
certain areas.

In response to a question, Jack Owicki said that the organisms studied by a biologist
are self-selected. The acceptance of an organism is determined by the excitement that
the papers describing it creates.

Rick Rashid asked if there was any problem getting access to tools that are present
in industry but not in academia. Jim Plummer noted that students want to vary more
parameters than industry, and thus their use of tools is rarely compatible with industry
conventions.

A.3 Case Studies I

Leader: Marc Raibert, Scribe: Anoop Gupta

The goal of the case studies session was to get a flavor of different styles of experimental
research being conducted, for example, to get a feeling for how it varies in different
subareas of computer science.

A.3.1 Richard Anderson

Richard claimed to be the "token theorist" at the meeting and the focus of his talk was on
Experimental Theory. He described his own interests as being in implementation of paral-
lel algorithms, with the goal of narrowing the gap between theory and practice of parallel
computation. His approach has been to take interesting parallel algorithms, implement
them on multiprocessors (he has been concentrating on shared-memory multiprocessors),
do performance measurements and analysis (understanding why theoretical predictions
and observed results do not match), develop abstract models that more closely match real
parallel hardware, and finally, further explore new theoretical issues raised by all of the
above .

Regarding experimental style, Richard said that most projects in his group were small-
scale experiments. Projects were generally quite independent and done by a single re-
searcher. A typical project may be "Is it possible to implement this neat theoretical idea
in practice without the overheads being too large?" or "How does the following class of
algorithms perform on real machines?". Mentioning some of the issues that arise in this
style of research, he said that while it was very important to have good quality input
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data sets for evaluating the performance of algorithms (especially for combinatorial algo-
rithms), it was very difficult to get people excited about doing so since it is unglamorous.
(I think this experience is shared by many of us in computer systems who are working on
parallel processing.) He also mentioned that in this style of research it was also very im-
portant to have highly optimized sequential algorithms available, to evaluate the benefits
of parallelism.

In terms of resource requirements, the key points were the following. It is very impor-
tant to have access to state-of-the-art multiprocessors, since otherwise the results are not
interesting. However, the hardware is needed for short periods of time to run the experi-
ments, the implication being that the hardware can easily be shared with other research
groups. Another point he stressed was the need for good measurement facilities on mul-
tiprocessors, for example, having a fine resolution timer on each of the processors. Many
multiprocessors currently do not provide this. Finally, he stressed the importance and
value of having knowledgeable colleagues, who understand the idiosyncrasies of the system
software and hardware and can help in explaining system specific anomalous behavior.

Finally, Richard talked about the 1990-91 DIMACS implementation challenge. This
was a year-long effort that culminated in a workshop from October 14-16, in which a
group of 60 people participated. The goal was to implement network flow algorithms on
a variety of multiprocessors. The workshop made it possible for researchers to focus on a
small fixed set of problems, work with common input formats and data sets, implement
lots of ideas that had been around and to compare codes, and was apparently quite
successful. It will probably become an annual theory event, except that they are having
difficulty getting someone to organize it for this year.

Discussion: Leo Guibas asked what was the outcome of the workshop. Richard an-
swered that they found out what approaches were good and bad, and also what techniques
worked on what classes of machines.

Jon Bentley pointed out that theoretical results may be quite different from experi-
mental results. Richard concurred, and said that there were quite a few surprises from
their implementations. He added that worst case analysis is really not very useful for
evaluating the practical utility of algorithms. Richard also added that there will be a
technical report published about the DIMACS workshop, that should be available soon.'

Barbara Liskov asked about the topics they were considering for the next workshop.
Richard answered they were thinking about NP-complete optimization problems.

Dave Patterson asked what do other theorists think of experimental work and this
type of workshop. Richard said it was somewhat difficult publishing such experimental
work, but theoreticians were, in general, interested in it. They also look at it as a source of
interesting new problems, for example, new and more realistic models of parallel machines.

A.3.2 Hans Berliner

Hans talked about the HiTech chess machine. HiTech was the highest ranked chess ma-
chine between 1985 and 1988, and the three things that were key to HiTech's success

'D. S. Johnson and C. C. McGeoch, editors. "DIMACS Implementation Challenge Workshop: Algo-
rithms for Network Flows and Matching," DIMACS Technical Report 92-4, January 1992.
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were: (i) its VLSI move generator, (ii) a complex evaluation function based on hardware
pattern recognition, and (iii) improvements in the search technology.

Hans said that, unlike most other projects, HiTech was not a funded project at the
start. It started with a new idea for a move generator from one of his theory students.
At the same time Carl Ebeling, who was a hardware systems student, was looking for a
chip-design project for his Area Qualifying examination. Hans put them together, and
that is how the project was born. They greatly underestimated the amount of work that
was needed to build the machine, but in 1985 the machine turned over. It could do search
almost 500 times faster than any other program at that time, and that qualitatively
changed the performance levels that could be reached. After HiTech started doing well
in tournaments, it was finally put on a DARPA contract, but as research in "Massively
Parallel Search" rather than on a chess machine..

As already stated, building of HiTech required a lot of work. Hans had several of his
other students spend about 15% of time working on HiTech, there were several staff in the
hardware lab who contributed time, and Carl put in an enormous amount of time. One
of Hans' disappointments was that despite all this effort only one student got his Ph.D.
out of HiTech.

Hans also described his "Ah Ha!" theory of what keeps researchers going. The theory
is that you need an "Ah Ha!", or an exciting new insight, every year or two to keep
you motivated and working hard. He described the theory using an anecdote about how
the pattern recognizer for HiTech came into being. The realization that HiTech was
losing against Master level players because of the lack of a pattern recognizer came over a
weekend, by the following Tuesday Hans had worked out details of how such a recognizer
could be incorporated into HiTech, and within 3 weeks Carl had built and put that
hardware into the machine. The following week HiTech won most of its games against
Master level players.

Discussion: There was some discussion regarding whether the HiTech work was science
or engineering, but there was no clear resolution.

Pat Langley stated that the problem with chess is that there is too much focus on
the end results (the game was won or lost), and that it appeared that no systematic
experiments had been conducted to understand the strengths and weaknesses of HiTech.
In that sense, HiTech was poor science, since what is important is that it works, but not
why it works.

Berliner replied that they did do a limited set of experiments where they made a
version of HiTecn with limited knowledge play against the regular HiTech. He added that
they would probably have done more experiments had more money been available. On
the whole he was not sure if such studies would have contributed too much to knowledge.

Ed Lazowska added that an important product of the HiTech project was Carl Ebel-
ing's thesis, and its focus was experimental VLSI design. Carl did explore various archi-
tectural tradeoffs and that was indeed a major contribution for which he got the ACM
doctoral dissertation award.

Leo Guibas asked whether there were lessons from HiTech that were applicable to
other areas. Hans said that HiTech showed that doing pattern matching using parallel
hardware can be very effective, and this idea should probably be applicable to vision
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research.

A.3.3 David Cheriton

Cheriton's talk focused on the general strategy and philosophy with which he ran the
V-System project. The V-System was never a specific research goal but a collection of
software modules that were developed over the course of exploring a number of research
issues, and exploited as a "vehicle" for on-going research. A key point was that a sub-
stantial research vehicle of this nature is required to be able to explore systems issues
experimentally outside of the limitations of conventional systems. Students were gen-
erally initiated into the overall project with an initial small-scale project which focused
on pushing them once through the full research cycle: build, extract results, write up,
and publish/present. The objective was to establish a strong culture of results, not just
hacking. The cycle generally meant that students burned in, or burned out. The research
activities within the group were regarded as rather individual or student plus advisor ac-
tivities, described as trying for a "stable marriage" between student and advisor, rather
than a "group grope." In this vein, another part of the "culture" was to stress indepen-
dent research, with acknowledgements to minor contributors, rather than group activities
leading to long lists of authors on papers.

The actual definition of research activities evolved significantly over the course of the
work, using what Cheriton called the "Frying Pan" approach. You attempt to build
something and the computer system hits you over the head with a frying pan bringing
a new problem or issue to your attention. You are then inclined to address the area of
greatest pain, especially when attempting to use what you build.

Cheriton described how V had continued over a period of ten years, across 5 different
research contracts, producing over 9 Ph.D. students with numerous Masters and under-
graduate students participating as well. (In fact, V was derived from earlier work on
Thoth and Verex, dating back further.) The key piece was the experimental software sys-
tem th. brought problems to their attention and allowed them to tackle problems better
than within a conventional systems framework, and faster than starting afresh after each
contract.

Cheriton closed by describing his problems with providing a pioneering environment
for research without making it too tough for students, and raised the question of bal-
ance between managing students and giving them free rein. The objective is to produce
students who are independent researchers, but the principal investigator is a manager
of a research contract and project, and needs to make progress. No easy answers were
forthcoming.

A.3.4 M. Satyanarayanan

Satya talked about his experience with two distributed file system projects that he has
led, the Andrew file system (AFS) and the CODA file system. The AFS was done by a
team of 6 staff people (all with Ph.D.s) and CODA was done by a group of 6 graduate
students. Satya decided to focus on the differences that he observed working with staff
versus working with students. He made the following four observations about graduate
students:
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" Staff appreciate simplicity, while students are afraid of simplicity. Satya said that
the biggest fear that a graduate student has is that somebody will say that his/her
idea is simple, indirectly thinking that if it is simple, then it must not have required
any deep thought or insight. He noted that staff, on the other hand, through their
experience had learned the value of simplicity.

" Search better then re-search. Satya noted that it is very difficult to get graduate
students to pursue ideas that are only subtly different from those that have existed
before. A consequence can be that existing ideas may not get refined, or sometimes
major weaknesses may be overlooked because nobody pursues them critically and
in depth after they have been published. Satya partly attributed this problem to
the fact that it is difficult to publish such work, and to get a Ph.D. for such work.
Staff on the other hand, often do not have such concerns.

"* Territorialism. Satya noted that students like to have their territory (the part of
the problem that they are to solve) clearly defined and are resistant to anybody
crossing into their territory and similarly do not cross into other students' territory.
There are several difficulties, however. First, it is a difficult problem for the advisor,
because as research progresses, areas that may have appeared quite separate earlier
may not be as well separated. When this happens, which of the two students should
continue on, and which one should change his/her thesis topic midstream? The
students are also less willing to help out in areas that do not directly fall under
their territory. Satya added that, in contrast, the loyalty of the staff is usually to
the project as a whole, so such territorialism is less common.

"* Academic distraction. He said that both faculty and students suffer from this.
Basically, he believed that students and faculty were only half as productive as staff.
The reason is that faculty have to teach and have numerous other responsibilities
that take up their time, and students often spend considerable time taking classes
and qualifying exams. A consequence is that, when working with students, one must
select goals that are further into the future, which often means that the goals are
less well defined.

Discussion: Brian Bershad referred to territorialism in inter-university research envi-
ronments. Satya said that there the problem was even more serious. He said that the
situation was not as simple as in Electrical Engineering, where things could be neatly
split into searable tasks (presumably referring to Jim Plummer's talk in the morning.)

Bill Dally noted that in his experience he had found the students to be a lot more
productive than the staff. The point was made that Satya was talking about a very special
kind of staff that all had Ph.D.s, and that may have been the difference. Satya noted
that the kind of staff he was talking about is comparable to what one would have if the
research was being conducted in a good industrial research lab.

Back to the issue of territorialism, the question was raised if it was a problem if two
students had common stuff in their theses. Satya said that in his experience it is not
a problem as long as the overlap is small. The problem arises when down the pike one
realizes that the theses will really overlap a lot. In these situations, there is no problem
with staff, but it does become a problem with students.
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Mendel Rosenblum wondered to what extent did the quality of the final thesis de-
pended on a student's ability and to what extent Oid it depend on the portion of the work
the student was (pseudo) randomly assigned at the beginning of the project. Both Dave
Patterson and Randy Katz said that in their experience the student's ability was the key
factor.

Rick Rashid said that he actively discouraged territorialism by actively encouraging
students to look into each others code. David Cheriton disagreed saying that it was
dangerous to have three students working on a topic if there was not enough stuff for
three dissertations. Hans Berliner concurred with Cheriton.

John Hennessy brought up the problem of "skimming the cream". For example, one
student may spend a lot of time building the base compiler (infrastructure) to try out
new algorithms for compilation. Another student may totally bypass building the in-
frastructure, and may hand execute his novel algorithm on a few test cases and get the
first publication. Worse yet, he may use the infrastructure developed by the first student
to test his ideas, while the first student spends his time supporting that infrastructure.
Satya added that the skimming phenomenon is a real problem in his experience too.

Bob Taylor asked if joint Ph.D. thesis were allowed for joint work. Eric Grimson said
he had seen a few such Master's theses at MIT, but it was not common. He did not know
of any such Ph.D. theses.

A.3.5 Hank Levy

Hank said that he would not talk about a single specific project, but rather about the
general approach to experimental systems research that has been followed at the TUniver-
sity of Washington. Referring back to some of the earlier discussions during the day, he
noted that one way to minimize productivity is to create an environment where everyone
gets credit for only and exactly what they do. He said that they have strived to avoid
such an approach at Washington and that joint work, both between faculty and between
students, is strongly encouraged in their environment.

Regarding the environment, he said that the key ingredients that make it special are:
(i) interaction between faculty; (ii) working and collegial relationship between students
and faculty; (iii) professional staff to maintain a smooth running computing environment;
(iv) strong industrial ties (Hank specially cited their relationship with DEC-SRC); and
finally (v) an interesting equipment base (Hank cited the Sequent, Firefly, Intel cube,
and the Topaz operating system) because he said you can't do interesting research on old
equipment.

Hank then went on to describe the family tree of software systems that they have
developed at UW. These included Eden, Emerald, Presto, Amber, LRPC, FastThreads,
Scheduler Activations, etc, which he said had had a large impact on the community. He
said the key to their high productivity was that each system was based upon or extended
something that they had done earlier. There was lots of sharing and building upon
previous work and there were a large number of students that were working on related
topics and that interacted with each other.

He next went on to talk about how the nodes in the family tree came to be. The
sequence was the following. Choose a problem or an idea. Design a solution or proof of
concept. Choose the most efficient implementation path to demonstrate that. (He noted
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that students most often want to take the least efficient path to demonstrate the concept.)
Then measure, analyze, rethink, and repeat until satisfied with results. He said that the
product is NOT the system, but rather is the research, that is, the ideas, the papers, and
the students.

Discussion: Dave Patterson asked how technology transfer happened in the above
model. Hank replied that it occurred mostly through papers. They had had moder-
ate success rate in transfer of code, but they had had very high success rate in transfer
of ideas.

Mark Weiser noted that Cheriton works/lives on the systems that he builds (e.g., the
V system) while the Washington people don't do that, and yet both have made substantial
contributions to the field. In some sense, both models appear to work.

The discussion moved back to multiple faculty and students working together, and
Hank noted that he has almost no single author papers, he does not believe in them, and
he hopes that he never has to write one that way.

Hank then went on to talk about the importance of having a short time to prototype.
The basic idea is that if there is some idea with a moderate chance of success, then if it
can be tested in a day it is highly interesting, if it is going to take 6 nonths it is probably
still interesting, but if it is going to take 3 years it is probably no longer i-teresting. So
the possible impact of the idea must be carefully balanced ;, ;ainst the time it will take to
prove or disprove it.

Randy Katz asked Hank if collabor-tive wor, -ad ha~iipered his promotions. Hank
replied that he thought that it had actually hcrcrfited him. Ed Lazowska said the key
thing is to see if the person haw bad an impact. Rick Rashid added that coauthorship is
perfectly fine and that most of hs p p-rs are that way too. Butler Lampson said that if
two people can work together and produce output comparabc: to three, then collaboration
is obviously the right thing. John Hennessy said that deans and administrative people
do worry about such thi'-s sc we oughc to be careful about it. Many of the untenured
faculty in the groF, listened without getting a clear picture from the senior faculty.

A.4 Case Stuuies II

Leader: John TIennessy, Scribe: Ed Lazowska
This session was devoted to a discussion of the Berkeley SPUR (Symbolic Processing

TJsing RISCs) project. The participants were two of the PIs (Randy Katz and Dave
Patterson), and three project graduate students who are now faculty members elsewhere
(Susan Eggers, Jim Larus, and David Wood).

The Berkeley antecedents of the SPUR project were RISC-I, RISC-II, and SOAR.
When the project began, RISCs had been demonstrated as chips but not as whole sys-
tems. The goals of the project were to construct a system in which C, Lisp, and multipro-
cessing were all first class citizens, to demonstrate that a university could build a complex
hardware/software system, to produce a substantial number of well trained Ph.D.s, and
to place personal multiprocessors in the hands of parallel program writers.

The project achieved all but the final goal. SPUR had 3 years of DARPA funding
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at roughly $1M/year beginning in 1985. (One year of effort preceded this funding.)
Prototypes were booted in 1988. The system involved a shared-memory multiprocessor
with 3 custom VLSI chips, the Sprite operating system, the Lisp system, 9 Ph.D. students
to academia (3 of whom received NSF Presidential Young Investigator awards), and 8
Ph.D. students to industrial research. A wide variety of research was accomplished. By
almost any measure, the project must be judged an outstanding success. It was not,
however, a "home run": interest in Lisp waned, and RISCs and multiprocessors became
commercial successes on their own merits during the course of the project.

At the workshop, the SPUR faculty and students presented a detailed and balanced
view of the pros and cons of a project of this scale. Key positive aspects included:

e The integrated effort involving CAD, VLSI, architecture, operating systems, and
compilers was viewed as a huge plus. Project members understand "systems" rather
than isolated components.

* The project allowed convincing proof-of-concept implementations in areas such as
the cache coherence protocol and in-cache address translation, and a better under-
standing of the overall design than would have been possible via functional analyses.

* The project contributed greatly to Berkeley's general abilities in systems areas - to
a sort of "intellectual infrastructure."

* Professional benefits to the students included wide exposure, having their personal
reputations enhanced by the reputation of the project, and most particularly, the
project retreats. These retreats, held twice per year, had as many as 40 participants
(including industrial affiliates). They provided a deadline, a source of external
review, the insertion of new ideas, technology transfer, team spirit, and a forcing
function for project interactions.

Suggestions for improvement were made with the acknowledgement that the project
was highly successful, and that 20/20 hindsight is a huge advantage. These suggestions
included:

" The students felt they spent between 1 and 2.5 years more in their Ph.D. programs
than "necessary", because completion of the overall project was a goal that they
embraced. The faculty were unsure of the accuracy of these estimates given that
systems students at many other institutions who are not involved in such projects
take z iong or longer; the "time in program" of the three students was 6.5 to 7
years, which is not an inordinately large amount of time in graduate school judged
by national standards. In any event, the students acknowledged that much of what
they perceived of as "extra time" had a positive payoff professionally. The tension
between individual and group goals was acknowledged as a difficult one to resolve.

" In this arena, the important role of professional staff was mentioned. Professional
staff provide continuity, may have specific skills that student lack, free the students
to concentrate on research (although it was emphasized that students must learn
by doing), and suffer less from the personal/group tension.

" It was felt that the project headed towards a specific design point, without enough
emphasis on the ability to investigate multiple alternative designs along the way.
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* If "ideas" rather than "systems" had been the deliverables of the project, then it
would have been possible to sacrifice speed for rapid development time (e.g., the
Firefly) or for flexibility.

It was emphasized that the culture at Berkeley rewards collaborative research. Disin-
centives for this were cited by others throughout the workshop.

One key point of discussion was the choice to see the project through to completion,
even though external factors made it clear that the eventual system would not be compet-
itive. This was acknowledged by all to be a tough call. Patterson said he wished he had
"the courage to change direction when commercial RISCs became available." Reasons for
seeing the system through to completion included "engineering ethic," keeping promises
to students, and fear of a conflict of interest since he was a consultant on SPARC, which
would have been a likely candidate. And the completed system did enable a variety of
good research, e.g., Wood's thesis.

A second key point of discussion was the fact that Berkeley graduates are not yet fol-
lowing in their advisors' footsteps in terms of the scale of experimental research that they
are conducting. The SPUR graduates are clearly an "experimental" group who under-
stand systems well. They expressed a desire to scale up their experimental efforts over the
years, although all seemed leery of something on a scale as large as SPUR. It appears that
the two factors currently inhibiting this scale-up are, first, relative lack of a Berkeley-style
experimental culture, infrastructure, and funding at some of the departments to which
they have moved - something that surely will change with time - and second, simply
youth - "my ideas aren't that big yet."

A.5 Simulation vs. Experimentation

Leader: John Hennessy, Scribe: Brian Bershad

Doug Clark gave a talk about the role of simulation in computer architecture research.
His main point was that simulation should be considered the primary tool with which
one evaluates a design, and that the hardware should only be built as a last resort.
Simulation allows the designer to find bugs in the design (design "falsification," as opposed
to verification), to iteratively improve system performance, to attack a hardware problem
in software while still obtaining a "prototypical" result, to filter out bad ideas before they
get to silicon, and even to avoid a hardware implementation altogether. The argument
here is: if all you are doing is research, then the only difference between a detailed
simulation and a real system is the speed with which the two systems are able to execute
code. In fact, when looking at cumulative "instruction counts," it may often be the case
that one can simulate enough instructions to verify a system's design in the time that it
takes a piece of hardware to return from the fab lab.

There has been a substantial increase in the number of papers over the last 15 years
that have used simulation to validate design. In the 70s, most architecture papers de-
scribed new "ideas" for hardware design. In the 80s, however, most of those new ideas
papers also included simulations demonstrating (as best as they could) that the new ideas
had some performance merit. For example, over 600 papers have appeared in ISCA from
1974 to 1991. In 1975, fewer than 1 percent used simulation. In 1990, almost 70 percent
used simulation. In contrast, older papers had more real hardware.
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Simulations have some advantages over real pieces of hardware which make them more
attractive. First, they're cheap. An off-the-shelf processor can be used to simulate any
arbitrary piece of custom silicon. Second, (and in a related vein), simulations run on
standard hardware. Moreover, hardware speed is increasing so simulations can grow in
complexity. Third, unlike hardware, it is easy to make a copy of a simulation. This allows
you to run many instances at once, increasing the sample size of the benchmark suite
being examined. Also, you can send copies to your friends, allowing them to replicate and
verify your results. Fourth, it is relatively easy to fix design bugs in a simulation. Lastly,
in a simulation, it is possible to measure ANY aspect of the system being simulated (more
accurately, you can measure any part of the simulation; you can not generally measure
anything in the system that is beneath the lowest level of the simulation.)

With simulation, you have the results soon, but not faster. This echoes a comment
made earlier by Wood from Wisconsin that it is often better, in a research project, to
sacrifice speed for flexibility and turnaround time.

Once hardware is designed, it is possible to begin simulating the system. It may be
possible to get in enough cycles with the simulation long before you get the hardware
built. The assumption here is that fabrication takes a lot of time. If only instruction
count matters, this is true. Otherwise, most of the time goes into design of the low level
simulator to be sure that things work. The fab time is low.

However, simulations have shortcomings. They just aren't fast enough. They don't
convince the end users that your architecture is usable and useful and reasonable. Veri-
fying the potential design requires building. We are always on the edge of what we can
reasonably simulate because whatever we just built is what we are using to simulate what
we want to build next, which is always more complicated than what we are running on
now. A second aspect to the speed problem is that it may cause designers to run work-
loads which are not large enough (or long-running enough) to adequately evaluate the
system. For instruction level simulators, the speed argument is becoming less valid. Ma-
chine emulation can be done with a slowdown of 2x. The compiler and operating system
design for the mips, for example, was all done on the vax.

A simulation may not be accurate enough. Aspects of the design may be left out
out, for example, performance aspects that might be important but which, from the
standpoint of the model, do not appear to be important. Your simulator could just be
broken. Simulator verification is a hard problem. It all falls down to having faith in
models and implementation. Validation is based on "lots of sweat."

Simulation forces you to be overly conservative. Simulation alone forces you to avoid
the leading edge because you only stay with well understood underlying technology.

Simulation alone allows you to push off, and ignore forever, nasty physical problems. In
*the academic world, this may result in overaggressive designs, which end up assuming that
since industry can do something, then an academic project can do it. This is dangerous
because industry may have to also do things that slow down performance to increase yield
or reliability, for example. To assume all of the good things and not the bad ones is unfair
and misleading.

The only really moral approach is to pretend that you are going to build the whole
thing.

The question of when to build and when to simulate is the WRONG question because
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we must always simulate. A better question is when must we build?

For non-research goals, building is essential. These goals include: making money from
a new hardware widget (you can only earn from what you sell, and few people want to run
their programs on simulators); technology transfer (industry is not yet "savvy" enough
to buy a design which has only been verified by a simulator); and grad student training
(someone has to learn how to build boards).

For research projects, the process of fabrication does several things:

"* it validates your design process. Did your simulator "work?"

"* you build yourself an extremely fast simulator. After you've built it, it's not a final
machine. It's actually a simulator in its own right IF you've built it correctly because
you are able to tweak parameters and simulate in real time. This is a critical reason
to BUILD!!!! Fast simulation of new ideas.

"* With hardware, you have a real stimulus to get people to write code for your ma-
chine. Again, the issue is performance. You are never going to have a simulator for
a machine that runs faster than the machine which you are running.

A.6 Breakout Session on Benchmarking, Measuring and Com-
paring

Leader: M. Satyanarayanan, Scribe: Brian Bershad

This session was structured as follows: we passed the token around the room and each
person made a brief statement about what they felt was an appropriate (or inappropriate)
aspect of benchmarking. From these statements (which sometimes amounted to more than
one per person), a set of 4 key recommendations and three "warnings" were developed.

A.6.1 Key Recommendations

1. Rewards. There should be incentives and professional recognition for creating and
disseminating benchmarks. This involves: 1) recognition that generating good
benchmarks is a hard problem; 2) funding for the creation and distribution of
benchmarks; and 3) academic recognition in the form of publication avenues for
benchmark material.

2. Old benchmarks should fade away. Benchmarks, like forms of government, should be
periodically thrown away and replaced with new ones. This ensures that "bench-
mark resistant" strains of systems cannot be built, or if they are built, will only
remain superior for a short period of time.

3. We need better (any) methodologies for building and understanding benchmarks.
The benchmark runners should be more familiar with statistics and sample interpre-
tation. The benchmark builders must become more familiar with designing scalable
benchmarks; that is, benchmarks for which short runs allow extrapolation to larger
systems, and long runs allow interpolation at intermediate points. If benchmarks
are to be used to evaluate hypothetical systems, then it must be possible to use
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existing systems (with their limited computing power) to evaluate the performance
of systems which have not yet been built. Scalable benchmarks are the only way to
do this.

4. Remember the scientific method. Reports on benchmark runs should be presented in
adequate detail for reproduction by "those skilled in the state of the art." This means
that we need to be more accurate about describing our experimental environment.

A.6.2 Warnings

In addition to these major suggestions, three "warnings" about interpreting benchmarks
arose:

9 Don't cheat on benchmarks and be aware of those who do.

* Make sure that the benchmark environment is reproducible.

• Insignificant deltas in benchmark results SHOULD BE IGNORED. People need
to understand that there is a "meaninglessness threshold" beneath which nothing
matters.

A.6.3 Discussion:

What follows are the detailed points that led to these recommendations and warnings.

1. There are inadequate file system benchmarks.

The lack of good (any) file system benchmarks necessitates that the file system re-
searcher creates their own. This is both a pain and likely only to represent the biases and
expectations of the individual who created them.

Unlike many systems, perhaps benchmarks should only be created by committee, to
ensure that several different perspectives are represented.

2. It is difficult to determine what a benchmark really captures.

Often, the creator of the benchmark may not be aware that the benchmark is actually
measuring some obscure system detail (example: file system lookup performance which
can be influenced by the size of the password file).

3. Systems are sometimes rigged to do well on a specific benchmark. (This is related
to point 2).

Rashid relayed the story of a comparison between Ultrix and Mach in which one
particular Ultrix benchmark performed hundreds of times better than the same benchmark
under Mach. On looking at the benchmark, Rashid discovered that it was creating and
deleting a zero length file. Under Mach, this would require several disk accesses. Under
Ultrix, however, the test required no accesses because Ultrix had been "optimized" to
recognize the case and do nothing.

The benchmark was SUPPOSED to measure some aspect of file system performance
(exactly what aspect is not entirely clear because people rarely create and then delete
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zero length files), but in fact only ended up measuring a certain short path through the
kernel. Ultrix was cheating.

4. Benchmarks should be thrown away periodically. Old beL'chmarks should be re-
placed with new benchmarks on a periodic basis to ensure that systems don't become
"benchmark resistant." This way peculiarities and anomalies in benchmarks don't end up
influencing system design for too long.

Doug Clark drew an analogy with forms of government: no matter what it is, it should
be replaced every 99 years to rid the system of those who have figured out how to corrupt
it.

5. There needs to be a set of mechanisms in place for publicizing and disseminating
information about, and the actual, benchmarks.

There is no doubt that there are a large number of file system stress applications,
parallel programs, etc, out there in the community. There is unfortunately no adequate
way of distributing these benchmarks. Calls for programs often appear on the comp.*
newsgroups, but these are haphazard.

As there are today with the RFPs, there should be a central (or set of central) FTP
repositories with interesting programs for people to use.

6. There needs to be a hierarchy of benchmarks.

7. Problems need to be ranked.

8. Someone needs to provide a comprehensive suite of benchmarks for comparison.

A system which does "well" on a hard benchmark ought to be expected to do even
better on an "easier" one. This was some disagreement what exactly this hierarchy
entailed, or even if it could exist.

9. Someone has to deal with the preservation and maintenance of benchmarks.

Marketing forces imply that this "somebody" has to be from the academic side of
things; more specifically, they can not be from industry because of the conflict of interests
that this would create.

Presently, there is the PERFECT club from Illinois, but the people there have discov-
ered that this is f-.r too expensive and time consuming to maintain.

SPECmarks, which is not an industrial effort, currently requires a small fee from
coimmercial vendors to be included, plus the devotion of one full time engineer.

To get it right, benchmark technology should be a specifically FUNDED effort, much
as some of the technology transfer work (distributing software developed in a university)
is being funded.

10. We need to make a distinction between BENCHMARKS and WORKLOADS. A
benchmark is used to compare different systems according to some scalar number (e.g.,
this system is BETTER than that system because it has a higher SPECmark).

WORKLOADS are used to evaluate a given system in an attempt to tune the system.

11. As much as possible, there should be a standardized trace format. All of the
comments from this discussion should therefore apply to traces.

We should be willing to consider TRACES as a flavor of a benchmark.
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There has been some standardization of traces in the architecture community; there's
just so many ways that you can represent loads and stores. Moreover, writing a filter for
someone else's trace format into your own is not generally hard.

Things become trickier when talking about file system traces, for which the kinds of
operations are much higher level than for architecture (open file, seek pointer, etc.). The
existence of standard operating system interfaces should imply that we have standard
trace information.

The situation gets harder when dealing with systems in which "standard paths"
through the system be:zg traced can be circumvented. For example: virtual memory
traces when all you have is physical memory. Or, file system traces when all you have is
mapped files and fault patterns. Auxiliary information in the trace file will be necessary.

People sometimes hoard traces. This is a bad thing. Somebody said that they thought
that there was once a guy who hoarded file system and cache traces, but they couldn't
remember his name.

12. Old traces may become obsolete as the interface changes. This is just a problem.

13. Proprietary benchmarks may sometimes be unavailable. This is only a problem
if you are trying to evaluate new tests against proprietary tests, or if you are trying to
"explain away" the results of a proprietary benchmark.

14. People need to be educated as to what benchmarks actually mean.

Benchmarks can be misleading, especially for those who are easily misled. A simple
scalar which reflects integer performance may sway someone who wants to run floating
point intensive applications. This person will be disappointed.

There's a bit of "lies, damn lies, and statistics" in here as well. Funny uses of means,
variances, geometric means, etc., can often conceal the truth, or be used to reveal a truth
that actually isn't.

15. The precise conditions under which benchmarks are run should be described when
the results of the benchmarks are presented.

Example: the performance of many file system benchmarks can be influenced by the
length of the password file (because of having to do name lookups on the file owners).
Unless this is known to the users of the benchmark and presented to the interpreters of
the benchmark the results from a file system test can be meaningless. Or, at the very
least, irreproducible.

The hard part here is in understanding what factors influence the performance of a
benchmark. Often times, the interactions between all of the different pieces of the system
may not be known because of the "Black Box" syndrome.

16. People need to receive academic credit for creating and distributing benchmarks.

If benchmarks are hard to come by, and good benchmarks are hard to build, then
it should be the case that good papers on good benchmarks should be publishable in
forums like ASPLOS, ISCA and Sigmetrics. The consensus was that Sigmetrics was a
particularly good place to publish.

It SHOULD NOT be the case that benchmark papers only appear in non-refereed
publications like SIGOPS. This gives authors an incentive to write good papers about
good suites.
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17. Benchmarks have certain characteristics that lead to their wide spread use. These
characteristics are:

- Portability. The benchmark can be run on many different systems without too much
effort. Good examples: The Andrew file system benchmark; UNIX based SPECmarks; C
based benchmarks.

- People can read the benchmarks and without a whole lot of effort determine if they
are reasonable or bogus. Also, they can determine how the results they get correlate to
the system which is being measured. Complex benchmarks make this very difficult.

- Realistic, that is, predictive of system performance in general. This is hard to do,
and is getting much harder because machines no longer behave enough like one another
to ensure that there is always going to be a positive correlation on benchmarks run across
different systems. System variations now occur in: Memory (cache sizes), I/O, Cache,
CPU.

18. Looking for a single number to characterize performance is BOGUS.

Clark pointed out that there was an implicit assumption that benchmarks which result
in a scalar number are somehow a true predictor of machine performance, but because
systems architectures are become so diverse, this is becoming less true. Only by looking
at the results of a suite of programs, and by being able to identify where one's antici-
pated applications fit into that suite, is it possible to get any value out of benchmarks.
Otherwise, benchmark suites are only able to predict the behavior of programs in the
suite.

19. We need to have a scaling methodology.

It should be possible to run a smaller/larger version of a benchmark on a system
and somehow correlate that to a smaller/larger system. This will allow us to run a long
program in a short period of time, and to understand how changes in the SIZE of a system
influence performance.

A.7 Breakout Session on Encouraging Industry-University
Collaboration

Leader: John Hennessy, Scribe: Keshav Pingali

The group discussed three issues:

"* what works and what does not in encouraging university-industry collaboration and
technology transfer.

"* changes that would facilitate such collaboration.

"* differences in time frames between industry and academia.

A.7.1 What works

1. Technology transfer occurs when faculty members not only publish research papers
but are committed to transferring the fruits of their research to industry.
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2. It is important to have active involvement by industry people in research projects
while the research is being conducted. Down-loading a project to industry after the
work is complete, without having done some priming, does not work too well.

3. Having the ear of an influential person in the company is important; otherwise, the
technology may not get the further investment required.

4. Although papers by themselves do not usually lead to technology transfer, pape -
to industry-oriented conferences are useful in facilitating it.

5. Faculty members who take sabbaticals in industry return with an appreciation of
the real problems faced by industry.

6. Cost sharing by DARPA and other funding agencies is helpful in propagating ideas
to industry. If the Government backs something, industry usually follows. The gov-
ernment can also support the explicit transfer process by providing staff to improve
the quality of technology which is being transferred.

A.7.2 What does not work

1. Papers to academic conferences usually have no impact on industry, unless followed
through with concrete interaction with industry.

2. Past experience demonstrates that visitors from US companies do not cause tech-
nology transfer to occur. The panel felt it was because US companies do not value
university interaction as much as they ought to and do not send visitors with the
ability to assist in technology transfer on a consistent basis.

A.7.3 Suggested changes

To improve industry-university collaboration, the panel made the following suggestions:

1. The reward system of academia should reward technology transfer to industry and
take it into account when making promotion decisions.

2. The reward system in industry should encourage people from industry to spend time
working in academia with research groups. The duration of these visits should be
at least a year or two.

3. Industry is more likely to use robust technology that has been stress tested in con-
ditions similar to that faced in industry. To encourage academics to carry through
their research to this stage, funding should be provided for hiring technical staff
members in universities whose job will be to transform research prototypes into
plausible models for industry.
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A.7.4 Time horizons

One overriding concern expressed by the panel was the 'impedance mismatch' between the
time frames of academia and industry. Traditionally, industry views academic research as
being too long-term, speculative and risky, while academia views industry's focus as being
too myopic. To achieve common ground, the panel made the following recommendations.

1. Universities are the right place to do long term research. However, academics should
view technology transfer as a long pipeline in which the products of completed
projects are delivered to industry even as work gets underway on long-term projects
that will not reach the industry for many years.

2. Since it is difficult to predict technology trends many years into the future, long
term projects are risky and unlikely to be funded by industry. Therefore, the right
source of funds for long-term work are government agencies. To make sure that
this kind of work stays relevant in spite of technological shifts, researchers should
structure their work to produce interesting and demonstratable artifacts along the
way. Such artifacts should be specified as milestones in the process of proposing
and planning the research.

A.8 Breakout Se ":.,.. on Experimental Methodology

Leader: Susan Egger.,, Scribes: Susan Eggers, Eric Grimson

The methodology breakout session focussed on two distinct issues: (1) classifying
experimental research in such a way that each category would represent a different set of
problems to doing good research, and therefore a different set of solutions and (2) devising
a list of concrete solutions to improve the quality of experimental research.

Thp categorization was necessary because the problems faced by researchers in exper-
imental work differ across subdisciplines within computer science. It hinges on whether
the research goals are initially known or unknown and whether the measurements are well
defined or vague. In the first category both goals and measurements are well understood
when the research is being done. This criteria applies to research that develops new so-
lutions to known problems, whether the solutions are radical or incremental. In this case
the goals are often concrete and the measurements are those that had been applied in
the past. The example given was RISC architectures. In the second category the goals
are known, but the measurements are vague either because they are poorly understood or
require experiments that are too large. Software engineering fits both categories, because
it is difficult to measure questions such as whether a system is easy to use or maintain,
and the test of the system is often its use by hundreds of users. The Arpanet is an example
of a research project in which both the goals and measurements were unknown when the
project was envisioned. Many experiments, such as those involving parallel architecture ,
fall into more than one category. On the one hand, its speedup experiments are well
defined; on the other, the novelty of the architecture may lend itself to being used in
ways unenvisioned when it was designed. An example of using the categorization is that
the choice of benchmark is important for the first category (known, well-defined), less
important for the second (known, vague) and irrelevant for the third (both unknown).

We also discussed such issues as:
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"* how to design realistic test cases;

"* how to avoid measuring only what you know how to measure;

"* how to avoid workload-driven research;

"* the role of repositories of workloads;

"* whether we need more data on the state of experimental research, using the Cohen
and Clark studies as models;

"* the differences between exploratory and experimental research.

The latter half of the breakout focussed on devising a list of concrete suggestions to
improve several methodological aspects of doing experimental research. The first was
a request to funding agencies to sponsor the development of good quality workloads for
different applications. Examples include workloads for integer and floating point intensive
computation, database, graphics, speech and signal processing applications. In addition
to workloads, instrumentation tools should be developed, so that new workloads can
easily be generated as requirements change. Both suggestions would facilitate empirical
research, since the overhead of creating a valid and representative workload would be
removed.

The second group of suggestions addressed the lack of validation of empirical work.
An often heard comment from the workshop at large was that, unlike our colleagues
in the physical sciences, researchers in computer science made little or no attempt to
validate the empirical research of others. The sentiment was that this was a failing in our
methodology and should be addressed. The goal of all suggestions was to create a forum
for doing research validation and a climate in which replicating others' work was valued.
The goal of replicating should be either to confirm the previous work, dispute it, or test
it under a different set of criteria. The suggestions were:

"* Create sections in journals, analogous to the Correspondence section in IEEE Trans-
actions on Computers, specifically for validating others' work. The importance of
articles in this section would be less than that of regular articles.

" Reviews for funding agencies should include a specific category for work whose
primary purpose was to validate other work, so that the proposal would be reviewed
in the proper light.

"* Proposals to do experimental research should have detailed sections on the method-
ology and the criteria that would constitute success of the experiment.

"* This latter point should apply to the reviewing process as well. Empirical papers
submitted to conferences and journals should contain enough methodological details
so that the work is enabling to other researchers.

Discussion in the session at large objected to getting publications credit for simply
replicating research, without any additional results, such as disputing or building on the
previous work.
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The last group of suggestions addressed the more educational aspects of doing good
empirical research. The first was to create a collection of great examples of experimental
research in each field of computer science, in essence developing a paper role model for
others' to follow. These papers should be summarized in a survey paper and also compiled
into book form. Secondly, a curriculum should be developd for a course in experimental
methods and statistics for computer science research, and offered in our departments.

A.9 Breakout Session on Infrastructure and Funding

Leader: Jim Larus, Scribe: Eric Grimson

We began with a general discussion that included the following points:

1. What is right size of funding in experimental work? Does it vary from one area to
another?

2. Where on spectrum should one partition funds? e.g. McArthur approach versus old
boy networks, NSF versus DARPA.

3. What is the right way to maximize research? e.g. argument that DARPA wants
to define tasks and interfaces and distribute them among sites, against the idea of
support for multiple approaches to same problem.

4. General discussion about too much micro-management by places like DARPA.

5. Be careful not to confuse standards with infrastructure, i.e., have to be able to
explore standards for the future.

6. Does one even want to allow for such bureaucracy in projects (argument that such
models have frequently had problems in the past).

7. Strong argument made that want to have competing projects.

8. Need to separate out use of a project from role as next generation of work in an area.
e.g., MACH is a good platform but should not be allowed to inhibit development of
competing models.

9. Need to discuss issues of separating mandating of platform from enabling of plat-
form.

Next, there was a discussion of forms of infrastructure:

1. Producing artifacts for community, e.g., experimental vehicle/base, toolkit versus
platform base.

2. Staff and culture (experience and continuity).

3. Hardware/software/networks (utilities for community).

4. Support for acquisition of artifacts.
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5. Service (MOSIS) - national infrastructure.

6. Shared data/benchmarks.

There was some discussion on need to set up Institutes for systems research (roughly
on the $15 million level). These would be mandated to be high level with no ricroman-
agement. There was some discussion of how to set them up, e.g. individual universities
versus distributed set of sites. (Something like this has been done in Canada and it worked
well.) One advantage is that it would free people from needing to write proposals so often.

There was discussion about the issue of industry/university collaboration. It hasn't
worked well in the past; the question is why?

There was also discussion of problems with peer review process.

Finally, the discussion turned to Actions Items:

1. Institutes.

2. Funding of infrastructure as way of leveraging good people (who are major scarce
resource).

3. Entry level funding.

4. Need variety of funding models.

5. No micro-management.

6. Don't treat universities as development houses.

A.10 Breakout Session on Theory and Practice

Leader: Jon Bentley, Scribe: Susan Owicki

Participants in this session agreed from the start that interactioi. between theory and
practice is valuable to both. For theory, the benefit is in new problems and models
from which to conduct theoretical analysis. For practice, the benefit comes both from
the products of theory - algorithms, impossibility results, and the like - and from the
simplicity, elegance, and better communication that a clear understanding promotes.

However, in spite of these benefits there is far too little connection between the two.
We discussed a number of obstacles that limit interaction, identified some instances of
fruitful interrelation, and proposed approaches to fostering cross-fertilization of ideas.
These are discussed below.

Our definition of theory was quite broad. We included the traditional theory com-
munity (the folks that go to FOGS and STOC) as well as formal work in such fields
as queueing networks, AI, and security. In addition, we included less formal heuristic
approaches for understanding and reasoning about aspects of computer systems. Even
when the theory is informal, it is important to be explicit about assumptions, chains of
reasoning, expected results, and how the assumptions can be validated.

We didn't feel the need to define practice; the implicit assumption seemed to be that
"practice" meant building hardware or software.
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There are obstacles to theory/practice interactions in each of the disciplines. Within
practice, the major difficulty is that some practitioners see little value in theory. It was
suggested that some major conferences, particularly SOSP and SIGARCH, frequently re-
ject papers that base their results on analytic models. This may reflect a lack of familiarity
with the analytic tools that makes it hard for practitioners to evaluate the results.

Within theory, the major difficulty is that theoreticians have little motivation to make
their work applicable to practice. This operates first at the level of problem selection:
theory work is valued more for elegance, mathematical sophistication, and contribution
to the development of theory than for its relevance to practical problems. And once the
work is done, theoreticians often do not take the effort to explain the results in ways that
are accessible to practitioners.

In addition to these obstacles, there are problems inherent in interdisciplinary work.
Often it requires people with expertise in both the application and in theory; such people
are hard to come by. This is especially true because career advancement depends most
on the opinion of people in one's own specialty. At tenure time, at least one set of
references must feel that the candidate's work has made important contributions to their
field. Finally, attempts at joint conferences tend to be perceived as theory conferences,
and before long they are. Instances of this phenomenon were mentioned in computational
geometry and parallel algorithms/architectures. It was also observed that researchers may
not send their best work to joint conferences.

In spite of these obstacles, there have been many instances of profitable collaboration
between theory and practice. The group identified several examples, including language
theory and compiler front ends, work by Bentley and others on implementing bin packing
algorithms, and Leiserson's circuit retiming techniques.

Finally, the group considered what a number of approaches for fostering interaction.
Suggestions included:

1. The best paper from a systems conference should be presented at a theory confer-
ence, in the hopes that it will trigger theoretical research. The dual proposal, presenting
a. top theory paper at a systems conference, generated interest but was less clearly sup-
ported.

2. Ask funding agencies to encourage joint work and theoretical consultants on systems
projects.

3. Encourage teaching and use of engineering analysis in computer science. Engineer-
ing analysis involves the careful use of approximations at each step. It can be contrasted
to the more common pattern for computer science theory, in which an initial large ap-
proximation is made in creating the abstract model of a problem. Subsequent analysis is
precise and rigorous, but the problems that are important to practitioners may be lost in
the initial abstraction.

4. Identify good examples of fruitful interaction between theory and practice.

5. Encourage experimentalists to propose simple models that can be tractable for
theoreticians. This can motivate theoreticians to work in an area as well as making their
results more relevant to practical problems.

6. Find ways to evaluate those whose work spans more than cne area. University
promotion policies encourages researchers to do deep work in a single field. The former
Bell Labs ranking system is an intriguing contrast, although it isn't clear how it could be
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applied in other settings. Until recently, all researchers in the laboratory were ranked in
a single list. This was accomplished by a sort of merge sort: each line manager ranked
her own people, then the lists were merged to give a ranking for the next level in the
hierarchy. Since each manager could be expected to support her own people, moving ahead
in the sort requires support from other managers. Such a system strongly encourages
interdisciplinary work.

A.11 Breakout Session on Large-Scale Systems and Experi-
mentation

Leader: Anoop Gupta, Scribe: David Wood

In this session we discussed issues in large-scale systems research, the respective roles
of universities and industry, and tools and techniques that can improve the success of
these projects. Funding and infrastructure were explicitly excluded from consideration.

A.11.1 Reasons for Large-Scale Systems Research: When and Why?

We first asked the question "when and why should large-scale systems (LSS) research be
undertaken?" Large-scale projects are sometimes begun simply because they are large,
even though a smaller-scale project would suffice. Sometimes this occurs because large
infrastructures can take on a life of their own, causing researchers to sel]ct new large-
scale projects simply to maintain the infrastructure. Alternatively, researctiers sometimes
undertake large-scale projects that replicate significant portions of previous worh either
because they are unable or unwilling to build upon it. As a group, we agreed that research
projects should generally be no larger than necessary to achieve the research goals.

We identified three major styles of research in large-scale systems. The first two
require large-scale research projects to build large-scale systems, while the third style
calls for smaller-scale projects that use or modify existing large-scale systems.

1. The Large-Scale System is Research Itself
In this style of research, the system does not exist and significant research is required
to build it. The goals of the system are often broad and ill-defined; the research is
usually more exploratory than quantitative. Examples of this type of research are:
the Connection Machine, Smalitalk, and the J-Machine.

2. Large-Scale System is an Enabling Technology
In this style of research the large-scale system does not exist and must be built to
enable further research. The technology required to build the large-scale system itself
is fairly well understood, and the bulk of the research comes from using the large-
scale system, not building it. Examples are the DEC SRC Firefly, CommonLisp,
and Berkeley UNIX.

3. Refinement of Large-Scale Systems
In this style of research, a large-scale system already exists somewhere and the
researcher(s) would like to build upon it or modify it. The key issue here is ac-
cess to the existing large-scale system; without access the researcher may be forced
to unnecessarily replicate previous work. Examples are compilers and database
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systems. Studying a new compiler optimization technique should only require mod-
ifying a high-quality optimizing compiler, rather than developing a new compiler
from scratch.

An important point is that the research style in a particular subarea generally evolves
over time. Initially the system is research itself, thea becomes an enabling technology,
and finally, when the subarea becomes more mature, allows quantitative and iterative
evaluation of the system.

A.11.2 How to Improve Large-Scale Systems Research

We then addressed the question of how to improve large-scale systems research. The
group agreed that large-scale projects are often difficult to complete, and tried to identify
key ways of improving the effectiveness of the research. The general consensus was that
good large-scale systems people are the most scarce resource. The key goals should be to

1. Maximize the effectiveness and impact of good people

2. To increase their numbers over time

The key to achieving the first objective is leverage.

We identified 5 important ways to attain leverage in large-scale systems research, and
selected one good example for each.

1. Shared Infrastructure
Sharing a common infrastructure was identified as the most important way to at-
tain leverage; rather than building everything from the ground up, systems should
build on top off a common base. An obvious example is parallel compiler research:
each research group should not have to develop a system from scratch. Instead, a
production-quality parallelizing compiler should be made available to all members
of the research community. Other examples are simulators, address traces, and
parallel applications.

To effectively share infrastructure, subareas need to clearly identify what constitutes
infrastructure and what is really sharable. Mechanisms are needed to produce,
distribute, and support this shared infrastructure.

2. Interfaces
Standard interfaces can be a source of tremendous leverage. Continuing with the
compiler example, a carefully specified compiler intermediate form can greatly in-
crease the ability of researchers to leverage off of one another's work. Conversely,
standards can also unnecessarily constrain research, especially when they are im-
posed by the funding agencies. Subareas need to clearly identify which interfaces
make sense to standardize and which to leave unspecified.

3. Cooperation with Industry
Cooperating with industry, particularly in hardware prototyping projects, is almost
a necessity. Most universities, and even some industrial research labs, lack the
resources and engineering expertise to develop large complex systems. Identifying
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the limitations of university researchers and exploiting the talents of industry is
key to the success of large hardware projects. A good example is the MIT/LCS
Logic/Sun collaboration to develop the SPARCLE processor chip. Industry provided
the engineering and manufacturing expertise while MIT provided the innovative
design.

4. Leverage off of Previous Work
Large-scale projects must build upon previous work as much as possible, focusing
their intellectual efforts and resources on the novel aspects of their systems. This
includes building upon both previous research projects and commercial systems. For
example, the Stanford DASH project is built by adding boards to Silicon Graph-
ics multiprocessor workstations, leveraging off of their bus-based cache-coherence
mechanism.

5. Raise Level of Abstraction Whenever Possible
Finally, researchers should reduce the scale of the research project by raising the
level of abstraction whenever possible. For example, the SPUR designers evaluated
a large collection of instruction set extensions using instruction-level simulations.
Many of the possible extensions were eliminated without considering the lower levels
of abstraction (e.g., logic and circuit design).

A.11.3 Open Questions

Very often the infrastructure we advocate sharing is the competitive advantage of the
research group that developed it. Mechanisms are needed to encourage and reward re-
searchers for sharing and supporting the infrastructure. Questions that we identified but
did not address are:

1. How long should a group have exclusive access?

2. How can the funding agencies encourage and reward sharing?

3. How can universities encourage and reward sharing?
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