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How can the properties of VLSI be exploited to build computational structures? Our discussion
lo this point has concentrated primarily on principles for structuring circuits and wircs on the
chip rather than on the application of VLSI to solve intcresti'ng computational problems.
Although the OM example described in chapters 5 and 6 shows an elegant use of the structuring
principles in the design of a conventional processor, we are left with an intriguing question: Does

VLSI offer more than inexpensive implementations of conventional computers?

This chapler answers the question with a resounding YES! Because processing elements and
memory elements can both be easily implemented in VLSI, we are encouraged Lo find structures
that usc a great deal of concurrency--a large number of calculations occurring at the same time.
Although we can clearly design VLSI structures that have many sites at which processing is
performed, how are these structures to be applied? Some applications may require different sorts
of concurrent processing than others. Are there any principles or theorics that will guide us in
the design of highly concurrent systems? (For an cxcellent introduction to the promises and
problems of VLSI and concurrency, see reference [1] ) Unfortunately, we lack experience in
designing systems of this sort. As a consequence, this chapter can offer no complete designs
which have been applied in real system applications. Instead, we offer several glimpses of the

possibilities available with VLSI, and of its limitations.

The chapter is organized into four quite separate scclions; although they are designed 10 be read
sequentially, they may also be read concurrently!  The first section reviews the problems that
conventional computer designs present when implemented in VLSI, and summarizes efforts to
achieve concurrency in general-purpose computers. Section 2 takes up a particular sort of

concurrent organization--the array of identical processors--and shows ils application to matrix
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number of books that meet his needs, he may move his work to a carrel in the library, again in
order to reduce communication costs with the large library "memory.” The human strives to

keep his information supply close to his processing task,

Concurrency is widely exhibited in human organizations. Henry Ford introduced the production
line as a way to exploit concurrency in a well-understood manufacturing process. This is a
particularly simple structure, in which information and goods flow rigidly along the production
line. A more prevalent, general-purpose approach to concurrency in organizations is the
hierarchy: the president of a company supervises several subordinates, cach of whom in turn
supervises a like number of sub-subordinates, and so forth until we reach the lowest level

workers.

Two goals of the hierarchy are to keep cveryone about equaily busy, and to allow adequate
information flow in the organization. A supervisor must generate enough commands to keep
several subordinates busy--otherwise it would not be possible to build large organizations at all.
In addition, each subordinate requircs a certain amount of attention from the supervisor. These
requriements limit the number of subordinates who can be assigned 1o a single supervisor--ten
underlings can run the most diligent supervisor ragged. Supervisors gather information to make
decisions by querying their subordinates. In a badly organized hierarchy, supervisors may confer
frantically with their superiors to find answers nceded for crucial decisions. Meanwhile workers
stand idle, waiting for dircctions from above. While it is not possibie in gencral to have all
needed information available from one's own subordinates, concurrent systems require this

locality property to reduce interference from too much communication.

The design of computers and of algorithms has yet (o show the ingenuity reflected in human
organizations. This failure is not for want of cleverness in designers, but rather because the
technologies used to implement computers are much less flexible than the human beings used to
implement corporations. VLSI offers more flexibility than earlier technologies because memory

and processing structures can be implemented with the same technology, in close proximity.
Communication costs in computers

The archetypal computer consists of a single "processor” ( the CPU or “central processing unit™),

connecled to a large, homogeneous memory (Figure 1). The processor fetches an instruction from
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contain intermediate results of arithmetic calculations. Next comes “cache” memory (M),
designed to hold data and instructions that are referenced frequently. The “primary” memory
(Mp) is similar to the large memory of several million bits illustrated in Figure 1. Finally, a

"secondary” memory (Mg) of some sort is provided, usually implemented with disks.

The average time required to reference a memory element will depend on which piece of the
memory hierarchy holds the desired element. The intent is that fast, small memories be
referenced more frequently than the slow, large ones. This desire is reflected in the design of the
instruction set of the computer: referencing "registers” is usually encouraged by the structure of
the instruction set; refercncing primary memory (or cache) is supported by the instruction set, but
perhaps in less flexible ways than for register access; finally, accessing a disk is not directly

supported by instruction sets at all, but requires complicated "I/O control.”

It is instructive to formulate a crude model (o estimate the performance of the memory hierarchy.
We need to assign representative values to the frequency with which each memory is accessed,

and to the size of each memory:

f~.6 Frequency of access to registers (M)
f.~.38 Frequency of access to cache (M)
fp~.02 Frequency of access lo primary memory (Mp)

fs~.000005 Frequency of access to secondary memory (Ms)

M, ~16

M, ~10

M,~10°

M,~1010
Using our model of memory access lime, the time required to access memory on the average is
f#M + £#M, + fp#Mp + 100 £#M,, measured in arbitrary units. (The factor of 100
arises because disk access times are substantially worse than our memory wiring model indicates.)
It is instructive 1o nole the relative contributions of the separate memories: 2.4, 12, 6, 50, for a
tolal of 70. The cost of access to the slowest memory, the disk, is the most important

coniribution to the average.

The mnemory hicrarchy is an improvement over the homogeneous memory of Figure 1. The time

1o reference a single memory of sizc 10° is 320 units. The time to reference a three-level
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