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The Connection Machine

Most computers have a single processing unit. In this new parallel

computer 65,536 processors work on a problem at once. The resul ting

speed may transtorm several fields, including artificial intelligence

changes have taken place in digital

computers. The amount of com-
putational power that once required a
room full of vacuum tubes can now be
found in hand-held devices. Complex
computations that would once have
taken days to perform can now be
done in seconds. Yet in certain funda-
mental respects the design of the digi-
tal computer remained unchanged be-
tween the days of the ENIAC (one of the
first large-scale digital machines, built
at the University of Pennsylvania in
the late 1940’s) and the current gen-
eration of supercomputers. Most mod-
ern computers—from supercomputers
to microprocessors—are similar to the
ENIAC in that the memory and the cen-
tral processing unit are separate en-
tities. For a computation to be per-
formed, the appropriate data must be
retrieved from memory and brought
to the central processor; there it is
operated on before being returned to
memory.

Such a design is called sequential
because the processing operations are
performed one at a time. The sequen-
tial design was adopted mainly for
utilitarian reasons. In the early days of
digital computing the memory and the
central processing unit were made of
different materials. Since memory was
cheaper than processing, it was desir-
able to maximize the efficiency of the
processing unit at the expense of the
memory’s efficiency. And that is just
what the sequential design does. To-
day, however, the memory and the
central processor are fabricated from
the same etched silicon wafers. In a
typical computer more than 90 per-
cent of the silicon is devoted to mem-

In the past three decades remarkable

ory. While the central processor is.

kept wonderfully busy, this vast ma-
jority largely sits idle. At about $1
million per square meter, processed
packaged silicon is an expensive re-
source to waste.

Clearly, the general solution to this
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problem is to find a way to unify
processing capacity and memory.
But how? One answer is to exploit
many small processors, working si-
multaneously, each accompanied by a
small memory of its own. In such a de-
sign, which is called parallel process-
ing, memory capacity and processing
capacity can both be utilized with high
efficiency. This is the approach my
colleagues and I have taken in build-
ing a parallel computer called the
Connection Machine. The Connection
Machine incorporates 65,536 simple
processors. Each processor is much
less powerful than a typical personal
computer, but in tandem they can ex-
ecute several billion instructions per
second, a rate that makes the Connec-
tion Machine one of the fastest com-
puters ever constructed.

Yet the most interesting thing about
the Connection Machine is not its
brute speed but its flexibility. Special-
purpose devices have been built that
exploit parallelism to perform specific
tasks quite quickly. Like idiot savants,
however, such machines are usually
quite awkward outside their special-
ties. In contrast, the Connection Ma-
chine can operate at its peak process-
ing rate in a wide range of applica-
tions. As this article will describe, the
key to such flexibility is a communica-
tions network that enables the multi-
tude of processors to exchange infor-
mation in the pattern best suited to the
problem at hand. The Connection Ma-
chine is not just a prototype. About
a dozen Connection Machines are al-
ready in commercial use, and they
have begun to change the way digital
computing treats problems in physics,
image processing, text retrieval and
even artificial intelligence.

In order to understand the benefits of
parallel processing, it is helpful to
think about the difference between the
way a conventional computer deals
with an image and the way the same

image is treated in the human brain.
From the pair of two-dimensional im-
ages falling on the retinas a human
being is able—without apparent ef-
fort—to reconstruct a three-dimension-
al model of the world and maintain
that model as the two-dimensional im-
ages change rapidly. Computers can
be programmed to carry out part of
the task, but even quite fast com-
puters take hours to do what the hu-
man brain can do in fractions of a
second [see “Vision by Man and Ma-
chine,” by Tomaso Poggio; SCIENTIF-
IC AMERICAN, April, 1984]. The brain
maintains its advantage in spite of the
fact that its components—neurons—are
apparently millions of times slower
than the computer’s transistors.

Why, then, is the brain so much fast-
er than the computer? The visual cir-
cuitry of the brain is not fully under-
stood, but it is clear that in some areas
of the brain the principles of parallel
processing are at work. In those parts
of the brain the entire image is proc-
essed at once. The computer, however,
examines the image one tiny spot at a
time, as if it were looking through a
minute keyhole. In the computer the
image is represented as an array of
numbers, each of which corresponds
to the intensity of the light at a partic-
ular point. A typical low-resolution ar-
ray might be a square with 256 points
on a side. A conventional computer
operates on only one of the square’s
65,536 points at a time. Hence even a
simple image-processing operation in-
cludes 65,536 steps.

The Connection Machine, on the
other hand, assigns a single processor
to each point of the image. Since every
operation can be performed on all the
points simultaneously, a calculation
involving the entire image is as fast
as a calculation involving only a sin-
gle point. For example, to find all the
points in the image that are brighter
than a certain minimum a sequential
machine must check the 65,536 tiny el-
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ements in succession, comparing each
one with the threshold value. In the
Connection Machine that comparison
is made simultaneously by the 65,536
processors—each one operating on a
single element of the image.

The threshold comparison is partic-
ularly simple because it can be carried
out independently by each processor.

Most interesting computations, how-
ever, require that the processors ex-
change information as the operation
proceeds. Consider the common im-
age-processing operation called con-
volution. Convolution blurs an image
by averaging each point with its near-
est neighbors in the two-dimensional
grid. (Convolution, which is analogous

to operations carried out in the human
visual system, is useful for removing
insignificant details and bringing out
significant objects.)

To complete a convolution each
processor must read a value from
the processors that store informa-
tion about the points to the left, right,
above and below the point in question.

In effect the processors must “talk”
to each other. One way to accom-
plish such a pattern of communica-
tion is to wire the processors in a two-
dimensional grid. Since each processor
would be wired to its four nearest
neighbors, the grid corresponds direct-
ly to the communication paths re-
quired for convolution. Indeed, some
parallel computers specialized for im-
age processing are wired in a two-
dimensional grid. That pattern works
well for convolution but not for other
computations.
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For example, in computing the aver-
age intensity of all points in the image
a pattern of connections resembling an
inverted tree is the most convenient.
The average intensity of an image con-
taining 65,536 points can be calculat-
ed by first computing the average of
every pair of points, then the average
of each pair of pairs, and so on. In
16 steps the average can be derived.
In its last few steps the computation
requires an exchange of information
about points that are widely separated
in the image; therefore the two-dimen-
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sional grid is not a convenient pattern
of wiring.

The general principles to be derived
from these examples are that each
type of computation may require its
own pattern of connections and that
each processor may need to communi-
cate with any other. Therefore in de-
signing the Connection Machine we
chose a communications network in
which any processor can communicate
with any other. As a result of such
flexibility the programmer is free to

CONNECTION MACHINE is a cube 1.5 meters on a side made The red lights on the boards indicate the status of the chips; they
up of eight subcubes. Each subcube contains 16 boards arranged are for troubleshooting. Operating in parallel, the 65,536 proces-
vertically. On each board are 32 custom chips. Every chip includes sors can execute several billion instructions per second, making
16 processors, each with a small amount of associated memory. the Connection Machine one of the fastest computers ever built.

BOARD slides out of the Connection Machine much like a book  processors. The rectangular objects include memory units and de-
from a shelf. The square objects are the chips, each with its 16 vices for routing communications among the assembled processors.
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choose the algorithm that is most ap-
propriate for solving the problem at
hand without having to worry about
the limits imposed by the pattern of
wiring.

The basic replicated unit of the Con-
nection Machine is an integrated cir-
cuit consisting of 16 small processors
and a device for routing communica-
tions. Each of the processing units is
associated with 4,096 bits of memo-
ry. (A typical personal computer has
256,000 bits or more.) The 16 proces-
sors are etched on a single chip and 32
of these chips are packaged on a sin-
gle printed-circuit board. There are
128 such boards in the machine, ar-
ranged in a cube 1.5 meters on a side.
For purposes of troubleshooting each
chip is connected to a light on the
edge of its board; the array of lights
forms a pattern on the face of the
cube as the machine operates.

The 16 processors on each chip are
connected by a switch that makes it
possible to create a direct connection
between any pair of processing units.
Implementing such direct connections
between every pair of processors
among the 65,536 in the system would
require more than two billion wires,
obviously an impractical figure. In-
stead, the routing device on each chip
is connected to 12 other routers in the
system. The routers are wired accord-
ing to a pattern called a Boolean n-
cube. The n-cube is a generalized ver-
sion of an ordinary three-dimensional
cube that has sorne excellent proper-
ties as a network for communications
among processors.

The full mathematical detail of the
n-cube is somewhat beyond the scope
of this article, but its general princi-
ples are not difficult to grasp. One can
imagine an ordinary three-dimension-
al cube as one member of a series
of “cubes” corresponding to different
spatial dimensions. For example, a
line segment might be thought of as a
“one-cube,” or a cube in one dimen-
sion. Joining two one-cubes by their
ends yields a two-cube, or a square.
Joining two two-cubes by their corners
yields a three-cube, which is what we
ordinarily think of as a cube. Similar-
ly, joining two three-cubes by their
corners yields a four-cube [see illustra-
tion on next page]. The process may be
repeated any number of times, and it
can readily be shown that a 12-cube
has 212 (4,096) corners, or one for each
chip in the Connection Machine.

Such a Boolean n-cube is a valuable
arrangement for several reasons. In
the first place, no processor in the 12-
cube is more than 12 wires away from
any other, which facilitates communi-
cation in the network. Second, the de-
sign of the n-cube accords well with
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SYSTEM DIAGRAM shows that the Connection Machine operates in association with a
conventional computer, which is called the host. A user of the system interacts with the
host by means of a conventional computer language modified for parallel programming.
Rather than carrying out repetitive operations one at a time, however, the host delegates
them to the Connection Machine, where the operations are done in parallel. The results
can be obtained by various input-output devices, including high-resolution visual displays.

the binary logic of the computer. In
the digital computer all data are stored
as strings of bits, each with a value of
either 0 or 1. Now, each cube in the n-
cube has two subcubes, which may be
designated 0 and 1 respectively. As a
result each point in the n-cube has a
unique address specified by a string of
12 binary bits. The first bit specifies
which of the 11-cubes within the 12-
cube contains the desired point. The
second bit specifies which of the 10-
cubes is in question, and so on until a
unique point has been determined.

These binary addresses can be em-
ployed to route messages among
the 4,096 chips in the Connection Ma-
chine. Each message in the system in-
cludes such an address. On receiving
the message, the router examines the
address one bit at a time, then for-
wards it to the next router along the
way. That router in turn takes up the
message, examines the address and
forwards it. Thus in no more than 12
steps any message will find its way to
the destination.

This communications network has
several features that augment its speed
and flexibility. One of the valuable
properties of the n-cube arrangement
1s that there are many equally efficient

routes of communication between any
pair of processors. If one route is al-
ready occupied by a transmission in
progress, the router is free to select an
alternate route merely by processing
the bits of the address in a different or-
der [see illustration on page 8].

Another type of flexibility is also in-
herent in the communications system.
In some instances the communications
network behaves more or less like a
telephone exchange: it establishes a
circuit between two processors so that
they can communicate continuously
and exclusively. In complicated cases,
however, the messages may be so long
and the system so crowded that the
routers must behave more like post of-
fices, storing packets of information
that are later forwarded. Such deci-
sions are made by the routers based on
what wires are available when a trans-
mission must be made.

These properties make it possible
fpr the Connection Machine to estab-
lish many different patterns of com-
munication, depending on the problem
at hand. An important feature of the
system is that such details are invisi-
ble to the user, who needs to know no
more about Boolean n-cubes than the
average user of the telephone needs
to know about digital switching. (In-

—

deed, future versions of the machine
may have other wiring patterns with
no effect on the algorithms that are
employed.) The programmer interacts
with the Connection Machine through
a conventional computer, known as
the host, which employs a standard op-
erating system and programming lan-
guage. The processors of the Connec-
tion Machine are connected with the
host much as a conventional memory
unit would be.

Indeed, in one sense the Connec-
tion Machine is the memory of the
host. That relationship makes possible
a simple integration of parallel com-
puting and existing software. Pro-
grams for the Connection Machine are
surprisingly similar to conventional
programs. The chief difference is that
many operations normally carried out
by repetitive loops are replaced by sin-
gle operations corresponding to the
simultaneous operation of many proc-
essors in the Connection Machine;
the routing hardware automatically
establishes the necessary communica-
tion paths.

It should be noted that nowhere in
this system is exotic hardware to be

“ONE-CUBE”

“ZERO-CUBE”

“THREE-CUBE”

_ found. In designing the Connection

Machine we chose well-tested technol-
ogies in order to achieve simplicity
and reliability. The individual proces-
sors are relatively slow by the stan-
dards of today’s fastest computers.
The custom chip is built by methods
similar to those for making personal
computers and pocket calculators. Yet
the assembled power of the 65,536
processors makes the machine very
fast. For many applications the ma-
chine can perform more than two
billion operations per second; for the
most favorable applications the figure
is more than 10 billion, or about 1,000
times as fast as a typical mainframe
computer.

Putting the machine’s speed in a
slightly different context, one
might consider floating-point opera-
tions, which provide a standard for
computing power in number-intensive
scientific applications. A floating-
point operation is the multiplication or
addition of two numbers expressed in
scientific notation (such as 1.5 X 102).
A typical supercomputer can carry out
a few hundred million floating-point

“TWO-CUBE”

“FOUR-CUBE”

BOOLEAN N-CUBE provides the topology for the network tl}at links the .Connectlon
Machine’s processors. A Boolean n-cube is a generalized v?rs.lon of an ordinary cube_.
Such cubes can be constructed in many dimensions, each‘bulldmg (:‘n the next;lovs:er .dl-
mension. A point can be considered a cube in zero dime:nswr‘l‘s, or a ze’r’o-cube. Lln}(llltllg
two points yields a “one-cube,” or a line. Linking a pair of .tho-cubes .(squares) yields
the familiar three-dimensional cube. Two three-cubes can be J.mned ﬁt their vSrtg):}e:s“(%()ng-
ners) to form a “four-cube.” Repeating the process would yleld.a 12-cube fw112 c,ube
vertexes. The 4,096 chips of the Connection Machine are wired in the form of a 12- .

operations per second; the Connection
Machine can average about 2,500 mil-
lion on a typical problem.

To what uses has this considerable
number-crunching capacity been put?
As suggested above, some of the initial
applications have involved manipu-
lating and processing images. Others
have exploited the parallelism inher-
ent in certain physical processes. The
engineering problem of calculating the
flow of air over an airplane wing or a
helicopter rotor provides an example
of how the Connection Machine can
mirror the parallelism of nature.

In nature the overall flow pattern
emerges from the myriad interactions
among air molecules, which bump
into one another and into the surface
of the wing as they rush along. The
engineer (who is interested in the over-
all flow rather than the specific mo-
lecular interactions) uses a simplified,
large-scale model consisting of a set of
partial differential equations. Yet the
equations themselves are set up in par-
allel: they treat changes in pressure in
small volumes of air and sum their in-
teractions to yield the overall flow. Be-
cause the equations are parallel, their
solution is fast and efficient on the
Connection Machine.

With a parallel computer, however,
one can also move beyond the equa-
tions and come closer to the under-
lying physical reality. The large-scale
behavior of a fluid is for the most part
independent of the detailed physical
properties of its individual particles.
Moreover, the qualitative behavior of
the fluid is not changed when the num-
ber of particles is greatly reduced.
Therefore it is possible to accurately
re-create large-scale flows by examin-
ing collisions among a few tens of mil-
lions of simple, generalized particles.

Stephen Wolfram of the Center
for Complex Systems Research at
the University of Illinois at Urbana-
Champaign and my colleague James
Salem took advantage of this tech-
nique to model fluid flows over com-
plex surfaces. Their simulation en-
tailed only a few tens of millions of
particles, and the particles were al-
lowed to move in only six directions at
integral velocities. Nonetheless, the
system is capable of accurately mim-
icking the flow of a fluid.

The simplest and most logical way
to perform the fluid-flow computation
would be to assign each particle its
own processor. Yet a typical simula-
tion includes about eight million “par-
ticles,” and the Connection Machine,
vast as it is, includes only some 65,000
processors. The solution to this pro-
gramming difficulty and analogous
ones is to program each processor to
act as if it were a string of different

7




1 2

4' "

3 4
‘. 1
110
000

ALTERNATE ROUTES for communication between chips are
provided by an n-cube. The illustration shows alternate routes in a
three-cube, but the same principle applies to the 12-cube of the
Connection Machine. Each vertex of the n-cube (where the chips
lie) can be assigned a unique address as follows. A three-cube in-
cludes three pairs of planes. Each plane can be designated 0 or 1,
and a vertex is then assigned a three-digit address according to
which member of each pair of planes it is found in (/). Messages
are forwarded by routing devices at each vertex, which read the

processing units, each unit handling
one particle at a time. The details of
the arrangement are again invisible to
the programmer, who simply specifies
how many “virtual processors” are
required. The hardware and software
take care of the rest. Of course, if each
processor must simulate 250 units in
turn, the computation takes 250 times
as long as it would with one actual
processor per particle.

Many interesting applications of the
Connection Machine do not involve
numbers. My colleagues Brewster
Kahle, Craig Stanfill and David Waltz
exploited the computer’s parallelism
to retrieve documents from large col-
lgctions of texts. The underlying prin-
ciple of their system is that each proc-
essor can be programmed to compare
one document in a large data base with
a “'search sample,” a paragraph chosen
for its relevance. Once the compari-
son has been made, the processors ex-
change information and rank the doc-
uments according to how well they
match the search sample.

Comparing two pieces of prose to
see how well they match is not a sim-
ple task. Merely counting the number
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of words that appear in both samples
is useless, because the count is contam-
inated by words such as “the” and
“as,” which carry little content. There-
fore the document-retrieval system ex-
ploits a dictionary and some rules of
grammar to extract from each sample
the phrases that bear its content. Each
processor is loaded with a different ar-
ticle compressed in this way, and the
search sample is broadcast to all the
processors in the network.

The process of comparison is rel-
atively simple, and since 65,536
documents are checked at once, the en-
tire data base can be examined almost
instantaneously. Ranking the articles
according to how well they match the
search sample is a more difficult oper-
ation, because it requires a complex
pattern of communication among the
processors. Yet in parallel it can be
performed in about 50 milliseconds. A
few of the highest-ranked documents
are then offered to the user of the sys-
tem, who can choose a new search
sample; from among them. (Converse-
ly, articles that are clearly irrelevant
can be chosen as negative search sam-

m

m

110

m

address and process it one digit at a time. Here a message is sent
from 000 to 111. The router reads the first digit and forwards the
message to point 100 (2). There the second digit is read (3). At
110 the third digit is read and the message is forwarded to its
destination (4). When it comes time to send the message, how-
ever, the wire between 000 and 100 may be busy (5). In that
case the router simply reads the second digit of the address first,
choosing an alternate route (6). Then the first and third digits are
read (7, 8) and the message is delivered to the correct address.

ples.) Because all the comparisons are
done at once, the entire collection of
texts can be winnowed repeatedly in a
short period, which ensures that all rel-
evant articles will be found.

The document-retrieval program is
able to function without anything that
approaches an understanding of the
contents of the articles. Actually un-
derstanding those contents would re-
quire considerable background knowl-
edge about the world, which has not
been incorporated into the retrieval
system. One exciting area of research
involving the Connection Machine is
the writing of programs that include
such background knowledge and are
able to mimic certain aspects of hu-
man reason.

_Like the processing of two-dimen-
sional images to form a three-dimen-
sional world model, “commonsense”
reasoning is carried out without appar-
ent effort in the human brain. For ex-
ample, any child can deduce (with the
appropriate affective response) that
!'ns mother’s favorite vase will fall if it
1s dropped. The child is able to infer
that the vase is more like a plate or a
rock, which fall, than it is like a bird

e —

HELICOPTER ROTOR produces a complex airflow that can readily be simulated in
parallel on the Connection Machine. Each processor models the circulation within a cer-
tain layer of air (small subdivisions of the image). The circulation of the air in each sec-
tion influences the air in each of the other sections. These interactions are computed in
parallel. Details such as the wavy distortion at the bottom are important for predicting
forces exerted on the helicopter blades. The simulation was developed by T. Alan Egolf
of the United Technologies Research Center and the author’s colleague J. P. Massar.

or a balloon, which do not. The infer-
ence can be made correctly in spite of
apparently contradictory information,
such as the fact that the vase may be
spherical, as a balloon is, or that the
child’s mother may also own a bird.

Clearly, for human beings the ease
and accuracy of such inferences in-
creases with the accumulation of
knowledge about the world. The oppo-
site is true for conventional comput-
ers. As the number of different con-
cepts increases, the number of possible
relations among them increases even
more quickly. Because a sequential
computer can examine these relations
only one at a time, its pace slows dra-
matically as the quantity of back-
ground data grows. Indeed, the slow-
ness of conventional computers in
commonsense reasoning was one of
the stimuli responsible for the design
of the Connection Machine.

n the late 1970’s, as a graduate stu-
dent at the Massachusetts Institute
of Technology, I became interested in
how commonsense reasoning might be
simulated by computers. It seemed to
me that one way out of the morass se-
quential computers found themselves
in when asked to make simple, every-
day deductions was to build a machine
that could examine possible connec-
tions among concepts more than one
at a time. (In that conclusion I. was
inspired by the work of Marvin L.
Minsky of M.LT. and Scott E. F?lhl-
man of Carnegie-Mellon UanCrS.lty.)
That was in 1978. By 1985 the idea
had moved to the stage of an actual
prototype with the aid of a grant from

the U.S. Defense Advanced Research
Projects Agency, which offered to buy
the first machine. By then I had left
M.LT. and helped found the compa-
ny—Thinking Machines Corporation—
that builds and markets the Connec-
tion Machine.

Now that the Connection Machine
is a physical reality, investigators of
artificial intelligence are making use
of it to solve commonsense reasoning
problems. The germ of this approach
is to assign one fundamental concept
to each processor. The connections
among processors can then be ex-
ploited to represent multiple relations
among simple concepts. In the simple
example given above, one processor
may represent the concept “Vase,” an-
other “Mother” and a third “Likes.”
The connections among these three
processors would embody the knowl-
edge that “Mother likes her vase.”
Other connections might represent the
vase’s shape, composition and history.
When it comes time to decide what the
outcome would be if the vase were
dropped, the relevant connections can
be searched in parallel.

Since there are now about a doz-
en Connection Machines in operation,
there will undoubtedly soon be many
new programs for the ma_chine.. It is
likely that many of them will be in the
four general areas touchgd on above:
image processing, simulation of physi-
cal processes, searching of data bases
and artificial intelligence. One of the
greatest challenges in lear.nlqg to use
the Connection Machine lies in begin-
ning to think in par_allel terms. Pro-
grammers have considerable accumu-

lated experience in programming for
sequential machines, and such pro-
gramming has by now become almost
second nature. Learning to write pro-
grams for parallel machines requires
thinking in ways that are quite differ-
ent from those demanded by sequen-
tial computers.

That challenge will be greater for
the Connection Machine than it will be
for some other types of parallel ma-
chines. It should not be assumed that
the Connection Machine is the only
representative of its genre. Indeed,
many different parallel designs are
now in various stages of realization.
To generalize greatly, these designs
fall into two broad classes: “coarse-
grained” and “fine-grained.” Coarse-
grained machines link relatively few
processors, each with a relatively large
amount of computational power; fine-
grained machines link a great many
weak processors.

These two classes of parallel com-
puters form a spectrum. At one end is
the conventional sequential computer,
which has the minimum number of
processors: one. At the other end of
the spectrum are designs such as that
of the Connection Machine, which in-
clude a very large number of small
processors. Although some highly
qualified investigators and companies
are pursuing the coarse-grained ap-
proach, I think it is the fine-grained
design that will ultimately prove the
most fruitful. Yet it is also the one that
is the most foreign to our preconcep-
tions about computer programming.

In writing a program for a coarse-
grained machine, one can adhere
to concepts much like those used for
programming sequential computers;
the problems arise in attempting to
coordinate the programs. In writing a
program for the Connection Machine,
however, one is faced with an entirely
different realm of problems and possi-
bilities. Exploiting the full potential of
the machine will require a new way
of thinking about computation, which
we as programmers have just begun
to learn. That learning process will
undoubtedly be both rewarding and
challenging.

Some of its rewards may come from
the fact that the Connection Machine
can be expanded to encompass con-
siderably more computational power
without any fundamental changes in
design. Most of the applications envi-
sioned for the machine could profit-
ably exploit a computer much larger
than current versions of the Connec-
tion Machine. For this reason the com-
puter has been designed to allow a
significant increase in the number of
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processors. The Connection Machine
can be expanded simply by adding
processors, memory and communica-
tion devices to an existing machine.

As an extreme example of scaling
up, imagine a parallel computer with
one billion processors. Such a machine
might well incorporate some features
of the Connection Machine, although
there would undoubtedly be many
new problems to solve. If built with
current technology, a billion-proces-
sor machine would be as large as a
building and cost 20 times as much
as today’s largest computers. It could,
however, execute some 100 million
million (10'%) instructions per sec-
ond, which is several orders of mag-

nitude greater than the computational
power of all existing supercomputers
combined.

There are technical problems inher-
ent in building such a computational
engine, but they are soluble. The real
problems are those of the imagination:
conceiving how such power would
be used. Some engineering problems,
including extrapolations of examples
mentioned above, might benefit from
such capacity, but they are in a sense
trivial. The applications worthy of a
billion-processor machine are those
that entail a radical change in the way
we think about computation.

A parallel computer with a billion
processors might provide the basis for

a computational utility analogous to
existing gas and electric utilities. Just
as a coal-fired plant generates elec-
tricity that is transmitted to individual
appliances, a huge parallel computer
could provide computational power
to a city’s worth of robots and work-
stations. The design of the parallel
machine would enable many users
to draw on portions of the total com-
puting capacity for small problems,
whereas the total capacity could be ap-
plied to large ones. Such a vision is
somewhat utopian (at least for the mo-
ment), but it is by no means impracti-
cable, which suggests the depth of the
changes that parallel computing may
ultimately bring.

COMPUTER GRAPHICS is one of the fields in which parallel
computers may be most fruitful. The illustration was made by the
technique called ray tracing, in which each Connection Machine
processor is assigned to a different pixel (picture element). The
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processors trace rays of light bouncing among imaginary objects,
here glass balls and images of eyes. The paths of the rays deter-
mine the final color of each pixel. Karl Sims of the Massachusetts
Institute of Technology Media Laboratory generated the image.




