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1. SUMMARY

This report summarizes the activities supported by DOD contract N00O14-
81-D-2151 (ARPA order number 4095) and the results of those activities. The
period of this contract was originally scheduled to be from 80 Dec 19 trough 81
Dec 19. but it was extended was extended by a no-cost extension until 82 Jan 29.
It was succeeded by DOD contract N00014-82-C-2087 (ARPA order number 4095)
which supports a continuation of research activities in the same area. We view
the former contract as supporting a pilot project, initiating a research program
that is still under way. For this reason, the following pages will have more of the *

flavor of a interim report than a final summation.

A variety of research activities are supported by this project, all sharing the

common theme of hardware and software architectures for distributed comput-

v_ ing. A related DARPA-sponsored project at another institution is developing a
very high-bandwidth communications medium (in the multi-gigabit/sec range)

using LSI laser technology and fiber optics. Such a communications medium

suggests the possibility of attacking computationally intensive tasks by connect-
ing a large number (at least 10%) of processing elements in an MIMD multicom-
puter. To exploit the fruits of such an organization, however, many difficult
questions of high-quality system architecture. algorithmic design, and software

engineering must be solved.

Our research may be grouped into two broad activities. First, we are carry-
ing out an continuing project to construct and experiment with a prototype
operating system for such a multicomputer. Second, we have pursued several
theoretical investigations concerning system architecture and algorithmic
design, testing our conclusions with a combination of mathematical analysis,
simulation, and experimental implementation. We will describe first the theoret-

— ical studies and then the operating systems implementation activities.
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2. THEORETICAL STUDIES

2.1. Process Migration

Two essential problems must be solved before process migration for load
balancing becomes successful. The first problem is one of policy: When should a
process be migrated? The second is one of implementation: How is a process
migrated? Professor Finkel, in collaboration with Professor Ray Bryant, has
investigated the first issue [1]. They developed a new scheduling algorithm for a

multicomputer connected in a point-to-point fashion.

The algorithm is both distributed, in that every processor runs the same
algorithm, and stable, in that collective load balancing decisions will not cause
unnecessary overloading of a processor in the network. The migration algerithm
assumes that any process may run equally well on any machine, that the cost of
migration is proportional to the memory requirements of the process, that main
memory is not a limiting constraint on any machine. Simulations were per-

formed in Simpas [2] to test the algorithm.

The first part of the algorithm is to estimate the current load independently
on each machine, so that adjacent machines with different loads can exchange a
process. Load is estimated as the time it would take an average new process to
complete on the machine, given that each process currently on the machine
executes for a time equal to its execution time so far. Theoretical justification

for this measure can be found in the report [1].

The second part of the algorithm is to find a neighbor that has a different
load. Several versions of the pairing algorithm [3] were evaluated. This algo-
rithm dynamically creates mutually agreeable pairings between adjacent

machines to allow them to exchange a process.
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F! The third part of the algorithm is to determine which processes, if any,

should be sent. Each process on the hewier-loaded machine is considered a

h potential candidate for migration. Its completion time is estimated both for
keeping it where it is and migrating it. That process with the best improvement

3

. in service ratio is migrated, and then selection repeats to find other processes

b

3

that might proﬁtably migrate as well.

[‘_ Simulation results showed that even when the load of the network was fairly
uniform, the migration algorithm significantly reduced the variance of the load

ﬁ- and increased throughput. When the network was unbalanced, a condition main-

tained by directing all new arrivals to the same small subset of machines, migra-

tion was able to convert an instable situation into a stable one.

2.2. Processor Interconnection Strategies

T For several years, the principal investigators have been investigating

graph-theoretical questions concerning optimal topologies for interconnecting

large numbers of processing elements [4,5]. Recently Will Leland, a graduate
research assistant supported by the project, completed doctoral research in

this area under the direction of Professor Solomon.

A large network of processing elements connected by point-to-point com-

munications lines may be modeled by an undirected graph in which the vertices
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represent processing elements and the edges represent communications lines.
Several figures of merit are possbile for evaluating such a graph. If each proces-

sor is to be directly connected to every other, the graph must be K, the com-

plete graph on n vertices. However, in such a graph, as the number n of ver-
tices increases, the number of communications lines increases as n®% and the
degree (number of neighbors of each vertex) increases as n. In many applica-
tl tions, one or the other of these costs is unacceptable. In particular, the design

of the individual processing elements may limit the number of neighbors to a
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constant d, independent of ». We may comply with such a restriction if we allow
communication between processing elements to be indirect, through intermedi-
ate processing elements. In this case, we say the distance between two vertices
is the number of edges (communications lines) in the shortest path connecting
them, and the diameter of the graph is the largest distance between any two

vertices.

Briefly stated, then, the problem is to find a graph with smallest possible
diameter k for a given number n of vertices and a given bound d on the degree.

For may years, an easily derived upper bound has been known for the number of
vertices in a graph with diameter k and degree d: N < 1+ dde[(d -1y -1].

This bound can be derived from a very simple argument, the details of which
make it seem likely that the bound is unduly optimistic. It has been proved that
for d = 3 at most three graphs actually attain the bound {so the bound is too
large by at least 1), and for degree 3, the bound is too large by at least 2 (for
almost all diameters). Aside from these rather disappointing results, no better

bound has ever been discovered.

This bound can be restated as a lower bound on diameter:
k =log N/log(d—1). Previous researchers have considered graphs in which the
diameter varies as some power of the number of vertices. Others have proposed
families of graphs, such as the hypercube, that require an increase of both d and
k to increase N. The best previously announced infinite families of graphs for
small fixed degrees are 2 lg N for degree 3 (a complete binary tree achieves this
bound) and lg N for degree 4 (achieved by the deBruijn graph), where "'lg"
denotes the base-2 logarithm. Solomon and Leland discovered a new family of

degree-3 graphs with diameter 1.51g N. Leland was able to extend these ideas,

improving the constant slightly and applying the ideas to larger diameters.
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The preceding paragraphs consider the asymptotic behavior of the diame-
ter as the number of vertices approaches infinity. Another approach is to
attempt to find large graphs for certain specific values of k and d. Using various
techniques, including compuierized heuristic search, Leland was able to find
many new large graphs with diameter and degree less than or equal to 10. His
results were reported in [6].

Diameter is not the only figure of merit for an interconnection topology.
Another important consideration is connectivity. Multiple paths between pairs
of nodes are desirable, both to eliminate traffic bottlenecks, and to improve
resistance to node failures. Leland considered the problem of connectivity from
several points of view. He showed that the connectivity of his new family of
graphs (in the graph-theoretical sense of minimal number of vertices that must
be remove to partition the graph into two or more disconnected parts) was very
good. He analyzed expected distribution of traffic among vertices under the
assumption that the source and destination of a message were chosen randomly
from a uniform distribution. Finally, he defined a new quantity, called the aver-
age random failset size (ARFS), which is the expected size of a randomly-chosen
set of vertices sufficient to partition the graph, and studied this quantity lor
various families of graphs.

2.3. Distributed Algorithms

Our work in distributed algorithms has addressed a general and important
problem: How much speedup ts possible with n machines running an algorithm
that employs messages as the means of cooperation between machines? A
recent PhD thesis by Jack Fishburn. under the supervision of Raphael Finkel [7],
sheds light on the question by presenting and analyzing several parallel algo-
rithms for multicomputers.

A i



First, two distributed algorithms for a-8 search are presented for trees of
processors. Each processor is an independent computer with its own memory
and is connected by communication lines to each of its nearest neighbors. The
first algorithm, Tree Splitting, was implemented on Arachne and its behavior was
measured. A formal analytical model was developed that predicts best-case,
averﬁge. and worst-case speedup. In the worst case, speedup is Vn for n pro-
cessors; in the best case, speedup is n. The second algorithm, Mandatory Work
First, was also analyzed. Its behavior is bounded by fairly complex expressions,
but for reasonable assumptions about the problem, speedup is about n%%,

Related publications include [8,7,9, 10,11, 12]

Next, numerical algorithms that exhibit a locally-defined iterative charac-
ter were investigated. Such algorithms include solution of the Dirichlet prob-
lem. Natural multicomputer adaptations can be built for these algorithms. The
thesis investigates two interconnection topologies, a grid and a tree. The resuits
can be generalized to situations involving arbitrarily shaped domains of any
dimensionality. Formal analysis derives the running time of the grid and tree
algorithms with respect to per-message overhead, per-point communication

Rt il adNE i ol ol alREL S

time, and per-point computation time. The overall result is that the larger the . -

problem, the closer the algorithms approach optimal speedup.

Finally, the thesis considers adaptations of large-network algorithms to
small networks. A large-network algorithm requires n machines for a problem of
size n. The thesis presents a general method for transforming large-network
algorithms into quotient-network algorithms that solve problems of size n with
fewer processors. The transformation allows algorithms to be designed assum-
ing any number of processors. Implementing such algorithms on a quotient net-
work results in no loss of efficiency, and often a great savings in hardware cost.

This work has been published [13].




DM

R P ASDANOES # 3

MEIAD P-cntinoncy

3. OPERATING SYSTEMS IMPLEMENTATION

3.1. History

The current project had its origins in several equipment grants from NSF
(#MCS77-08968, #MCS78-06809, #MCS79-07510, and #MCSB0-08499) for research
in the application of distributed computer systems. With these funds we pur-
chased five Digital Equipment 1SI-11/03 computers and a larger PDP-11/40
software development host. We also acquired enough point-to-point commur -
tions interfaces to connect the 5 small machines to each other and tc¢ -
development host. We developed the Roscoe operating system [14, 15, 16, 17
later called Arachne, for these machines. Roscoe was the first operational n ..
computer operating system written explicitly for a local network. This project
was supported in part by the Graduate Research Foundation of the University of
Wisconsin, which provided summer support for the principal investigators and

salaries for graduate research assistants.

More recently, NSF funds have been applied to upgrade both the processors
and the interconnection hardware. We currently have B Digital Equipment
PDP-11/23 computers connected using a vommunications interface called the
Megalink, manufactured by Computrol Corporation of Danbury, Connecticut.
These computers are not only about 2.5 times as fast as the previous ones, but
also have memory management, allowing us to build significantly larger pro-
grams. The Megalink is a 1-megabit/second broadband contention bus with

carrier-sense but not collision-detection capabilities.

More recently, the Computer Sciences Department has acquired a Digital
Equipment VAX/780, which has begun to serve as our development host. Pro-
grams are cross-compiled on the VAX and are then loaded through the Megalink

into the PDP—11 computers.
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3.2. Enhancements to Arachne

We have brought Arachne to a stable state from which we can see how the
hardware influenced our design choices and how they, in turn, led to the
behavior of the entire operating system [19]. Locally-designed ROM bootstrap
programs were developed and placed in each machine to simplify initial loading.
We revised Arachne to use the new memory-management facility. This change
was harder than it first appeared, since ability to access all memory directly was
assumed in many places in the kernel. One immediate advantage was that more
and larger programs could fit into each machine, since there is more physical
memory and processes can share code. Another advantage is that processes
and the kernel are protected from each other. However, Arachne does not do
Swapping. 50 no more processes can run on one machine than will fit in physical
memory at once, and stacks and data areas cannot grow once a process has

started.

With the move to a contention communications medium we had to deal with
collisions. In one preliminary experiment, one processor "listens” and reports
what it hears, while the remaining seven pr"ocessors attempt to send it packets
as fast as they can. Each sits in a tight loop waiting for the carrier to drop and
then immediately sends a 4096-byte packet. We find that the "listener" hears
about 100 packets at a time without errors, followed by a brief burst of packet
collisions. Because the senders are all executing the same algorithm on the
same hardware, there is a high degree of coupling, so that two senders who col-
lide once will often collide several times in a row. In this sense, the experiment
is a "worst-case” test. It seems to indicate that the absence of collision detec-
tion is not as severe as might be expected, since even under worst case, colli-

sions are rare.

v
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Nontheless, since collisions are possible, we had to develop protocols. We

divide our protocol architecture into two levels: intermachine and interprocess.
The intermachine-level protocol provides reliable, in-order delivery of frames
frorn one machine to another, avoiding recopying of data where possible, and
allowing for recovery when frames fail to be delivered either because of tem-
porary contention on the line, unavailability of the destination computer, or
unwillingness of a recipient to receive the message. We use a simple

alternating-bit stop-and-wait protocol because end-to-end delay is very short.

The interprocess-level protocol multiplexes several links on one inter-
machine connection. We debugged these protocols by simulating them in the
Simpas event-driven simulation language [2]. This technique of debugging pro-
tocols was very natural; the protocols themselves are structured as actions trig-

gered by asynchronous events.

3.3. Charlotte

While we were adapting Arachne to the new hardware, we have begun
designing its successor, Charlotte, which builds on lessons learned from the

implementation of Arachne. Charlotte differs from Arachne in several respects.

One difference is intended use of the operating system. Arachne was a pilot
project to test our ideas for building multicomputer operating systems; Char-
lotte is intended as a production operating system to be used by a wide research
community. A real user community tests more realistically the strengths and
weaknesses of any software. To attract such a community Charlotte needs a
variety of useful utility programs, including text editors, compilers, and com-

mand interpreters.

Another difference lies in the basic communications structure. Interpro-

cess communication in Arachne is based on the notion of a link, which is a sim-

plex communications path from one process to another. A client holding a link
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to a server from which it desires service -ust create a link to itself and enclose
it in a request, so that the server can respond. We found in Arachne that when
two processes need to communicate they usually need a duplex communications
path, even if the bulk of the information transfer is in one direction. Therefore,
we decided to introduce the concept of a duplez link in Charlotte. Another
motivation for duplex links is our intention to experiment with the use of pro-
cess migration. A problem with simplex links as implemented in Arachne is that
no information about the source end of the link is stored available at the desti-
nation end. This implementation interferes with process migration, since it is
impossible for the operating system kernel of the destination process to find all

potential senders to inform them about the move.

One of the design goals of Arachne was to take as much function as possible
out of the kernel and put it into wutility processes, which are treated like ordi-
nary processes by the kernel, but which provide "systems" services such as file
and other resource management. An important utility process in Arachne was
the Resource Manager, which is responsible for allocating the processor
resource. The kernel is responsible for providing the necessary implementation
primitives for allocating memory and starting processes, while the Resource
Manager is responsible for policy decisions such as which processor to start a
new process on. Charlotte carries this trend further. The functions of the
Resource Manager will be divided among a Starfer process that initiates new
processes, a Switchboard process that provides a directory service, registering
and dispensing links to other utility processes, and a Connector process, which
helps set up links with a multi-process applications program. These ideas will be
described more fully in a forthcoming report.

A final difference between Arachne and Charlotte is implementation
language. We were both pleased and disappointed with C as the implementation
language for Arachne. One the positive side, it allowed us to be considerably

v
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more productive that we could have been had we tried to implement Arachne in
assembler language, while allowing sufficient flexibility to permit us to avoid use
of assembler language almost entirely. On the negative side, the C compiler pro-
vides almost no assistance in catching runtime errors. Indeed, the design of the
C language, with its heavy reliance on pointer variables, makes such things as
subscript and pointer checking nearly impossible. We found that an undue
amount of our time was spent tracking down errors due to subscript violations,
dangling pointers, and incorrect numbers of arguments to procedures. These
errors are particularly hard to find, since they may not manifest themselves
until long after they-occur, and since they may cause unrelated thoroughly
debugged routines to malfunction. As a result of these experiences, we have
decided to use Modula [20] as the implementation language for Charlotte. We
have a locally-written compiler for Modula that is capable of producing code for
variety of target machines including the PDP-11 and the VAX. Having our own
locally written and locally maintained compiler allows us to modify the language
to meet our particular needs and may allow experimentation with systems-

implementation language design in the future.

During the first year of this project, the design of Charlotte was nearly com-

pleted and implementation is nearly ready to commence.
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ANALYSIS OF SPEEDUP IN DISTRIBUTED ALGORITHMS
John Philip Fishburn

Under the supervision of

Assistant Professor Raphael A. Finkel
Abstract

We present and analyze several practical parallel al-
gorithms for multicomputers.

Chapger four presents two distributed algorithms for
implementing alpha-beta search on a tree of processors.
Each processor is an independent computer with its own
memory and is connected by communication lines to each of
its nearest neighbors. Measurements of the first
algorithm”“s performance on the Arachne distributed operat-
ing system are presented. For each algorithm, a theoreti-
cal model is developed that predicts speedup with arbi-
trarily many processors.

Chapter five shows how locally-defined iterative
methods give rise to natural multicomputer algorithms. We
consider two interconnection topologies, the grid and the
tree. Each processor (or terminal processor in the case of
a tree multicomputer) engages in serial computation on its
region and communicates border values to its neighbors when

those values become available. As a focus for our investi-
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gation we consider the numerical solution of elliptic par-
tial differential equations. We concentrate on the Diri-
chlet problem for Laplace”s equation on a square region,
but our results can be generalized to situations involving
arbitrarily shaped domains (of any number of dimensions)
and elliptic equations with variable coefficients. Our
analysis derives the running time of the grid and the tree
algorithms with respect to per-message overhead, per-point
communication time, and per-point computation time. The
overall result is that the larger the problem, the closer
the algorithms approach optimal speedup. We also show how
to apply the tree algorithms to non-uniform regions,

A large-network algorithm solves a problem of size N

on a network of N processors. Chapter six presents a gen-

eral method for transforming large-network algorithms into

quotient-network algorithms, which solve problems of size N

on networks with fewer processors. This transformation al-

lows algorithms to be designed assuming any number of pro-

cessing elements. The implementation of such algorithms on

a quotient network results in no loss of efficiency, and

often a great savings in hardware cost.
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