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Stochastic Computing on Quantum Gates
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Abstract— The concept of Stochastic Computing is applied to Quantum Computing. A qubit in a superposition state is used to represent a
probability as an input for Stochastic Computation, instead of a random bit stream. Measuring the output qubit from the quantum circuit
produces zero or one with the probability of the computation result. This process is repeated N times to generate the N-bit stochastic

number, where N is determined by the required accuracy.

PROBLEM AND MOTIVATION

Error in the quantum circuit is a serious obstacle especially for
the development of the large-scale quantum computers. This
paper proposes a probability calculation method with quantum
circuits by utilizing the concept of stochastic computing. Instead
of correcting errors in the quantum circuit, our approach is to
improve the accuracy of computation by increasing the number
of bits in the output stochastic number. This proposed method
can also relax the constraint of stochastic computing by reducing
the effect of the inherent variance in generating the random bit
streams and in estimating the values of the computation results.

BACKGROUND & RELATED LITERATURE

Quantum computing [1] is one of the most promising technolo-
gies. Many universities and research institutes have been com-
peting for quantum computing research and development. D-
Wave makes their Ising model based quantum computer com-
mercially available [2]. IBM makes their quantum gate based 5-
qubit and 20-qubit superconducting quantum computer
available in public via their cloud service called “IBM Q Experi-
ence”’[3][4]. It seems that the time has come for researchers who
are not necessary physicists to use a quantum computer and to
develop new algorithms and applications for the quantum com-
puters.

Stochastic computing (SC)[5] is the unconventional method
of calculations by processing random bit streams on the conven-
tional Boolean logic gate. SC has drawn attention from the re-
searchers in the field of image processing[6], [7] and deep neural
network [8], which needs more computational speed over
accuracy in general. SC also can reduce computation hardware
area and power consumption. For example, Stochastic Low-den-
sity parity-check (LDPC) decoders have been proposed and con-
tinuously improved over the last decade. [9]-[11]. Those decod-
ers utilize SC to reduce the additional space in the circuits and
processing power to perform the LDPC decoding operations.

In SC, a stochastic number generator (SNG) converts binary
numbers to random N bit-streams, called stochastic number,
prior to the computation. Although there are several formats to
interpret the bit streams [12], the unipolar format is used in this
paper for simplicity. In the unipolar format where the number
range is [0,1], the stochastic number S is interpreted as the prob-
ability p determined by the frequency of 1’s in the N-bit stream.
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For instance, a multiplication of probabilities: p, = p, * ps can
be performed by a single AND gate with two bit-streams. In
Fig.1, the stochastic numbers for the input bit-streams S, and Sg

represent the probabilites p, = 4/8 and pg = 4/8. The output
bit stream S (i.e., 00001100) represents p, = 2 /8. Similarly, a

scaled adder can be made with a multiplexer and the other arith-
metic operations have been proposed [13].
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Fig. 1: AND gate as a stochastic multiplier

SC can also provide better fault tolerance than other classical
computing techniques. For example, when a bit flip occurs near
the most significant bit in a binary data, the result of the binary
calculation is significantly changed by the error. However, a bit-
flip in a stochastic number does not notably affect the computa-
tion result regardless of its position in the stochastic number be-
cause the stochastic number becomes (n + 1)/N with a bit-flip
error, which can be ignored when N is large enough. (n is the
number of 1s in the N-bit stochastic number.)

Challenges in Stochastic Computing

One of the serious limitations of SC is that the result from a sto-
chastic computation is the approximate value of the intended
computation result. For example, if the stochastic number is
Sa = 01011010 (p, = 4/8) in Fig.1, the output bit stream be-
comes S¢ = 00001000 (p; = 1/8, instead of 2/8). If S, and Sg
happened to be a same bit sequence (e.g., in the circuits with fun-
out and feed-back logics), the bit stream S would be always
00000000. These simple examples indicate that the stochastic
computation intrinsically introduces errors in the form of ran-
dom variance in the stochastic numbers and the computation re-
sults.

Also, a typical SNG, which converts a binary number to a
random bit stream, utilizes a random source (e.g., LFSR). As a
result, the stochastic number generated by the SNG is the esti-
mated value p of the target value p over N samples [14]. For ex-
ample, in Fig. 1, the bit stream S, from a SNG for p, may not
have four 1’s in the 8-bit stream occasionally. Therefore, as the
number of inputs and levels of logic gates in the circuit in-
creases, the computation result becomes more inaccurate.



APPROACH & UNIQUENESS

The problem mentioned in the previous section occurs because
of the randomness in the input bit streams used in the computa-
tion. This paper proposes the use of a quantum superposition
state [1] instead of a random bit stream to represent a probability
p. Those prepared qubits are placed into a quantum circuit as
the inputs. The output qubit is measured to observe zero or one
with the probability of the calculation result. This will be
repeated N times to generate the N-bit stochastic number for the
estimated value Py, of the intended computaton result p,,;.

Definitions

Most quantum circuits perform digital computations by using
quantum bits (called qubits). A qubit has two possible states
|0) = [1,0]" and |1) = [0,1]" corresponding to the state 0 and 1
for a classical bit and is represented as a unit vector in a two-
dimensional complex vector space

[¥) = al0) + BI1) = [a, B]",

where the number a and £ are complex numbers and satisfy
|a)? + |B)2 = 1. The orthonormal basis |0) and |1) may corre-
spond to the spin states of an electron (i.e., spin-up and spin-
down) and the polarizations of a photon (i.e., vertical and hori-
zontal orientations). The qubit is measured to read out the
information (i.e., |0) and [1) ) in the qubit. When a qubit is
measured, the mesurement changes the state of the qubit to one
of the two basis states. The probability of observing the state |0)
after the measurement is |a|? while the probability of obtaining
|1) is |B|*. When the two basis states and a rotation operator R(y)
are defined in the Bloch sphere [1], the state |¢) = |0) can be
transformed to [) = |1) by rotating the state |0) by y =m.
These notations may be convenient to imagine the orientation of
the spins in positive (|T) =1]0)) or negative ([i)=1[1)) z-
direction in the Bloch sphere. When an arbitrary phase angle 6
{6 € [0,m/2),0 = y/2}is defined, the rotation matrix can be rep-

resented as
cosf —sind
R(9) = | ]
( ) sin@  cosf

which is the same as the Jones matrix in Optics [15]. This nota-
tion may be convenient to imagine the orientation of the photons
in vertical (|) = |0)) or horizontal (J&) = [1)) direction. This
paper uses R(6) to simplify the expressions.

N qubits in the state |0) can be written as

Y1) Q1) @ .0 [Yi) ® ... ® [Yy)
=0)®10)®.®10Q ..Q [0)

where  indicates a tensor productand i = 1,2,3, ..., N. After the
initial state of a qubit |i;) = |0) is rotated by 6;, the state is writ-
ten as

[¥:) = R(6,)10) = cos8;|0) + sind;|1).

The probability of obtaining |¢;) = |1) and [i;) = |0) after the
measurement are

P(l;) = 1)) = |sin;|? = sin®0; = p;
P(|y;) = |0)) = |cos6;|* = cos?8; = 1 — p;
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Example:

This example shows a multiplication of probabilities: p. = p, *
pp on a quantum circuit. Quantum AND gate can be imple-
mented with a controlled-controlled-NOT (ccNOT) gate[1].
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Fig. 2: AND gate in a quantum circuit

The ccNOT operator is represented as

Ucenot = Uanp = 10X0|®I®I + [1)(1|®]|0)(0|®!

+ [I1®1K1|®X

0, and 0, are chosen to satisfy p; = |sin6;|* and p, = [sinf,
(p1 € [0,1], p, € [0,1]), accordingly. Then, rotate [),) and |i),) by
0, and 6, respectively, and place them into the AND gate as the
inputs.

|¥in) = [¥1)®1Y2)Rs) = R(6,)|0)®R(6,)|0)R|0)

|lpout) = UANDllpin)

= [cos8,c058,,0, —c0s8,sinb,, 0, —sinb,cosH,, 0,0, sinB, sinb,|"

|2 |2

= c0s6,c0s6,|000) — cosO,sinb,|010)
—sinf;cos0,|100) + sinb,sinf,|111)

When the |y)5) is measured after the ccNOT gate, [;) = |1) can be
observed with the probability
|2

p3 = |sinf;sinb,|* = p; X p,.

This process is repeated N times to get the stochastic number. The
computation result p; is obtained by counting the number of 1’s in
the N-bit measurement result.

RiISK & CONTRIBUTION

With currently available technologies, each quantum gate and
each rotation of qubit cause errors in quantum circuits. How-
ever, the proposed approach can make the size of the quantum
circuit smaller to reduce the errors in the calculation for certain
applications (e.g., for approximate computations [16].)

Unlike SC on classical circuits, the fun-out and feed-back
logics in a circuit do not affect the result of the computation with
the proposed method. Moreover, the number of inputs and lev-
els of logic gates in the circuit does not increase the inaccuracy
of the computation in theory. Also, an additional circuit for SNG
is not necessary for the proposed method. When an application
needs more accurate results, the accuracy of the result can be
improved by increasing the number N of measurements on the
output qubit.

Although this paper shows only one example due to the page
limit, any classical logic gate can be replicated with quantum
gates in theory. Therefore, any classical circuits proposed in SC
can be implemented with the proposed method.
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