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A modified Fredkin gate is proposed as a basic building
block for low-energy computing. Essentially the modified
Fredkin gate is a simple crossover switch, but it has the
potential to be implemented optically. It therefore appears
to be a good choice as a building block for future compu-
ters. This paper shows that the modified Fredkin gate can
be used to implement multi-valued logic, threshold logic
and array logic. The result is that the same basic archi-
tecture can be used to implement many different logic
design techniques, so that comparisons can be made
between them.

1. Introduction

he history of logic design has been

dominated by Boolean logic mainly
because of the ease with which it can be
implemented in electronics. Whether electrical
switches, diodes or transistors are used, a switch
can be constructed so that there are two stable
states, open and closed, or on and off. This has
meant that alternative logical methods have been
somewhat overlooked. Examples of alternative
logic design solutions include threshold logic
and multi-valued logic which, despite having a
strong case in their favour, always seem to fall
prey to the argument that they cannot be
implemented as easily as Boolean logic.
Comparisons of the logical power tend to favour
these alternatives, but the circuitry needed to
construct them is always more complex than the
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equivalent Boolean implementation, and it is
difficult to imagine the computing industry
suddenly changing to one of these alternatives.

There are currently two factors which might
alter this [1]. The first is that predictions of the
future of computers show that they cannot go on
increasing in power at their present rate. At
some point in the future it will no longer be
feasible to reduce their size and increase their
speed. At that point some of the alternatives may
be explored. However, the second factor is the
increasing interest in optical computing. Some
researchers have already started to point out
some of the weaknesses of current electronic
computing and are advocating a shift of invest-
ment towards optical systems. At present much
of the research into optical computing seems to
be directed at finding equivalent Boolean logic
using methods such as shadow casting [2], even
though some of these methods have the poten-
tial for implementing threshold logic or multi-
valued logic. It would seem that if a strong
enough case for some of the alternative logics
were to be made now, it could be possible for
them to get in ‘on the ground floor’.

In this paper, one particular gate is proposed
which has the potential to be implemented opti-
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cally. It has the advantage that if necessary it can
perform conventional Boolean logic, but it can
also perform alternative logics such as conserva-
tive logic, multi-valued logic and threshold logic.
Since the same gate is used regardless of the logic,
it is possible to make a comparison of the various
logics, so that hopefully it can be shown that for
specific applications Boolean logic may not
always be the best solution.

2. The modified Fredkin gate
Figure 1 shows the proposed gate.

The gate has four inputs and four outputs, and
performs as follows.

P=4
Q=B

R=CifA<B R=DifA>B
S=DifA<B S=CifA>B

This gate is called the modified Fredkin gate
because it has four inputs and four outputs,
whereas a conventional Fredkin gate only has
three. However, it can be made to perform as a
conventional Fredkin gate if input B is set to a
permanent logic 1. Since it 1s possible to imple-
ment any Boolean logic function using Fredkin
gates [3], then clearly it is also possible using
modified Fredkin gates.

Furthermore, many attempts to construct Fred-
kin gates using optical or electro-optical tech-
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Fig. 1. The modified Fredkin gate.
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nology include some thresholding, either in the
material itself [4] or using a separate comparator
{5], which implies that there is actually a fourth
input which has to be supplied. The modified
Fredkin gate makes this explicit.

At first sight it would appear that researchers are
not looking into the construction of optical
modified Fredkin gates. However, the literature
abounds in the latest developments in photonic
switching, where there is an immediate demand
from the increased use of fibre-optics in tele-
communications [6]. At present, circuits of 10s
of photonic switches are available, but it is
anticipated that this number will increase
dramatically. If we examine a photonic switch,
then it turns out to be nothing more than a
crossover switch, which is exactly what a Fred-
kin gate is. We could therefore be in the fortu-
nate position of developing a theoretical logic
gate in parallel with a photonic switch, which
turn out to be one and the same thing.

The main reason that Fredkin suggested his gate
was that there is a theoretical physical limit to
computing [3]. This is not, as one might
imagine, that miniaturisation or increasing the
speed of the circuits will hit a barrier, but that
the energy dissipation will be so great that it will
be impossible for a computer to operate without
melting. He suggests the use of conservative
logic, as originally applied to bubble logic [7], as
one way of limiting the energy dissipation. He
also argues that the logic has to be reversible so
that no information is lost, thereby also saving
on energy dissipation. These arguments will not
be disputed in this paper, but are just repeated as
support for the use of the modified Fredkin gate,
which would have the same properties of being
conservative and reversible.

3. Design of Boolean logic circuits

As yet, there is no established way of designing a
circuit using Fredkin gates. Fredkin suggested
simply designing a logic circuit using conven-



Microelectronics Journal, Vol. 25

tional logic gates and then substituting Fredkin
gates. The circuits lead to very inefficient use of
Fredkin gates, and a requirement of many
constant inputs. There are also a large number of
redundant outputs. An alternative is to use a
binary decision diagram [8]. This can be modi-
fied to include the redundant outputs and so
make more efficient use of the Fredkin gates.

Fredkin does not allow fan-out or feedback in
his conservative logic systems. This is because
they would imply an increase in energy dissipa-
tion (fan-out) or the collapse of reversibility
(feedback). However, if energy dissipation is not
our main concern, then we might relax these
conditions. One advantage that this gives is that
more efficient use of the gates can be made,
requiring fewer gates and fewer constant inputs,
with a consequent reduction in the number of
redundant outputs. It has been shown that for an
n-input logic function, the total number of
inputs required is at most n + 2, and since the
number of outputs always equals the number of
inputs, the number of outputs is also a maxi-
mum of n+ 2 [9].

4, Multi-valued logic

The addition of the fourth input and output
allows multi-valued logic to be implemented.
Fredkin originally proposed having a gate input
and two data inputs. Depending on the value of
the gate input, the data inputs either passed
through unchecked or they crossed over. These
data inputs could easily be multi-valued, but the
gate input can only be binary. The additional
input allows the gate to operate using multi-
valued signals by comparing the size of the two
multi-valued gate inputs. It is possible to show
that these gates can implement any multi-valued
logic function by emulating the T-gate [10].

4.1. T-gates

In multi-valued logic, if the radix is m, then a
T-gate is an m-way switch [11]. It is therefore
clear that any multi-valued logic function can be

x1__| 2
X0
x2__| b 1 2 2
P P
x3_| X1
X2
X0 3

Fig. 2. T-gate implementation using modified Fredkin
gates.

implemented using T-gates [12]. Figure 2 shows
how a ternary T-gate can be implemented using
the modified Fredkin gate.

4.2. Literals

Another approach to the implementation of
multi-valued logic is the literal [13]. A literal is
defined as

X — m —1if a < X < band 0 otherwise

Essentially, the multi-valued inputs are conver-
ted to binary inputs, which can then be proces-
sed using conventional Boolean logic. Figure 3
shows the functional description of a literal and

shows how one can implement a literal using the
modified Fredkin gate.

5. Threshold logic

Threshold logic was inspired by the McCulloch~
Pitts neuron, and uses weights on the binary
inputs and a threshold on the binary output to
perform logic. The output is defined as follows:

y=11if Z w; x; 2 t and 0 otherwise
i=1

It has been shown that it is possible to construct
a threshold logic device using conventional
Boolean logic using the digital summation
threshold logic device (DSTL) [12]. Figure 4
shows a DSTL, which is made up of an array of
cells, each of which performs the AND and OR
operation on 1ts two inputs.
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Fig. 3. The literal “X* and its implementation using the modified Fredkin gate.
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Fig. 4. DSTL, an individual cell from the DSTL and implementation using a modified Fredkin gate.

Figure 4 also shows a single cell, and the
equivalent cell made from a modified Fredkin
gate. In this figure, a cell is produced using
fan-out and an alternative cell using feedback
[14].

The cell shown in Fig. 4 performs the AND and
OR functions necessary for the DSTL if the
signals are binary. An alternative interpretation
of the function of this cell is to consider the
outputs as the maximum and minimum of the
two inputs. Clearly then, if the inputs are multi-
valued, these cells still perform the maximum
and minimum functions. If the DSTL structure
was tried with multi-valued inputs it would be
found to be a sorter, arranging the outputs so
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that the maximum input appears in the first
output (z; in Fig. 4), and the minimum input
appears in the last output (24 in Fig. 4). This is
not threshold logic, but it could still be a useful
circuit. One area where this might find a home
is in fuzzy logic.

6. Array logic

Array logic has often been suggested as a
compact way of constructing logical functions.
One proposal uses crossbar switches [15], which
turn out to be nothing more than the Fredkin
gate again. It is therefore yet another potential
application of these gates, demonstrating their
universality. Figure 5 shows an example of an
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Fig. 5. Array implementation of the function P = x; X7 + x3 and how an individual cell is built using a Fredkin gate.

array which has been set up to implement the
function P = x; X3 + x3.

7. Conclusions

The conclusions that can be drawn from these
examples is that the modified Fredkin gate
provides a medium in which conventional
Boolean logic can be implemented. There seems
to be a strong case for attempting to construct
these gates using optical devices such as the
photonic switches that are currently being
developed in telecommunications. As a conse-
quence, many of the alternative logics can also be
implemented where there is a good reason for
doing so.

The examples given in this paper are just a
selection of some of the alternative logics that
have been proposed over the years. All of them
are amenable to implementation using the
modified Fredkin gate. More alternatives will be
explored to see if they too can be implemented,
and therefore strengthen the case for this gate.
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