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The Third Dimension

The successful design of large scale integrated systems requires careful management not only of
the two-dimensional silicon area, but also of the operation of the system in the time dimension.
Although time is physically different than the spatial dimensions, the general strategies alrcady
introduced for carrying the spatial design from conception to layout apply to system timing as
well. These are the usual strategies for conlaining complexity: use of abstraction and structured

design.

Much of the functional design of the spatial aspect of a system is done with the help of block
diagrams, logic diagrams, circuit diagrams, and stick dragrams, 1n a metric-free topological
domain. These representations are helpful because they allow designers o suppress detail, so that
they can think about system behavior at a level of abstraction which is effective for the task at
hand. One specific abstraction employed in these diagrammalic representations is the suppression
of geometrical detail, while focussing on the topological structure of the circuit or system.
Topology is sufficient to specify information flow between functional parts, so diagrammatic

representations are a useful abstraction to the functionat or logical structure of a system.

The third dimension, time, may also be regarded as having features analogous to geometry and
topology. The definition of a sequential process -- whether represented by a program, flowchart,
state diagram, or in plain English -- specifies only the ordering, or partial ordering, of the
individual steps that compose it. Thus it is the metric-free "topological" concept of sequence,

rather than the physical concept of a time metric, that is most useful for the functional design of a

system.

As was pointed out in section 3-[Relating Different Levels of Abstractior], it is important that the levels

of abstraction be related to each other and to physical concepts. The sequence domain is a self-
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consistent abstraction that applies across several levels of system design -- programming,
organization, logic. However, flowcharts and state diagrams do not say anything explicit about
space, time, and other physical characteristics of a system, just as logic diagrams do not. The
value of abstraction to the design process is that it permits one to defer certain bindings to
physical form. The hazard is that one can become so isolated from physics and economics as to
produce elegant schemes that are unworkable in practice. Thus, an important goal of any study

of timing is to devise and explain methods by which sequence and time can be related.

At some level in the mechanization of a sequential process, one may no longer ignore the time
metric. The electrical behavior of devices and wires is governed by physical laws which are
expressed as partial differential equations in time. Devices and wires also take space, and their
temporal behavior depends on these geometrical aspects of their construction. It is not generally
possible, therefore, to separate the spatial and temporal aspects of system design. Failure to
account for physical delays in the implementation of systems frequently results in unreliable

operation, poor performance, or both,

Time is also important to people. We believe that the process of design starts with a conception
of the functional operation of a system, together with a set of requirements -- or desires -
expressed in metrical units of space and time. These requirements are determined not by physics,
but by human needs, expectations, and desires. The “interactive” text system that requires

several seconds to respond to a keysuroke is misnamed.

Unfortunately, the world is full of examples of digital systems which -- even when functionally
correct -- have disappointed their designers and users as being unreliable or too slow. Why is it

that so many systems have “timing problems”, or fail to achieve performance objectives?

As is the case with the spatial dimensions, the design problems in the third dimension result not
from a lack of possible forms, bul rather from an overabundance. If one is to build a large scale
integrated system with any hope of correct operation, it is necessary o restrct oneself to a
consistent style of design. The canonical forms in the time dimension are signaling conventions
which are adhered to throughout the system. and serve the function of establishing between ail
parts engaged in a commuaication an interval or sequence of intervals of time for this
communication. If such a scheme is to be regarded as a discipline, it must be possible to state
precisely the requirements that the signaling convention places on system interconnections and

element timing.
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Alternative disciplines of design in this dimension can be characterized by the way in which they
connect sequence and time. Let us take as an example the synchronous discipline of design,
which has been used in a form with a two-phase clock in the designs presented previously in this
book. Here, sequence and time are connected by means of the clock. The term "synchronous”
comes from Greek: syn, or sym = same, or together + chronos = time: and the discipline is
well named, since it requires all parts of the system to operate together in time. Since
synchronous systems are by far the best known and most widely used, we take them as the

starting point for the body of this chapter.

Synchronous systems possess some serious limitations, which are made even worse as A is scaled
down, and as systems become larger. One problem is efficiency. It usually happens that most of
the combinational paths are short, and the system clock period is determined by one or a few
seldom used slow paths. One particularly difficult situation with slow paths occurs when
synchronous signals must be driven off-chip. The time required to drive a signal off-chip is today
a substantial fraction of the minimal clock period of about 1007. As A is scaled down, the r-
relative delay off-chip gets larger, indeed may exceed the minimal clock period. So, it appears
that synchronous communication across chip boundaries will become less and less attractive.
Synchronous communication within a chip appears to be at least possible down to the
fundamental limit of about 0.25; channel lengths, but it would be very difficult to manage a
synchronous design of the number of parts implied by this scaling while achieving reasonable

efficiency.

The same considerations of managing the design of very large integrated systems which provide a
motivation for dividing a system into modular parts argue that the parts be independently timed.
If the parts are each synchronous systems with independent clocks, information communicated
from one part to another must be synchronized to the receiver's clock. Unfortunately, as we show
in a later section, this synchronization cannot be accomplished with complete reliability. The
reason for this problem is that synchronizing elements are bistable, and have a metastable or
balanced condition that occurs under the conditions in which synchronizers must operate. As was
discussed in Chapter 1, there is no bound for the time the bistable element may remain in this
metastable condition. There arc many methods to reduce the probablily that such a fault would

crash a system, but all cost time and so reduce efficiency.

The limitations imposed by the synchronous discipline suggest that other disciplines be tried. The

final sections of this chapter are devoted to an outline of an alternative called self~timed logic.
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