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Computation is in the end a physical process. Data clements must be represented by some
physical quantity in a physical structure, for example, as the charge on a capacitor or the
magnetic flux in a superconducting ring.  These physical quantitics must be stored, sensed, and
logically combined by the clementary devices of any technology out of which we build compuling
machinery. At any given point in the evolution of a technology. the smallest logic devices have a
definite physical extent, require cerlain minimum fime 10 perform their function, and dissipate a
switching energy when switching from one logical state to another. From the system viewpoint,
these quantities are the units of cost of computation. They set the scale factor on the size, speed,
and power requirements of a compuling system. Some of the relationships between these
elementary quantitics are discussed in this chapter, and an example is given of application to

technology comparison,

Thermodynamic View of Computation

{ in preparation }

Encrgetics of Bistable Devices

Any physical structure we usc to represent information must be reliable. We must be able to
stably store all bits of information in our compuling machine over the period of any computation.
Binary information implics elementary memory clements of a bistable naturc; one state denoting
a logical zero, the other a logical one. A mechanical system which behaves in this way is the
inverted pendulum shown in figure la. The force of gravity holds the pendulum stably in cither
the rightmost or the lefimost position. Switching from one state to the other can be accomplished

by pushing (he weight up Lo its maximum position and letting it fall onto the oppusite stop.

Physicists view bistable systems of this sort in terms of a diagram such as that shown in figurc 1b.

What is plotted here is the potential energy of the physical system as a function of its spatial or
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Fig. 1a Inverted Pendulum
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Fig. 1b Potential energy of Penduium



Power

]
0 vV
Node Voltage V,

Y

9

Fig. 2 The Energetics of a Flip-Flop



Principle of Least Power

The basic physical law governing the behavior of any electrical circuit involving resistors is called
the Principle of Least Powerl. Any electrical network composed of resistors comes to equilibrium
by adjusting the potentials in such a way that the power dissipated in the network is a minirmurm.
This principle holds true even if the resistors which form the network are not ideal linear
resistors. Any network composed of dissipative electrical elements, such as the MOS or Bipolar

transistors, will behave in this way.
Energetics of the Flip-Flop

The power dissipated by our ordinary MOS flip-flop when we forcibly hold one node (V; for
example) at an arbitrary vollage, is plolled in figure 2. Notice that the curve has the same
general shape as the energy curve for our inverted pendulum. The two minima correspond to the
two stable states of the flip-flop. The maximum corresponds to the point at which no external
power need be supplied to hold the flip-flop in its intermediate state, ie. it is the metastably

balanced condition for the flip-flop.

The derivative of the total power wilh respect to the voltage Vy has the dimensions of a current,

and is equal to twice the current we must force into the node to hold it at a particular vollage.

Although the principles we derive for circuits of this sort are quite general in nature, it is
instructive 1o work a simple, idealized cxample. Let us represent the pullup transistors of our
flip-flop as ordinary resistors with resistance R, and the pulldown transistors as currcnt sources
whose magnitude is some mutual conductance G | multiplied by the voltage above threshold of

the transistor gate.

This idealized cquivalent circuit is shown in figure 3a. The transfer characteristic of each
individual inverter in the flip-flop is shown in figure 3b. The output voltage of the inverter is
constant at voltage zero until the input voltage exceeds the threshold voltage V,, of its pull down
transistor. 'V then varics lincarly with a slope -G_R. This slope is the gain of the inverter.
Afler the output voltage reaches 0, the inverter saturales and its output remains 0 for further

increases in the input voltage.

The power dissipated by this circuit for any given value of the voltage V, can be computed
analytically and is plotted in figure 4 for various values of the tramsistor transconductance G_ .
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Fig. 3a Equivalent Circuit
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Fig. 3b Inverter Transfer Characteristic
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Thermal limit

We have just illustrated how to compute the energy required for switching the flip-flop. An
external influence must supply an additional power, P, equal to the difference between the power
at the minimum and maximum of the power curve in order to switch the flip-flop from one

stable state to the other, That power must be supplied long enough for the information to
propagate through both inverters, and back to the node where we applicd the signal. This time is
just the inverter pair delay 7 for the technology out of which the flip-flop is built. The externally
input ¢nergy required to flip the flip-flop thus becomes:

E.=1P

W

The switching energy must be sufficient o prevent random occurrances from changing the state
of the device. Flectrical noise is always present in any real system. It is generated by heavy
eleclrical cquipment and propagated along power mains. Radio and tclevision (ransmitters of all
varieties create electromagnetic radiation which can induce vollages in a circuit. Modern
electronic devices allow single electronic occurrances to control relatively large currents. Atomic
imperfections randomly capture and releasc electrons, thus creating an unsteady environment.
Techniques cxist for minimizing the effect of cach such hazard. However, one fundamental

source of irreduciable randomness remains.

Any device operating at a finite temperature is subject Lo the randnm thermal motions of the
elements of which it is composed. The energy of any clement, large or small, is not fixed, but
fluctuates over a range of cnergies due to interactions with its environment. Each time we
measure the energy E of an clement, it will have some value which differs by some AE from its
equilibrium value. The probability that any given independent measurcment will yield a given
AE is given by the Boltzmann equation: Probability = e-Ab/kT

What constitutes "independent” measurements depends on the response time 7 of the system.
Two measurements should be made at least + aparl to be considered independent. Similarly we
have scen that in order to switch a bistable system from one state lo the other, a certain amount
of power P has to be supplied for the duration of the response, or switching, time 7 of the
system. Therefore, systems with a faster response time are more likely to be switched by thermal
fluctuations, since occasions where the critical power level 2 is exceeded for the necessary amount
of time r occur more often. This is equivalcﬁt to the view tthat systems with a wider bandwidth

capture more encrgy out of the spectrum of the thermal energy. Thus the probability per unit
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