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Abstract: It i s  argued  that computing machines inevitably involve devices which perform logical functions 

that do not have a single-valued inverse. This logical irreversibility i s  associated with physical irreversibility 

and requires a minimal  heat generation, per machine cycle, typically of the order of kT for each irreversible 

function. This dissipation serves the purpose of standardizing signals and  making them independent of their 

exact  logical history. Two simple, but representative, models of bistable devices are subjected to a more 

detailed analysis of switching kinetics to yield the relationship between speed and energy dissipation, and 

to estimate the effects of errors induced by thermal fluctuations. 

1. Introduction 

The search for faster and  more compact  computing  cir- 
cuits  leads  directly to  the question: What  are  the ultimate 
physical limitations on  the progress in this  direction? In 
practice the limitations are likely to be set by the need for 
access to  each logical element. At this time, however, it is 
still hard  to understand  what physical requirements  this 
puts on  the degrees of freedom which bear  information. 
The existence of a  storage  medium  as  compact as  the 
genetic one indicates that  one  can go very far  in  the 
direction of compactness, at least if we are prepared to 
make sacrifices in the way of speed and  random access. 

Without considering the question of access, however, 
we can show, or at least very strongly suggest, that  infor- 
mation processing is inevitably accompanied by a  certain 
minimum amount of heat generation. In a general way 
this is not surprising. Computing, like all processes pro- 
ceeding at a finite rate, must involve some dissipation. 
Our arguments, however, are more basic than this, and 
show that  there is a minimum  heat  generation,  independ- 
ent of the  rate of the process. Naturally the  amount of 
heat generation involved is many orders of magnitude 
smaller than  the  heat dissipation in  any practically con- 
ceivable device. The relevant point, however, is that  the 
dissipation has a real function and is not just an unneces- 
sary nuisance. The  much larger  amounts of dissipation in 
practical devices may be serving the same  function. 

Our conclusion about dissipation can  be anticipated in 
several ways, and  our  major contribution will be a tight- 
ening of the concepts involved, in a  fashion which will 
give some  insight  into the physical requirements for logi- 
cal devices. The simplest way of anticipating our conclu- 
sion is to note that a  binary device must  have at least one 

degree of freedom associated with the information. Clas- 
sically a degree of freedom is associated with kT of 
thermal energy. Any switching signals passing between 
devices must  therefore have this  much energy to override 
the noise. This argument does not  make  it clear that  the 
signal energy must  actually be dissipated. An alternative 
way of anticipating our conclusions is to refer to  the argu- 
ments by Brillouin and earlier  authors,  as  summarized by 
Brillouin in his book, Science and Information Theory,' 
to  the effect that  the measurement  process  requires  a 
dissipation of the order of kT.  The computing process, 
where the setting of various elements depends upon the 
setting of other elements at previous times, is closely akin 
to a  measurement. It is difficult, however, to  argue  out 
this  connection in a more exact  fashion. Furthermore, 
the arguments  concerning the measurement process are 
based on the analysis of specific models (as will some of 
our arguments about  computing),  and the specific models 
involved in  the measurement analysis are rather  far  from 
the kind of mechanisms involved in  data processing. In 
fact  the arguments  dealing  with the measurement  process 
do  not define measurement very well, and avoid the very 
essential question: When is a system A coupled to a sys- 
tem B performing  a  measurement? The mere fact  that 
two physical systems are coupled  does  not in itself require 
dissipation. 

Our main argument will  be a refinement of the follow- 
ing  line of thought.  A  simple  binary device consists of a 
particle in a bistable potential well shown in Fig. 1. Let 
us arbitrarily label the particle in the left-hand well as the 
ZERO state.  When the particle is in the  right-hand well, 
the device is in the ONE state. Now consider  the  operation 183 
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