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ABSTRACT
This paper presents the Collapsed Bennett Layout, a gen-
eral purpose floorplan for reversible quantum-dot cellular
automata (QCA) circuits. In order to exploit the full density
and speed potential of emerging nanodevices, the principles
of reversible computing need to be incorporated into the de-
sign of nanoscale circuits and systems. The Collapsed Ben-
nett Layout implements Bennett’s algorithm in hardware,
allowing any arbitrary logic function to be implemented re-
versibly in QCA.

Categories and Subject Descriptors
C.1 [Processor Architectures]: Other Architecture Styles

General Terms
Design, Theory

Keywords
quantum-dot cellular automata, reversible computing

1. INTRODUCTION
Without incorporating the principles of reversible com-

puting into nanoscale designs, the density and speed gains
promised by emerging nanotechnologies may remain beyond
reach because of the dissipation associated with the erasure
of a bit. This work introduces a general purpose floorplan
for reversible quantum-dot cellular automata circuits, the
Collapsed Bennett Layout. Reminscient of Bennett’s alo-
gorithm, this layout allows any irreversible QCA circuit to
be executed reversibly. This work begins by briefly introduc-
ing the quantum-dot cellular automata (QCA) paradigm,
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pointing out the magnitude of the power problem for nanoscale
systems, and discussing reversible computing as a way to ad-
dress the problem. Bennett’s algorithm is then briefly dis-
cussed followed by the presentation of the collapsed Bennett
layout.

2. QUANTUM-DOT CELLULAR AUTOMATA
The quantum-dot cellular automata (QCA) paradigm has

been widely described. In brief, charge configuration is used
to represent information rather than current. Each QCA
cell consists of four quantum-dots arranged in a square and
two excess electrons that repel each other and can tunnel
quantum mechanically between the dots of the cell. Since
the electrons repel eachother, there are two stable config-
urations that correspond to a binary zero and binary one
(figure 1). If the QCA cells are arranged in a line, they form
a wire. Directionality can be imposed by a localized electric
field that controls the tunneling of the electrons. When the
field is high, the configuration of the QCA cells are locked.
When the field is low, the configuration relaxes and the cell
has no value. The basic gates in the QCA paradigm are the
majority gate and inverter which form a functionally com-
plete set. The majority gate functions as an AND gate if
one of its inputs is a fixed logical zero input and as an OR
gate with a fixed one input (figure 2).

Logically irreversible circuits and architectures have been
studied including a simple processor [7][8] and memory[4][3].
These works cite many additional papers describing different
aspects of the QCA paradigm including physical realizations
of the devices. Logically reversible circuits and design tech-
niques have also begun to be explored [5].

3. THE POWER PROBLEM FOR
NANODEVICES

Landauer’s principle, the justification of reversible com-
puting, says that the erasure of a bit leads to at least kT ln(2)
Joules of heat dissipation, where k is Boltzmann’s constant
and T is the temperature of the system (300K is room tem-
perature)[6]. If it is true, a processor design that takes ad-
vantage of the density and speed potential of nanoscale de-
vices will need to consider reversibility so the heating due
to the erasure of bits does not overwhelm the system. For
instance, consider the following scenario. Suppose there is a
device (e.g. a transistor, a carbon nanotube switch, xa QCA
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Figure 6: Columnar clocking zones defined for this
adder. The shadings correspond to the shadings in
figure 7 showing the signal generation needed for the
four modes of operation.

�
�
�
�

��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�

��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

T
im

e

��
��
��
��

��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��

��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

T
im

e

(a) (b)

�
�
�
�

��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��

��
��
��
��

�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

T
im

e

�
�
�
�

��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��

��
��
��
��

�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

��
��
��
��
��
��
��

��
��
��

��
��
��
��

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�
�

��
��
��

��
��
��

�
�
�
�
��
��
��

��
��
��

�
�
�

�
�
�

��
��
��
��
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�
�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��
�
�
�
�
�
�
�
���

T
im

e

(c) (d)

Figure 7: Clocking signals required for four modes of
operation of collapsed Bennett clocking layout: (a)
Compute, (b) Decompute, (c) Shift Left, (d) Shift
Right. The clocking regions correspond to the col-
oring in figure 6

tween two stacks in this manner for a general purpose re-
versible processor.

For instance, consider a very simple example of using an
adder such as that in figure 4 to multiply 1∗4 by iteratively
adding 1 to itself 4 times. Table 1 shows the operations asso-
ciated with the execution of a four segment problem by Ben-
nett’s algorithm. Table 2 steps through the execution and
shows the corresponding execution in the collapsed Bennett
layout. Since one of the operands is always 1 in this example
only the changing operand is shown at the top of the stack
to aid in clarity. The numbering of the steps is the number-
ing used in table 1. Notice that each Bennett’s algorithm
step is associated with two collapsed Bennett operations - a
shift left/right operation followed by a compute/decompute
operation. At the end of execution, the original input re-
mains at the top of the left stack, and the final output is

Table 2: Executing a Simple Example in the Col-
lapsed Bennett Layout

Step Operation Left Right
Stack Stack

1. Enter Initial Input: 0 0 -
Compute 1+0 0 1

2. Shift Left 1 -
0

Compute 1+1 1 2
0

3. Shift Right 0 1
2

Decompute 1+0 0 2
4. Shift Left 2 -

0
Compute 1+2 2 3

0
5. Shift Left 3 -

2
0

Compute 1+3 3 4
2
0

6. Shift Right 2 3
0 4

Decompute 1+2 2 4
0

7. Shift Right 0 2
4

Compute 1+0 0 1
2
4

8. Shift Left 1 2
0 4

Decompute 1+1 1 4
0

9. Shift Right 0 1
4

Decompute 1+0 0 4

located at the top of the right stack. Clearly, this is a very
simple example, but it illustrates the relationship between
Bennett’s original algorithm and the operation of the col-
lapsed Bennett layout.

7. CONCLUSION
This work reminds readers of the importance of reversible

computing for nanoscale architectures that aim to exploit
the speed and density potential of emerging devices. In or-
der to fully harness this potential, reversibility must be ex-
plicitly incorporated into designs. This paper introduces a
general floorplan to incorporate reversibility into any design
for one such high-performance device, quantum-dot cellular
automata.
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