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Some Reflections on the Classical Stored Program Machine

This chapter presents alternative structures for controlling a data path of the type described in
chapter 5. It contains a review of the basic concepts of the stored program computer, and how
such computers are constructed from a combination of (i) a data processing path, (i) a controller,
and (iii) a memory to hold programs and data. A description is given of some of the ideas
behind the architecture of a specific controller chip, designed at Caltech, for use with the OM2

data chip. Several exampies of controller operations are provided.

We have previously used the OM2 data path chip as a source of illustrative examples, primarily
at the circuit layout level, (o help the reader span the range of concepts from devices, to circuit
tavout, to LST subsystems. Tn this chapter, the controller chip is used as a source of examples one
level higher, at the subsystem level, to help the reader span the range from digital logic circuits, to
LSI subsystems, to arrangements of subsystems for constructing [ SI computer systems. The
computer system one can construct using the OM2 data chip, the OM?2 controller chip, and some
memory chips, contains rather simple, regular layout structures. Yet the system is functionally

quite powerful, comparing well with other classical, general-purpose, stored program computers.

All present general-purpose computers are designed starting with the stored program, sequential
instruction fetch-exccute concepts described in this chapter. These concepts are important not

only for understanding present machines, but also for understanding their limitations.

As we look into the future and anticipate the dimensional scaling of the technology, we must
recognize that it will ultimately be possible to place very large numbers of simple machines on a
single chip. When mapped onto silicon, classical stored program machines make heavy use of a
scarce resource: communication bandwidth. They make little use of the most plentiful resource:
multiple, concurrent, local processing elements. What might be the alternatives? We will reflect

on some of these issues at the end of this chapter, and examine them in detail in chapter 8.
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Alternative Control Structures

In this section we will clarify the distinction between the data processing and control functions in

a digital computer system, and then examine several alternative forms of control structures.

The data processing path described in chapter 5 is capable of performing a rich set of operations
on a stream of data supplied from its internal registers or from its input/output ports. How is it
that a structure having such a static and regular appearance as the OM Data Path can mechanize
such a rich sct of operations? An analogy may help in visualizing the data path in operation.
Imagine the data path as like a piano, with the interior regions of the chip visualized as the array
of piano wires, and the control inputs along the edge of the chip as the keys. Under the external
control of the controller chip, now visualized as the piano player, a sequence of keys are struck.
During some cycles, many keys are struck together simultaneously, forming a chord. A complex
function may thus be performed over a period of time by the data path, just as the static-
appearing array of piano wires may produce a complex and abstract piece of music when a series

of notes and chords are struck in a particular order.

We see from this analogy, however, that the data path in itself is not a complete system. A
mechanism is required to supply, during each machine cycle, the control bits which dstermine the
function of the path during that cycle. The over: !l operations performed on data within the data

path are determined by sequences of control bit patterns supplied by the system controller.

Mechanisms for supplying these sequences of control inputs to a data path can either be very
simple or highly complex. There are many aiternative sorts of control structures. The detailed
nature of the controller has many important effects on the structure, programming, and
performance of the computer system. Let us begin with the description of the simplest form of
finite state machine controller. Then, through a sequence of augmentations of this controller, we

will build up to the concepts of the stored program computer and microprogramming.

Simple block diagrams, such as figures 1, 2, and 3, are used in this chapter to convey the essential
distinctions between various classes of controllers without requiring the diagramming of the
internal details of any particular controiler. Although the detailed internal logic of any particular
controller may be rather complex, there are only a smail set of key ideas involved in the

hierarchy of controller structures presented by the sequence of block diagrams.

If you closely examine the controllers of typical computers, you will find that every one either is,
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or contains within it, a finite state machine such as those described in Chapter 3. The very
simplest form of controller for the data path is a finite state machine having no inputs other than
state feedback lines, as shown in figure 1. The operations performed by the data path are
determined by the sequencing of the state machine. Each clock cycle, the output of the OR
plane is fed back into the AND plane and determines the next state of the state machine, which
periodically cycles through a fixed sequence of states. The data path is clocked in synchronism
with the controller, although for simplicity we haven't shown clock inputs to the data path in the
figures. Thus a fixed algorithm implemented in the code of the state machine operates on the

data in the data path.

Such a control structure could be used with the data path to implement a function such as a
digital filter, in which data is taken in from the left port of the data path, a fixed set of operations
performed on the data, and a result output at the right port of the data path. However, this
elementary control structure provides no way to perform operations which depend on the

outcome of a previous operation or upon the data itself.

A simple augmentation, shown in figure 2, enables the control sequencing to be a function of the
outcome of the previous operation. In figure 2, some of the data, or some logical functions of the
data, called flags, are fed into the AND plane inputs of the state machine along with the next
state information. Some typical flags are: whether or not the ALU output is zero, is positive, or
whether or not one ALU input is numerically equal to the other. The next state can thus be a
function of flags generated during the preceding operation. To simplify figure 2, we have not
shown the clock inputs to the PLA. However, assume that all subsystem structures shown in the
figure, and throughout this chapter, are appropriately operated in a synchronous manner using

our normal two phase clock scheme and proper design methodology.

While in principle the figure 2 structure is quite general, improvements are possible which allow
greater flexibility and compactness of representation of the algorithm in the state machine. One
of these improvements is shown in figure 3. Here an additional output from the OR plane of the
state machine is used to control the loading of the flag outputs of the data path into a flag
register. The flag register is used as an input into the AND plane of the stale machine. This
enables flags generated by a particular operation to be used as contro! inputs for the state
machine for a number of later operations. The stored flag values are replaced by a new set only
when the flag load signal is raised. One difficulty inherent in this structure is the limited amount
of information provided by the few flags generated by the data path’s ALU.
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