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1. Overview and Summary

1.1 Scope of this Report

This document is a summary of research activities and results for the seven-month
period, 1 April 1989 to 31 October 1989, under the Defense Advanced Research
Project Agency (DARPA) Submicron Systems Architecture Project. Previous
semiannual technical reports and other technical reports covering parts of the
project in detail are listed following these summaries, and can be ordered from

the Caltech Computer Science Library.
1.2 Objectives

The central theme of this research is the architecture and design of VLSI
systems appropriate to a microcircuit technology scaled to submicron feature sizes.
Our work is focused on VLSI architecture experiments that involve the design,
construction, programming, and use of experimental message-passing concurrent
computers, and includes related efforts in concurrent computation and VLSI design.

1.3 Highlights
* Memoryless Mosaic functional on first silicon (sections 2.1 and 4.9).

¢ 192-node Symult Series 2010 multicomputer (section 2.2)

Program Composition (section 3.1)

Cantor for the Mosaic (section 3.2)

Testing the asynchronous microprocessor (section 4.1).

The limits of delay-insensitivity (section 4.2).

Self-timed mesh-routing chips operate at 65MB/s (section 4.7).
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2. Architecture Experiments

2.1 Mosaic Project

Chuck Seitz, Nanette J. Boden, Jakov Seizovie, Don Speck, Wen-King Su, Steve
Taylor, Tony Wittry

The Mosaic C is an experimental fine-grain multicomputer, currently in develop-
ment. Each Mosaic node is a single VLSI chip containing a 16-bit processor, a
three-dimensional mesh router, a packet interface, 16KB of RAM, and a ROM that
holds self-test and bootstrap code. These nodes are arrayed logically and phys-
ically in a three-dimensional mesh. We are working toward building a 16K-node
(82x32x16) Mosaic prototype, together with the system software and programming
tools required to develop application programs.

The Mosaic can be programmed using the same reactive-process model that
is used for the medium-grain multicomputers that our group has developed.
However, the small memory in each node dictates that programs be formulated
with concurrent processes that are quite small. The Cantor programming system
supports this style of reactive-process programming by a combination of language,
compiler, and runtime support. The programmer is responsible only for expressing
the computing problem as a concurrent program. The resources of the target
concurrent machine are managed entirely by the programming system.

The Mosaic project includes many subtasks, which are listed below together
with their current status:

Design, layout, and verification of the single-chip Mosaic node. The
Mosaic C chip with 16KB of memory is 9.0mmXx7.4mm in a 1.2um CMOS process,
and has 84 pads. Yield characterization indicates that a node with 16KB rather
than 8KB of primary memory will increase the chip fabrication cost by less than
30%. Doubling the primary memory at 1.3x the cost for the prototype is a good
tradeoff. Additional memory will be particularly helpful for a system that will
be used extensively for software development. A substantial economy has been
achieved by using TAB rather than conventional packages, so the total fabrication
budget has not changed from original estimates.

A “memoryless Mosaic” test chip containing the processor, packet interface,
router, clock driver, and central timing and memory arbitration was sent to MOSIS
on August 10th to be fabricated in the 1.6um SCMOS process. (The memory section
had been verified earlier.) These chips were returned from fabrication on October
12th, and have been subjected to preliminary tests. Although there are additional
tests to perform, this chip appears to operate completely correctly on first silicon,
with a yield of 47/50 in the preliminary screening. All processor instructions and the
router have been tested; the packet interface is now being tested. The test fixture
currently limits speed testing to a clock period of 37ns (27MHz). The chip operates
correctly with a clock period of 37ns, except for one case. When an incoming packet
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directs the router to switch the packet onto the next dimension, the minimum clock
period for correct operation is approximately 65ns. Depending on the nature of the

design error, this problem may require a design iteration on the memoryless Mosaic.
(See section 4.9 for additional details.)

Internal self-test and bootstrap code. Since the Mosaic C is a
programmable computing element, devoting a portion of the bootstrap ROM to
self-testing greatly simplifies the logistics of producing these chips in quantity.
The bootstrap and self-test code will be tested with EPROM connected to the
memoryless Mosaic elements. Additional tests to the channels, which must be
accomplished by the fabricator’s automatic test equipment, are being written.

Packaging. The packaging design is based on Tape Automated Bonding (TAB)
of the chips on small circuit boards. The manufacturing and replacement unit will
contain eight nodes in a logical 2x2x2 submesh. These modules have stacking
connectors that provide 160 pins on both the top and bottom, and are confined by
pressure between motherboards to provide a three-dimensional connection structure
that can be disassembled and reassembled for repair. We are currently evaluating
suitable connectors.

Cantor runtime system. A Cantor runtime system has been written in
Mosaic assembly code, and is now interfaced to the code produced by version 3.0
of the Cantor programming system. Research is underway on runtime algorithms
that allow the system to operate robustly in spite of fluctuations in local storage
demands. For example, if a local receive queue threatens to overflow, a part of the
receive queue is distributed to another node. (See also section 3.2.)

Cantor language, compiler, and application studies. We are now
experimenting with version 3.0 of the Cantor language and compiler, which was
developed by William C. Athas at the University of Texas at Austin.

Host interfaces and displays. The three-dimensional mesh structure of the
Mosaic allows a very large bandwidth around the mesh edges. In order to initiate
and interact with computations within the Mosaic, we are designing interfaces

between the Mosaic message network and host computers, and between the message
network and displays.

A system that will serve both as a prototype of a host interface and as a software
development platform is based on eight memoryless Mosaic elements connected to
fast, two-ported, external memories. This workstation add-in board will provide
an interface that will allow the workstation to monitor the memories of the Mosaic
elements during program execution.

In order to provide a high-performance display capability for the Mosaic, we
have designed a system that uses one 32x32 plane of a Mosaic as a rendering engine
and frame buffer. A detailed design of the video output generator that attaches to
one edge of this 32x32 plane has been completed; construction awaits finalization
of packaging decisions.
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2.2 Second-Generation Medium-Grain Multicomputers*

Chuck Seitz, Joe Beckenbach, Christopher Lee, Jakov Seizovic, Craig Steele, Wen-
King Su

Symult Systems has delivered additional contributed equipment over the past seven
months, with the result that we are now operating a 192-node Symult Series
2010 multicomputer for applications and a 32-node Symult Series 2010 for system
development. Utilization of the 192-node system through the Caltech Concurrent
Supercomputer Facilities has been at a level of approximately 88% of the available
node-hours. These systems run very dependably, and have yet to exhibit a hardware
failure.

Copies of the Cosmic Environment system have been distributed on request to
20 additional sites during this period, bringing the total copies distributed directly
from the project to nearly 200.

We are implementing a new version of the Cosmic Environment host runtime
system, and adding numerous new features to the Reactive Kernel node operating
system. The new CE is based internally on reactive-process programming, and will
allow a more distributed management of a set of network-connected multicomputers.
The extended RK will support global operations across sets of cohort processes,
including barrier synchronization, sum, min, max, parallel prefix, and rank.
Another extension will be the support of distributed data structures, such as sets
and ordered sets. These new features will be implemented at the RK handler level,
where the message latency is only a fraction of that at the protected user level.
The implementation of these algorithms at the handler level permits global and
distributed-data-structure operations in times that do not greatly exceed those of
user-level operations dealing with single messages.

Our Caltech project continues to work closely with DARPA-supported Touch-
stone project at Intel Scientific Computers. Our contributions include the architec-
tural design, message-routing methods and chips, and system software. (See section
3.3 for a summary of the port of RK to the iPSC /2, and section 4.7 for a summary
of test results on mesh-routing chips.)

The Cosmic Cubes that were built in our project in 1983 continue to operate
reliably. No hard failures were recorded in this seven-month period. The two
original Cosmic Cubes have now logged 4.2 million node-hours with only four hard
failures; three of these were chip failures in nodes, and one a power-supply failure.

A node MTBF in excess of 1,000,000 hours is probable based on this reliability
experience.

* This segment of our research is sponsored jointly by DARPA and by grants from

Intel Scientific Computers (Beaverton, Oregon) and Symult Systems (Monrovia,
California).
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3. Concurrent Computation

3.1 Program Composition

K. Mani Chandy, Steve Taylor

This research investigates the use of program composition as a method of
developing concurrent programs. The goal is to develop a theory, a notation,
and an implementation of program composition operators so that programs can
be developed by putting smaller programs together to get larger ones. The
compositional approach to programming was described in the previous semiannual
technical report. New components of this work are:

1. A primitive set of composition operators (and not merely sequential or
functional composition) has been implemented, and a proof theory has been
developed for this set of operators.

2. The researchers believe that in each application area there are a few problem-
solving paradigms or “templates,” and that, formally, these templates are

user-defined composition operators. Thus, the notation allows user-defined
composition operators.

3. The notation is intended to execute on both shared-memory and message-
passing concurrent computers, without modification. A fragment of the notation

has been implemented on the Connection Machine by Professor Rajive Bagrodia
at UCLA.

4. The theory incorporates functional programming ideas, and extends it to
problems that are not functional. (Most reactive systems are nondeterministic,
and nonfunctional.)

5. The researchers have been working with computational fluid dynamicists and
biologists to identify problem-solving paradigms in these disciplines, and to
evaluate whether the compositional approach is effective in these areas.

The theory of program composition has been developed, and a prototype
implementation in Strand has been completed. Discussions with Caltech faculty
in Applied Math and Biology have provided initial test cases. Discussions with
researchers at Aerospace Corporation have allowed an evaluation of program
composition for tracking and trajectory-computation applications, and have led to
initial joint research in these applications.

3.2 Cantor for the Mosaic
Nanette J. Boden, Chuck Seitz

With the Cantor version 3.0 compiler and interpreter in place, we are beginning to
translate a representative subset of our library of Cantor application programs into
the new version. The purpose of this exercise is twofold: We maintain a library of
programs for demonstrations, and we continue the process of evaluating the impact
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of new language features on application programming. The aspects of the Cantor
3.0 that have the most impact on programming are the incorporation of functions
and the introduction of message discretion.

As usual in the development of programming systems, the introduction of
new capabilities at one level of the system imposes new requirements at other
levels. In the case of the new features of Cantor 3.0, the introduction of message
discretion raises the specter of violating the guarantee of message consumption. If
a process is waiting for the arrival of a particular message, messages received in the
interim must be buffered. Since the resources of a node are quite limited, physical
space may not be available for the awaited message to be received. Since infinite
queueing is theoretically required, we are investigating engineering solutions that
use the resources of the entire machine, and potentially of secondary memory, to
approximate infinite queues.

In addition to implementing runtime support for new language features, we
are investigating solutions to other problems that became apparent during the
development of the Mosaic runtime system. In this first version, we made simplifying
assumptions to minimize both the size and complexity of the runtime support. Two
of the assumptions that must be seriously addressed in future versions of the runtime
system are: (1) if an available reference value exists for the creation of a new process
on a remote node, then enough resources exist on that node for the new process; and
(2) the code for each process resides on every node. These assumptions are clearly
unrealistic for the types of memory-intensive computations that we seek to perform.
Currently, we are devising and evaluating schemes for process placement that do not
assume available resources on the remote node. We are also devising schemes for
code partitioning that will maximize the amount of memory available for processes,
while not introducing excessive overhead for acquiring necessary copies of process
code.

3.3 The Cosmic Environment and Reactive Kernel

Chuck Seitz, Joe Beckenbach, Christopher Lee, Jakov Seizovic, Wen-King Su

A joint effort with Intel to port the Reactive Kernel to run as the native node
operating system on the iPSC/2 has successfully achieved its first milestone.
Our longer-term goal is to run an enhanced version of RK on a future Intel
multicomputer that is based on the Intel 1860 processor.

The port of the Inner Kernel of RK and of the system-handler layer was
performed in an intensive effort over a two-week period by Jakov Seizovic, RK’s
original author, and was upgraded to include a preliminary user-process handler by
Bill Bain of Intel during the following two weeks. The fine-tuning of the message
performance took another week. This port has shown once again that the modular
structure of RK provides for simple porting and simplifies debugging, especially
in the early phases of the port. This preliminary version of RK outperformed
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