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Great challenges are encountered when solving problems based on continuously generated data streams
due to the online data input fashion and limited memory space. Quantum properties are helpful in dealing
with stream data. In this work, we design and experimentally implement a quantum streaming algorithm
(QSA) with various lengths of input data in a single-defect spin system in silicon carbide at room temper-
ature. We explore the schemes with trusted advice on the output results during the algorithm execution.
Quite contrary to the classical case, outdated advice is still useful in the quantum case, as revealed by a
proper performance function. Our work demonstrates the advantage of the QSA, which would be useful
for investigating complex online problems. The room-temperature solid-state spin platform based on such
a technological material opens the door for scalable quantum-information processing.
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I. INTRODUCTION

Streaming algorithms deal with data streams, in which
the input is revealed as a sequence of items. Algorithms
of this type are becoming increasingly relevant nowadays
because data are generated over time in many applications,
such as videos produced by traffic monitoring cameras,
and one cannot collect all these data at once. The size of
the generated data increases, while the storage-space size
remains constant in a reasonable period of time; hence, one
cannot store all the generated data, and some information is
inevitably lost. Two main challenges are encountered when
designing streaming algorithms. First, the input comes
in an online fashion, and online algorithms usually can
only make suboptimal decisions (e.g., online matching
[1,2], online k-server problem [3,4], and ski-rental problem
[5,6]). Second, streaming algorithms can only use a limited
memory; hence, in this situation, even a very simple ques-
tion related to the whole input is hard to answer accurately
[7]. For the first challenge, the difficulty of online problems
and the performance of online algorithms are evaluated by
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competitive ratio [8] and advice complexity [9,10]. For
the second challenge, we often analyze the accuracy that
streaming algorithms can achieve given a certain amount
of memory.

Some efficient quantum algorithms have also been pro-
posed, including Shor’s algorithm for factoring [11] and
Grover’s algorithm for searching [12]. Both provide a
high speedup over their classical counterparts. Moreover,
quantum properties are helpful for online and streaming
computation, in which the exponential separation of the
quantum and classical online space complexity has been
found [13]. Theoretical developments further support the
possibility to design advanced quantum streaming algo-
rithms (QSAs). More classical bits are needed to simulate a
randomized quantum process of a given number of qubits
or qutrits [14,15], and any number of classical bits can-
not simulate even a deterministic quantum process of a
qubit in principle [16]. A QSA with only one qubit was
recently proposed and found to perform better than any
classical ones for both cases with or without advice in a
sublogarithmic space (memory) [3].

In this work, we experimentally implement a QSA with
a single-defect spin in silicon carbide (SiC) at room tem-
perature, which is a very promising platform for scalable
quantum-information processing [17]. Defect spins can be
polarized, read out by laser beams, and manipulated by a
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microwave at even room temperature. The random input
data stream is translated as the spin rotations by imple-
menting well-designed microwave pulses. Successful out-
put probabilities are detected to be larger than those of the
classical algorithm with a single bit. Both cases with and
without advice providing the corresponding output infor-
mation in the quantum algorithm are demonstrated. Our
results would be useful for investigating quantum online
algorithms. The verified efficient QSA in such a quantum
processor based on the technological material SiC would
pave the way for future scalable quantum simulation and
computation.

II. QUANTUM STREAM ALGORITHM

One of the representative examples in dealing with
streaming data is the problem of (n,p,k,r,w) parity
for number of hats (PNHs) [3]. For an input stream
of binary strings {Xj,...,X,}, the number of I’s in
X;, which is denoted as no.;(X;), is assumed to be
in the form of no.;(X;) = v(X;) x 2, where v(X)),k €
Z. The stream length of X; is denoted as m;, and
the total length is denoted as n, that is, n = Zle m;.
During the algorithm implementation, the binary value
of y; is the measurement result before each stream
X;. Another value z; depends on j and the future
sequence. Mathematically, z; = @f:j PartialMODfni XD,

where PartialMOD],‘ni X)) = v(X;) mod 2. Generally, the
algorithm can take advantage of extra advice about z; at a
certain stage, thus the performance can be enhanced. The
algorithm performance is judged by a function related to
the accuracy of y;’s to z;’s, which can be defined from
the viewpoint of resource cost as cost = r if y; = z;, and
cost = w otherwise [3]. Usually, » < w. Characterized by
this function, a quantum algorithm always has an advan-
tage over the classical one, regardless of the presence
or absence of an advice. In the classical algorithm, the
advice about z; is not useful anymore if it is received
after the y; output. However, quite contrary to the classi-
cal case, the outdated advice is still helpful in the quantum
case, as revealed by our adapted quantum algorithm with
a proper performance function. The average score of the
performance function is defined as

»
S =Y P TR ), (1)

Jj=1

where, §(y;,z;) =1 when y; = z; and §(y;,z;) = 0 when
y; # z;. The expression of X1 80iE) _ represents the
score of each binary output sequence of {y,...,y,} with
P; representing the corresponding probability.

We now consider the quantum stream algorithm shown
in Fig. 1(a) with three input binary data streams X7, X3, and
X;. The initial state of the qubit Q) is prepared as (]0) +
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FIG. 1. Quantum stream algorithm. (a) Logic diagram of the
stream algorithm. Q; represents a single qubit; M means the
measurement on the qubit state; and y; denotes the corresponding
results. X; € {0, 1} are the input binary data stream. Advice is
applied at different algorithm stages to correct the output results.
(b) Pulse sequences. The red strips represent the laser duration
with the first and last ones used to initialize and read out the
corresponding states; the green strip represents the 7 operation
for state flipping between |0) and |1); the blue strips repre-
sent blue microwave pulses to implement the JX; operation with
o = 1 /2% rotation corresponding to input 1 and an idle operation
corresponding to input 0.

[1))/~/2, with |0) and |1) as the two energy levels. During
the algorithm, the Pauli o, operator measurement (M) is
performed at the initial stage and after the data streams X,
and X;, where vy, ,, and y; are the corresponding results.
We consider a simple case when a trusted adviser provides
the information of whether y; = z; (advice) at a different
algorithm stage [dotted arrow in Fig. 1(a)], in which cor-
responding actions can be taken to increase the average
score of the performance function. For example, when the
advice is provided before the first measurement, we can
then directly rotate the initial state to |z;) and then per-
form the measurement. If the advice is provided after the
first measurement, no action is taken if y; = z;; otherwise,
we would perform a NOT gate on the state before the next
measurement.

To realize the algorithm, the information carrier can be
encoded as an optically addressable spin qubit, in which
the spin state can be optically initialized, read out, and
manipulated by microwaves. Figure 1(b) shows the pulse
sequences. The red strips represent the laser pulses used
to initialize and read out the spin states. The green and
blue strips represent the microwave pulses to rotate the
spin states. The first two sets of sequences determine the
normalized photon counts (nj9y and nj;y) when the states
are in |0) and |1). When reading the binary data stream, an
o = /2 rotation is implemented when reading 1, while
no action is taken when reading 0.

III. EXPERIMENTAL RESULTS

The defect spins in SiC have attracted great interest
due to their excellent properties [18—20]. In this work,
the information carrier is represented by a single diva-
cancy spin, called PL5 [21]. The sample used is a SiC
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FIG. 2. Single spin defect in 4H-SiC. (a) Confocal scan image
of the SiC epitaxy sample implanted by carbon ions. The sin-
gle spin defect, called PL5, is denoted in the red dashed circle.
The white scale bar is 1 um. (b) Correlation function g?(t) mea-
surement of the single PL5 defect shown in (a). The blue line is
the fitting. The zero delayed value of g2(0) is fitted to be approxi-
mately 0.03, which is greatly less than 0.5 and indicates the single
defect. (c) Proposed energy-level diagram of PL5. GS, ES, and
MS represent the ground state, excited state, and metastable state,
respectively. The PL photons are collected. The GS spin is split
as a three-level system, with |0), |1), and |2) as the corresponding
states. MW and MW, show the resonant microwave frequency
between |0) <> |1) and |0) <> |2). (d) Room-temperature optical
detected magnetic resonance (ODMR) spectrum for the PL5 spin
with zero external magnetic fields. The red dots are the exper-
imental data. The blue line is the Lorentz fit showing that the
resonance frequencies are 1374.4 MHz (MW,) and 1343.7 MHz
(MW>).

high-purity epitaxy layer, which is implanted by carbon
ions and subsequently annealed to generate single-defect
arrays [22,23]. A 920-nm laser is used to excite the defect
through a home-built confocal imaging system. The pho-
toluminescence is collected by the same setup after a
1000-nm long-pass filter and detected by a superconduct-
ing single-photon detector. Figure 2(a) shows a typical
scanning image. The white scale bar is 1 wm. The point
denoted by the red circle is a single PL5 defect veri-
fied through the correlation function g?(t) measurement
shown in Fig. 2(b). The zero delay time [g?(0)] is fit-
ted to be 0.03, which is greatly smaller than 0.5 and
indicates a single emitter. Figure 2(c) depicts the pro-
posed energy-level structure. The ground state with the
spin S =1 (]0), |1), and |2) represent the three separated
energy levels) can be manipulated by microwave pulses.
MW, and MW, represent the resonant microwave frequen-
cies between states |0) <> |1) and |0) <> |2), respectively.

Microwaves are applied through a 20-um copper wire
mounted on the sample surface. Figure 2(d) shows the cor-
responding room-temperature ODMR spectrum with the
two frequencies deduced as 1374.4 and 1343.7 MHz. The
zero-field parameters |D| and |E| are 1359.05 and 15.35
MHz, respectively, for the basal-axis PL5 defect [21].

In our experiment, Q; is encoded into two spin levels |0)
and |1) of PL5. The spin state after the algorithm operation
can be read out with the photon counts denoted as ny,. The
probability that the state on [1) is read as Py = (nj9) —
ny,)/(nj0) — n1y). Theoretically, the microwave pulses can
always be designed to let the final spin state be |0) (|1))
with the corresponding probabilities of Py = 0 (P);y = 1).
However, the detected probability would be affected by the
experimental errors and the environmental noise, and 0 <
Py < 1 would be obtained in practice.

To experimentally run the QSA, we must determine
the applied microwave duration time 7, with the opera-
tion of & = /2% on the spin state when the input data
stream meets 1. We then measure the spin Rabi oscilla-
tion shown in Fig. 3(a). The red dots in the figure depict
the experimental data, while the blue solid line denotes the
theoretical fitting. The 7 pulse duration is 0.704 us, and
the decay time is 7, = 9.5 & 0.6 us. When the input data
stream meets 0, we apply an idle pulse with 10-ns duration
time, but no microwave. The coupling with the environ-
mental noise leads to a free induction decay for the spin
qubit, which is measured and shown in Fig. 3(b). From the
fitting, we deduce the dephase time 75 as 1.42 4+ 0.04 us.
We further explore the state rotation during the experiment
for two randomly chosen binary data streams X; and X,
[Fig. 3(c)]. The length of each data stream is 9. The rota-
tion angle is 7w /4 when the input binary data stream reading
1 and is represented by the green strip. We only consid-
ered the case with the measurement result of y; = 1 herein
to clearly show the state evolution during the algorithm
implementation. After the stream data X; operation, Pjy =
0.91, which is greatly larger than 0.5. For X;, the final
result of Py is 0.12, which is smaller than 0.5.

Three kinds of gates are implemented in the experi-
ment, that is, the NOT gate (flipping between |0) and |1)),
0 gate (idle operation), and 1 gate (rotating the spin with
an angle of 7/2%). The gate fidelities can be estimated
by considering the environmental noises (see Appendix A
for more details). In our experiment, the fidelity of the
NOT gate is estimated as FyoT = 0.928 + 0.017, with ¢, =
0.704 £ 0.001 wus, while those of the 0 gate and 1 gate
are Fp = 0.99998 +0.00001 and F; = 0.9889 + 0.0008
with k = 2, respectively.

We further implement the quantum stream algorithm
with £ = 4 and compare the experimental results with the
predictions using a single classical bit [Fig. 4(a)]. Three
sets of randomly selected different binary data streams
{X1,X2, X3} are used, denoted as S.1 (red squares), S.2
(purple up triangles), and S.3 (blown down triangles),
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FIG. 3. Spin properties and state evolution. (a) Rabi oscillation
of the single PL5 spin at zero magnetic fields. The population of
state |1) oscillates and decays with the increase of the evolution
time. The decay time is 7, = 9.5 & 0.6 us. The oscillation period
is To, = 1.408 = 0.002 us. The red dots depict the experimental
results. The blue line denotes the fitting. The two dashed lines
represent the decay curves. (b) Ramsey oscillation of the spin
with a detuning frequency 6 = 1.7 MHz at zero magnetic fields.
The biexponential decay fitting gives the free induction decay
time 75 = 1.4240.04 us. The red dots illustrate the experi-
mental results. The blue line depicts the fitting. The two dashed
lines represent the decay curves. (¢) State evolution during the
algorithm implementation. X; and X, are the two randomly cho-
sen binary data stream for k = 2. If the input data stream meets
1, the spin is rotated by a /4 microwave pulse (green strip). If
the input data stream meets 0, an idle pulse with the 10-ns dura-
tion time of is applied. The projection probabilities of state |1)
are shown as the red and blue columns for the input binary data
streams X; and X;, respectively.

respectively. The results of the classical case (Cla.) are
denoted by the green dots. The length of each data stream
X; is set to 40. Table I in Appendix B presents the detailed
binary data stream. For the quantum case with a single
qubit, we start with the initial superposition state (|0) +
11))/+/2. The probability of acquiring the right (R) result
with y; = z; is 50%. The corresponding wrong (W) proba-
bility is also 50%. Both |0) and |1) states are prepared and
evolved according to data stream X,. The right probabil-
ity with y, = z, and the corresponding wrong probability
would be obtained in the subsequent measurement. Similar
results are obtained after the X, operation with the input
states of |0) and |1). The final output results of all the
measurements ranged from WWW (v, # z1, y, # z2, and
V3 # 2z3) to RRR (y; = z1, y» = z3, and y3 = z3). If there
is advice, the correct results would be obtained at the cor-
responding position and subsequent measurements for the
quantum case. However, for the case with a single classical
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FIG. 4. Experimental results for k =4. (a) Experimental
results for three different stream data settings {X;, X>, X3} rep-
resented by S.1 (red squares), S.2 (purple up triangles), and S.3
(blown down triangles), respectively. The X; length is set to 40,
and k is equal to 4. The classical prediction results (Cla., green
dots) with a single classical bit are provided for comparison. No
adv. represents the case with no advice in the process. Adv. yy,
Adv. y,, and Adv. ys represent the cases with advice before the yy,
2, and y3 measurement, respectively. The correct output y; = z;
is defined as “R” and “W” otherwise. The results of y;y,y; vary
from “WWW” to “RRR.” (b) Average scores with advice at dif-
ferent stages. The algorithm with a single qubit performs better
than that with a single classical bit for all cases.

bit, the advice is helpful only in the initial position. We
then calculate the average scores for each case accord-
ing to Eq. (1), which is shown in Fig. 4(b). The maximal
average score is achieved for the quantum case with the
advice before the y; measurement. In the classical case,
when the number of bits is less than %, y;, y,, and y3 are
unrelated and the same as the randomly generated case.
Consequently, only the advice provided at the initial state
can increase the average score. For all the situations, the
average scores with a single qubit are larger than those with
a classical bit.
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IV. DISCUSSION AND CONCLUSION

We design a powerful quantum online stream algorithm
suitable for dealing with huge online input data. The
algorithm is implemented on a single spin defect in SiC
at room temperature. The input data are converted to the
corresponding rotations of the single spin qubit. The final
output results are related to the intermediate results when
the qubit are employed. Meanwhile, the results are com-
pletely random when the classical bit is employed. The
algorithm performance depended on the position of the
advice both for the quantum and classical cases. However,
the algorithm with a single qubit always perform better
than the classical one with a single bit. In this work, the
length of the stream data is set to 40. The length can be
greatly extended by prolonging the spin coherence time
and the dephasing time, which can be realized by improv-
ing the sample preparation [24], applying the spin-locking
technology [25] and encoding in the decoherence protected
subspace [26]. We also provide a method to simplify the
qubit rotation with a relatively large k& in Appendix C.
Our work demonstrates another example of the algorithm
showing the quantum advantage, which would be useful in
investigating complex online problems. This method can
be extended to deal with a more complex problem with
mod m and m > 2 (see Appendix D for more details).
Considering the mature fabrication abilities on the tech-
nical material, the defect spins in SiC would be useful for
future scalable quantum communication and computation.
We consider only classical input data herein. The online
stream algorithm with the quantum input data will also be
of great interest. For example, quantum metrology [27—30]
providing a much better precision than its classical coun-
terpart, can be treated as quantum operations on a series of
input entangled states. One natural and promising direction
is to implement quantum metrology as the decoding part of
quantum online algorithms. The memory effect of quantum
metrology [31] can also be utilized if a multiqubit setup is
adopted.
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APPENDIX A: ESTIMATION OF QUANTUM
GATE FIDELITIES

When a qubit rotates along the x axis, the corresponding

Hamiltonian in the rotating frame can be written as [32]
H =2m80S. + 2m(fi 4+ 61)Sx, (AD)

where S, and S, are the rotation matrices in the Bloch
sphere along the x axis and z axis, respectively, f; rep-
resents the frequency of Rabi oscillation, §y and §; are
the distributions of surrounding environmental noises. We
assume that §, follows the Gaussian distribution G(§y) =
exp(—82/28%)/(v/2m ) and 8, follows the Lorentzian dis-
tribution L(81) = y /7 (y? + 82), where g is the full width
at half maximum of the Gaussian curve and y is the one of
Lorentz curve. The decay time of Rabi oscillation 7, and
the dephasing time 77, can be obtained from Eq. (2), which
are read as 1 /27y and 1/+/278, respectively. In Figs. 3(a)
and 3(b) in the main text, y is fitted to be 0.017 = 0.001
MHz and 8 is fitted to be 0.158 + 0.004 MHz.

In the experiment, three kinds of gates are implemented,
i.e., the NOT gate, 0 gate, and 1 gate. The corresponding
rotation matrices can be written as

Unot = exp{—i[2780S. + 27 (fi +81)Sc]tz},  (A2)
Uy = exp[—i(2180S) o], (A3)
U, = exp{—i[2780S. + 27 (fi +81)Sc]t1},  (A4)

where 7, is the time to apply a 7 pulse for the NOT gate,
to is the applied time of idle pulse to realize the 0 gate
and 7, is the applied time of microwave pulse to realize the
1 gate. In the experiment, #y,?; are set to be 10 ns ¢, 2k,
respectively.

The average fidelity of quantum gates in a solid-state
spin system can be written as [33]

- 1 1 f d
F=3+3 Y Tr(Uso; U Upo; Up),

: (A3)

J =X 2

where o; are the Pauli matrices. U; and Up are the ideal
and practical operation matrices, respectively. Ideally, the
matrices of NOT gate, 0 gate, and 1 gate can be writ-
ten as Unot, = exp[—i(2mf1S0)t:], Up, = exp(—ilty), and
Ui, = exp[—i(2nf1Sy)t1]. For the NOT gate, we apply it
only to the states |0) and |1). We obtain the fidelity of
Fnor = 0.928 £ 0.017 with £, = 0.704 + 0.001 us. By
reducing t,, FiNoT can be increased. According to Eq. (6),
the fidelity of the 0 gate also can be calculated theoretically
as Fo = 0.999 98 4 0.000 01 with the length of idle pulse
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TABLEI. Random data streams in the experiment, where X;, X;, and X3 are the generated random data streams, z1, z,, and z3 are the

corresponding theoretical predictions, 1 corresponds to a 77 /2**+D pulse and 0 corresponds to an idle pulse in experiment.

Serial number k X X5 X3 z Z Z3

1 4 11000001010110100001 11111111111001011111 01110101101111110101 1 0 0
10000000100011111100 01011011111101111101 11111101111111111110

2 4 10111000000010110011 10101111101101101111 01010010000010000100 0 1 1
00001001011100010001 11110111111011110111 10101110010001111001

3 4 11101111111111111110 00100101110010100001 00100001100010010000 0 0 1
11111111010001001111 00010101011011000010 11001101000111100101

4 2 111111101 100110100 011001010 0 0 1

to = 10 £ 2 ns. While for the 1 gate, the fidelity is related
— 1 1
to k, which becomes F'| = 3 + c exp{—[(TBT,)? /2237

1 1
+ gexp[—(ﬂyTn/?‘“)] + gexp{—[(ﬂﬂTn)z/ZZM] -
(y Tr 279}
When applying / identical gates sequentially, the aver-
age fidelity can be written as [32]

F=1/2+1/2QF — 1), (A6)

where F; is the single-shot average fidelity.

APPENDIX B: DETAILED RANDOM DATA
STREAMS IN THE EXPERIMENT

The random sequence used in the main text is shown in
Table 1.

APPENDIX C: SIMPLIFICATION OF QUBIT
ROTATION ANGLE r/2*

In the quantum streaming algorithm, when £ is relatively
large, the precision of the rotation angle 7r/2* should be
very high. Here, we propose a method to simplify the pro-
cess. The number of 1 in the stream is supposed to be
v x 2F. We introduce two integers, i.e., p and g, which
satisfies k = p + g. For the smallest g, which satisfies

(vx2’) mod m = v mod m,
wvx@2-1) mod m = 0, (C1)
-1 mod m = 0,

where m is a positive integer, we can reduce the rotation
angle to 7 /28.

For a more general case, we assume that ¢ and f* sat-
isfy 2F = ¢ x f, that is, no.; (X;) = v(X;) x ¢ x f . For the
smallest f°, which satisfies

(vkgq) mod m = v mod m,
[vx(g—1)] mod m = 0, (C2)
g—1) mod m = 0,

we can reduce the rotation angle to 7 /f .

APPENDIX D: THE GENERAL SCHEME FOR
MOD m WITH MULTIPLE QUBITS

We extend the quantum stream algorithm to the case
of calculating v(X;) mod m (m > 2), which should be
implemented with high-dimensional systems or multiple
qubits. The number of 1’s in X; is assumed to be in the
form of no.;(X;) = v(X;) x 2¥. For simplicity, we con-
sider the case where m = 2". The initial state is prepared
to be |0)®". When the algorithm reads 1, the first qubit
is rotated by an angle of o = /2F. While for the nth
qubit, the rotation angle is a/2"~!. After no.(1) rota-
tions, the possible state for the nth qubit is one of the
states {cos(mr/2" x 0)]0) + sin(;w /2" x 0)|1), cos(m /2" x
1)|0) + sin( /2" x D)|1),...,cos[m/2" x 27D —1)]]0)
+ sin[7r /2" x 27D — D).

The measurement basis of the nth qubit depends
on measurement result of the (» — 1)th qubit. For exam-
ple, if the measurement result of the /th qubit is
cos(m/2! x h)|0) + sin(r/2! x h)|1), then the (I+ 1)th
qubit measurement basis is {cos(wr/2*! x h)|0) + sin
(/25 x h)|1), cos[mr /2! x (2! + h)]|0) + sin[z /2! x
(2! + h)][1)}. If the measurement result of the nth qubit is
cos(m /2" x 5)|0) + sin(;w /2" x s)|1), then v mod 2" = 5.

Considering the case with advice, the usage of entangled
states would greatly reduce the transmitted qubits. Simi-
lar to implement the dense coding protocol [34], only one
qubit transmission is needed when the advice information
is encoded in a two-qubit EPR state [3]. While two classi-
cal bits are required to reveal the full advice information.
Similarly, if there is advice information needed to encode
in k qubits, only k/2 qubits are needed to transmit.
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