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ABSTRACT

During the early *70's, Carver Mead began a pioneering series of courses in integrated circuit design
at Caltech, presenting the basics of industry MOS design practice at the time. Observing some of
the students’ successes in later doing projects using these basics, Mead sensed that it might be
possible to create new, much simpler methods of IC design than those then used in industry.

In the mid 70's, Carver Mead and Lynn Conway, and their research groups at Caltech and Xerox,
began a collaboration to search for improved, simplified methods for VLSI system design. They
hoped to create methods that could be very easily jearned by digital -system designers, but that
would also allow the full architectural potential of silicon to be realized. Their research yielded
important basic results during *76 and "77. In the summer of 77, they began writing the textbook
Introduction to VLST Systems, to document the new methods.

In the late 70°s, Lynn Conway realized the need for large-scale experimentation to further generate,
test, and validate the methods. Conway began using novel methods within a systematic, rapidly
expanding set of interactions with many universities throughout the United States. Students at these
schools took courses using the evolving textbook, and then did design projects as part of those
courses. The projects were implemented, and the resulting feedback was used to extend, refine, and
debug the text, the courses, the university design environments, and the new design methods.

As a result of the research methodology used, and the very large scale of the interactions with the
university community (via computer-communications networks), the Mead-Conway design methods
evolved unusually rapidly, going from concept to integration within industry in just a few years.

This talk tells the story of these events, focussing on the research methods used to generate,
validate, and culturally integrate the Mead-Conway design methods.
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1. Introduction

It's great to be here with you today. I remember an equally sunny January day here in Pasadena
when the first VL.SI Conference was held at Caltech two years ago. That seems such a short while
ago, but the period since has been one of tremendous activity in VLS, a time of real discovery and
rapid progress. I'm really looking forward to the Technical Sessions of the next two days, to
hearing about some of the best recent work in this exciting field.

My talk today is about "The MPC Adventures”, namely the multi-university, MultiProject Chip
escapades of the past two years. ['ll describe these adventures, and the new VLSI implementation
system that made possible the economical, fast-turnaround implementation of VLSI design projects
on such a large scale. I'll also describe the experiences I've had with the processes involved in
generating new cultural forms such as the "Mead-Conway” VLSI design and implementation
methodologies. One of my objectives today is to help you visualize the role that the "MPC
Adventures” played in the generation of the methodologies.

I am particularly interested in developing effective research methodologies in the sciences of the
artificial, especially in areas such as engineering design. The sort of question that really interests me
is: How can we best organize to create, validate, and culturally integrate new design methods in
new technologies? What are the research dynamics involved? Consider the following:

When new design methods are introduced in any technology, especially in a new techrology, a
large-scale exploratory application of the methods by many designers is necessary in order to test
and validate the methods. A lot of effort must be expended by a lot of people, struggling to create
many different systems, in order to debug the primitives and composition rules of the methodology
and their interaction with the underlying technology. A similar effort must also be expended to
generate enough design examples to evaluate the architectural possibilities of the design methods
and the technology. That is the first point: A4 lot of exploratory usage is necessary lo debug and
evaluate new design methods. The more explorers that are invoived in this process, and the better
they are able to communicate, the faster the process runs to any given degree of completion.

Suppose some new design methods have been used and fairly well debugged by a community of
exploratory designers, and have proven very useful. Now consider the following question: How can
you take methods that are new, mcthods that are not in common use and therefore perhaps
considered unsound methods, and turn them into sound methods? In other words, how can you



cause the cultural integration of the new methods, so that the average designer feels comfortable
using the methods, considers such usage to be part of their normal duties, and works hard to
correctly use the methods? Such cultural integration requires a major shift in technical viewpoints
by many, many individual designers. Changes in design practices usually require changes in the
social organization in which the designer functions. These are difficult obstacles to overcome. We
see that numbers ar¢ important again, leading us to the second point: A lof of usage is necessary to
enable sufficient individual viewpoint shifts and social organization shifis to occur 1o effect the cultural
integration of the methods. The more designers involved in using the new methods, and the better
they are able to communicate with each other, the faster the process of cultural integration runs.

When methods are new and are still considered unsound, it is usually impossible in traditional
environments to recruit and organize the large numbers of participants required for rapid, thorough
exploration and for cultural integration. Therefore, new design methods normally cvolve via rather
ad hoc, undirected processes of cultural diffusion through dispersed, loosely connected groups of
practitioners, over relatively long periods of time. (Think, for example of the effect of the vacuum-
tube-to-transistor technology transition on the design practices of the clectronic design community,
or of the effect of the discrete-transistor-to-TTL technology transition). When the underlying
technology changes in some important way, new design methods exploiting the change compete for
market share of designer mind-time, in an ad hoc process of diffusion. Bits and pieces of design
lore, design examples, design artifacts, and news of successful market applications, move through the
interactions of individual designers, and through the trade and professional journals, conferences,
and mass media. When a new design methodology has become widely integrated into practice in
industry, we finally see textbooks published and university courses introduced on the subject.

I believe we can discover powerful alternatives to that long, ad hoc, undirected process. Much of
this talk concerns the application of methods of experimental computer science to the particular case
of the rapid directed creation, validation, and cultural integration of the new VLSI design and VLSI
implementation methods within a large computer-communication network community.

First 1 will sketch the evolution of the new VLSI design methods, the new VLSI design courses, and
the role that implementation played in validating the concepts as they evolved. Next I'll bring you
up to date on the present status of the methods, the courses, and the implementation systems.
Finally, I'll sketch the methods that were used to direct this evolutionary process. We'll reflect a bit
on those methods, and lock ahead to other areas where such methods might be applied.

2. Evolution of the VLSI Design Courses; Role of the MPC Adventures

In the early 1970’s, Carver Mead began offering a pioneering series of courses in integrated circuit
design here at Caltech. The students in these courses in MOS circuit design were presented the
basics of industrial design practice at the time. Some of these students went on to do actual design
projects, and Carver found that even those without backgrounds in device physics were able to
complete rather ambitious projects after learning these basics. These experiences suggested that it
might be feasible to create new and even simpler methads of integrated system design.

In the mid 1970, a collaboration was formed between my group at Xerox PARC and a group led
by Carver here at Caltech, to search for improved methods for VLSI design. We undertook an
effort to create, document, and debug a simple, complete, consistent method for digital system
design in nMOS. We hoped to develop and decument a method that could be quickly learned and



applicd by digital system designers, folks skilled in the problem domain (digital system architecture
and design) but having limited backgrounds in the solution domain (circuit design and device
physics). We hoped to generate a method that would enable the system designer to really exploit
the architectural possibilities of planar silicon technology without giving up the order of magnitude
or more in area-time-energy performance sacrificed when using the intermediate representation of
logic gates as in, for example, traditional polycell or gate-array techniques.

Our collaborative research on design methodology yielded important basic results during 76 and
*77.  We formulated some very simple rules for composing FET switches to do logic and make
registers, so that system designers could easily visualize the mapping of synchronous digital systems
into nAMOS. We formulated a simple set of concepts for estimating system performance. We created
a number of design examples that applied and illustrated the methods.

The Mead-Conway Text

Now, what could we do with this knowledge? Write papers? Just design chips? I was very aware
of the difficulty of bringing forth a new system of knowledge by just publishing bits and picces of it
in among traditional work.

I suggested the idea of writing a book, actually of evolving a book, in order to generate and
integrate the methods, and in August 1977 Carver and I began work on the Mead-Conway text.
We hoped to document a complete, but simple, system of design knowledge in the text, along with
detailed design examples. We quickly wrotc a preliminary draft of the first three chapters of this
text, making use of the Alto personal computers, the network, and the clectronic printing systems at
PARC. In paralle! with this, Carver stimulated work on an important design example here at
Caltech, the work on the "OM2". Dave Johannsen carefully applied the new design methods as
they were being documented, refined and simplified, to the creation of this major design example,

We then decided to experimentally debug the first three chapters of material by interjecting them
into some university MOS design courses. An initial draft of the first three chapters® was used by
Carlo Sequin at U.C. Berkeley, and by Carver Mead at Caltech in the falt of *77. During the fall
and winter of *77-"78, Dave Johannsen finished and documented the new OM2 design. The OM2
provided very detailed design examples that were incorporated into a draft of the first five
chapters® of the text. We distributed that draft in February *78 into spring semester courses by
Bob Sproull at CMU, and by Fred Rosenberger at Washington University, St. Louis.

We were able to debug and improve the material in these early drafts by getting immediate
feedback from the *77-'78 courses. We depended heavily on use of the ARPAnet for electronic
message communications. Our work rapidly gained momentum. A number of people joined to
collaborate with us during the spring of '78: Bob Sproull at CMU and Dick Lyon at PARC created
the CIF 2.0 specification; Chuck Seitz prepared the draft of Chapter 7 on self-timed systems; H. T.
Kung and scveral others contributed important material for Chapter 8 on Concurrent Processing.
By the summer of *78 we completed a draft of the manuscript of the entire textbook. ¢

The MIT'78 VLSI Design Course

During the summer of 1978, I prepared to visit M.LT. to introduce the first VLSI system design
course there. This was to be a major test of the full set of new methods and of a new intensive,
project-oriented form of course. I also hoped to thoroughly debug the text prior to publication. I
wonderced: How could 1 really test the methods and test the course contents? The answer was to



spend only half of the course on lectures on design methods; then in the second half, have the
students do design projects.  I'd then try to rapidly implement the projects and see if any of them
worked (and if not, find out what the bugs were). That way 1 could discover bugs, or missing
knowledge, or missing constraints in the design methods or in the course contents.

[ preparcd a detailed outline for such a course, and printed up a bunch of the drafts of the text,
Bob Hon and Carlo Sequin organized the preparation of a "Guide to LSI Implementation”? that
contained lots of practical information related to doing projects. including a simple library of cells
for 1/0 pads, PLA’s, etc. [ then travelled to M.LT., and began the course. It was a very exciting
expericnce, and went very well. We spent seven wecks on design lectures, and then an intensive
seven weeks on the projects. Shortly into the project phase it became clear that things were
working out very well, and that some amazing projects would result from the course.

While the students were finishing their design projects, I cast about for a way to get them
implemented. 1 wanted to actualty get chips made so we could see if the projects worked as
intended. But more than that, I wanted to see if the whole course and the whole method worked,
and if so, to have demonstrable evidence that it had. So I wanted to take the completed layout
descriptions and very quickly turn them into chips, i.e. implement the designs (We use the term
"VLSI implementation" for the overall process of merging the designs into a starting frame,
converting the data into patterning format, making masks, processing wafers, dicing the wafers into
chips, and mounting and wire-bonding the chips into packages).

We were fortunate to be able to make arrangements for fast implementation of those student
projects following the MIT course. 1 transmitted the design files over the ARPAnet from M.LT, on
the east coast to some folks in my group at PARC on the west coast. The layouts of all the student
projects were merged together into one giant multiproject chip layout, a trick developed here at
Caltech, so as to share the overhead of maskmaking and wafer fab over all of the designs. The
project set was then hustled rapidly through the prearranged mask and fab services. Maskmaking
was done by Micro-Mask, Inc., using their new electron-beam maskmaking system, and wafer
fabrication was done by Pat Castro’s Integrated Circuit Processing Lab (ICPL) at HP Research, in
Palo Alto. We were able to get the chips back to the students about six weeks after the end of the
course. A number of the M.LT. '78 projects worked, and we were able to uncover what had gone
wrong in the design of several of those that didn’t.

The M.LT. course led to a very exciting group of projects, some of which have been described in
later publications. Il now show a map and some photos of the project chip (see Ref. 6). The
project by Jim Cherry, a transformational memory system for mirroring and rotating bit map image
data, is particularly interesting, and was one of those that worked completely correctly. Jim’s project
is described in detail in the second edition of the Hon and Sequin Guidebook (see Ref. 5).
Another interesting project is the prototype LISP microprocessor designed by Guy Steele, that was
later described in an M.LT. Al Lab repcrt.3

As a result of this course and the project experiences, we uncovered a few more bugs in the design
methods, found constraints that were not specified, topics that were not mentioned in the text, that
sort of thing. You can see that the project implementation did far more than test student projects.
It also tested the design methods, the text, and the course.

During the spring of *79 we began preparing the final manuscript of the Mead-Conway text for
publication by Addison-Wesley the following fall* Hon and Sequin began preparing a major



revision of the Implementation Guide® that would contain important things like a CIF primer, new,
improved library cells, and so forth. I began preparing an "Instructor’s Guide", based on the
experiences and information from the M.LT. 78 VLSI design course,® containing a detailed coure
outline, a complete set of lecture notes, and homework assignments from that course. These
materials would help transport the course to other environments.

The MPC Adventures: MPC79 and MPC580

I'll now describe the events surrounding the multiproject chip network adventures of the fall of
1979 and spring of 1980. 1 remember thinking: "Well, ok, we've developed a text, and also a
course curriculum that scems transportable. The question now is, can the course be transported to
many new environments? Can it be transported without one of the principals running the course?”
In reflecting on the carly work on the text by communicating with our collaborators via the
ARPAnet, and by thinking about which schools might be interested in offering courses, I got an
idea: If we could find ways of starting project-oriented courses at several additional schools, and if
we could also provide VLSI implementation for all the resulting student projects, we could conduct
a really large test of our methods. The course might be successful in some schools, and not in
others, and we could certainly learn a lot from those experiences. | began to ponder the many ways
we could use the network to conduct such an adventure.

We began to train instructors from a number of universities in the methods of teaching VLSI
design. Doug Fairbairn and Dick Lyon ran an intensive short course for PARC researchers during
the spring of '79, and a videotape’ was made of that entire course. During the summer of ’79, we
began using those tapes as the basis for short, intensive "instructor’s courses” at PARC for
university faculty members. Carver Mead and Ted Kechl also ran an instructor’s course at the
University of Washington, with the help of the PARC tapes, in the summer of *79. All "graduates”
of the courses received copies of the Instructor’s Guide, to use as a seript at their schools.

By early fall of '79, quite a few instructors were ready to offer courses. We at PARC gathered up
our nerve, and then announced to this group of universities: "If you run courses, we will figure out
some way so that at the end of your course, on a specified date, we will take in any designs that
you transmit to us over the ARPAnet; we will implement those projects, and send back wire-
bonded, packaged chips for all of your projects within a month of the end of your course!” This
multi-university, multiproject chip implementation effort came to be known as "MPC79".

About a dozen universities joined to participate in MPC79. As this large university community
became involved, the project took on the characteristics of a great "network adventure”, with many
people simultaneously doing large projects to test out new idcas. Through the implementation
effort, students hoped to validate their design projects, instructors would be able to validate their
offering of the course, and we would be able to further validate and test the design methodology
and the new implementation methods in development at PARC.

We coordinated the MPC79 events by broadcasting a series of detailed "informational messages”
out over the network to the project lab coordinators at each school. MSG #1 announced the service
and the schedule; MSG#2 distributed the basic library cells, including /O pads and PLA cells;
MSG#3 described the "User's Guide" for interactions with the system; MSG#4 contained
information about the use of CIF2.0; MSG#35 provided last-minute information just prior to the
design deadline; MSG#6 was sent just after the implementation was completed, and contained
news about the results of the entire effort. Figure 1 flowcharts the overall activity.



FIGURE 1.
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During this period, Alan Bell pionecred the architecture and teamed up with Martin Newell to
develop a "VLSI Implementation System”, which is something like a time-sharing operating system,
or information management system, for providing remote access to mask and fab services. This
system manages all user interactions, manages the data base of design files, handles the logistics, the
scheduling, enabling users all around the country to interact by electronic messages with (what they
perceive to be) an automatic system that implements their projects.

Figure 2 shows a simple block diagram of the basic modules of the system. It contains a user
message handler and an associated design file processing subsystem: these provide a means for
interacting with users to reccive requests for service, transmit status and error messages, and build
the design-file data base. It also contains a die-layout planning and design-file merging subsystem
used to pack all of the participants designs together into a mask specification following the design
deadline time. Finally it contains a CIF to MEBES (electron beam maskmaking) format-conversion
subsystem to prepare the data files for hand off to the foundry.
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Figure 2. Block Diagram of the VLSI Implementation System



