Science Bulletin 66 (2021) 2181-2188

Contents lists available at ScienceDirect

Science
[Bulletin|

Science Bulletin

www.scibull.com

journal homepage: www.elsevier.com/locate/scib

Article
Variational algorithms for linear algebra

Xiaosi Xu®P, Jinzhao Sun¢, Suguru Endo”, Ying Li ¢, Simon C. Benjamin®, Xiao Yuan *"*

2 Center on Frontiers of Computing Studies, Department of Computer Science, Peking University, Beijing 100871, China
b Department of Materials, University of Oxford, Oxford OX1 3PH, UK

¢ Clarendon Laboratory, University of Oxford, Oxford 0X1 3PU, UK

d Graduate School of China Academy of Engineering Physics, Beijing 100193, China

ARTICLE INFO ABSTRACT

Article history:

Received 10 March 2021

Received in revised form 18 May 2021
Accepted 21 June 2021

Available online 26 June 2021

Quantum algorithms have been developed for efficiently solving linear algebra tasks. However, they gen-
erally require deep circuits and hence universal fault-tolerant quantum computers. In this work, we pro-
pose variational algorithms for linear algebra tasks that are compatible with noisy intermediate-scale
quantum devices. We show that the solutions of linear systems of equations and matrix-vector multipli-
cations can be translated as the ground states of the constructed Hamiltonians. Based on the variational
quantum algorithms, we introduce Hamiltonian morphing together with an adaptive ansdtz for effi-
ciently finding the ground state, and show the solution verification. Our algorithms are especially suitable
for linear algebra problems with sparse matrices, and have wide applications in machine learning and
optimisation problems. The algorithm for matrix multiplications can be also used for Hamiltonian simu-
lation and open system simulation. We evaluate the cost and effectiveness of our algorithm through
numerical simulations for solving linear systems of equations. We implement the algorithm on the
IBM quantum cloud device with a high solution fidelity of 99.95%.
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1. Introduction

Quantum computing has wide applications in various linear
algebra tasks. A prominent example is the quantum algorithm for
solving linear systems of equations by Harrow, Hassidim, and
Lloyd (HHL) in Ref. [1]. Given an N by N sparse matrix M and a state
vector |vp), the HHL quantum algorithm can prepare a state that is
proportional to |v,1) = M~"|vy), with a complexity polynomial in
log,N and condition number ¥, which is the ratio of the largest
eigenvalue to the smallest eigenvalue of a given matrix. As classical
algorithms generally have polynomial complexity in N, the HHL
algorithm suggests exponential speed-ups of quantum computers.
Recent developments of quantum algorithms for linear systems of
equations can be found in Refs. [2-8]. Another common linear alge-
bra task is matrix-vector multiplication by applying a sparse
matrix M to a vector | 7o) as |vm) = M|vp). The quantum algorithms
for linear equations can be similarly applied for matrix-vector
multiplications. Furthermore, they can be applied for quantum
optimisation and machine learning [9-11].

The conventional quantum algorithms generally require a long-
depth circuit for a fault tolerant quantum computer. This is chal-
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lenging for current technology. Recently, there has been great
interest in quantum computing in the noisy intermediate-scale
quantum (NISQ) regime, for finding energy spectra of a many-
body Hamiltonian [12-25], simulating real and imaginary time
dynamics of many-body systems [26-30], applications with
machine learning [31-38], circuit learning [39-43], and others
[44,45]. These algorithms are generally hybrid in a sense that they
only solve the core problem with a shallow quantum circuit and
leave the higher level calculation to be performed with a classical
computer. Furthermore, even without error correction, noise in the
shallow circuit implementation can be suppressed via error mitiga-
tion [26,46-54], indicating the feasibility of quantum computing
with NISQ hardware.

In this work, we propose variational algorithms for linear alge-
bra problems, including linear systems of equations and matrix-
vector multiplications, implemented with NISQ hardware. The
main idea is to construct a many-body Hamiltonian so that its
ground state corresponds to the solution of the linear algebra prob-
lem. Then we apply the recently proposed variational methods,
such as variational quantum eigensolver (VQE) [12,55], imaginary
time evolution (ITE) [27,28] and adaptive variational methods
[56,57], to find the ground state and hence the solution. We also
introduce Hamiltonian morphing with an adaptive ansitz to
address the barren plateau problem [58]. Different from the con-
ventional scenario where the ground state energy is generally
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unknown, the ground state energy of the linear algebra Hamiltoni-
ans is designed to be zero in our algorithms, and this further
enables us to verify the correctness of the solution. Meanwhile,
we show that the variational matrix-vector multiplication algo-
rithm can be applied for Hamiltonian simulation as an alternative
to the one proposed by Li and Benjamin [26].

The soundness of our proposed algorithm is evaluated via
numerical simulations for solving linear systems of equations with
random matrices that have sizes up to 64 x64. We discover a poly-
nomial scaling of the circuit depth and computation time with
increasing matrix size and condition number. Finally we present
an experiment implementing our algorithm on the IBM quantum
cloud device. Considering a 2-dimensional linear system, we show
a final state with 99.95% fidelity with respect to the target state.
This simple example is encouraging for the prospects of our algo-
rithm as an option for solving linear algebra problems when the
quantum devices with larger size and better statistics become
available.

2. Variational algorithms for linear algebra

We first introduce our variational algorithms for matrix-vector
multiplication. Given a sparse N by N matrix M and an initial state
vector | o), our task is to calculate the normalised state

M| vy)

Ml v0)] M

| VM)
with |M|vo)|| = (vo|M'M|wv) and M|wp) # 0. Here, we consider the
case that M can be a general (non-Hermitian) matrix. We find that
|vm) is the ground state of the Hamiltonian

7I_M|yo)<vo\M*

= 2
IM]vo) | %

with energy 0. Using universal quantum computers, one may apply
the conventional techniques [59,60], such as adiabatic state
preparation and phase estimation to find the ground state of Hy,.
With NISQ devices, we can instead consider the variational method
with a parameterised state. The main idea is to first consider a
state or ansitz, |p(0)) = U(D)|0), with U(@) = UL(0,)...U5(02)
U1(01),0 = (01,04, ...,0,). Suppose the ground state of Hy can be
represented by the ansdtz with certain parameters, the ground state
finding problem is then converted to the minimisation problem,

Omin = arg mﬁin<¢(5)\Hml¢(§)>7 (3)

with the solution given by |vy) = |¢(0min)). We show how to mea-
sure the expectation value (¢(6)|Hy|¢(0)) in the next section and
note that the solution given by the variational algorithms satisfies
(¢(0)|Hu|#(0)) = O (See the Supplementary materials I). The min-
imisation can be accomplished with various methods, such as gra-
dient based classical optimisation VQE [12], global search
algorithms [23], adaptive variational algorithms [56,57], ITE
[27,28], etc. In the main text, we focus on the VQE methods and
leave the discussion of other methods in the Supplementary mate-
rials II. With VQE via gradient descent [12], we start with a guess of
the solution, 6, and update the parameters along the negative gra-

dient of the energy Ey(6) = (¢(0)|Hu|p(8)),

0.1 = 0, —aVEy(6), Vi=0,1,...,T (4)

where a is the time step, and T is the total number of steps. We
show how to measure the gradient VEM(@-) in the next section.
Next, we consider the problem of solving linear equations.

Given a sparse N by N matrix M and an initial state vector |vp),
we want to calculate
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My
1) = 10) 5)
M~ |wo) |
where the state is normalised by
IM~ Y wo)|| = v/ (wo| (M~ M wo), M~ 1) # 0. When the matrix M

is not Hermitian, it can always be converted into an equivalent
problem with a Hermitian matrix by adding one ancillary qubit
[1]. We therefore focus on the case where M is Hermitian and
invertible. The solution |v,,-1) is the ground state of the Hamiltonian

Hyr = M'(I = |vo) {vo| )M, (6)

with energy 0 (See the Supplementary materials I). Again, one can
apply adiabatic algorithms to find the ground state with a universal
quantum computer [8]. Here, we focus on the variational algorithm
and consider the following optimisation problem

Omin = arg min{ () Hy-+ (@), (7)
with |v) = |¢(0min)). With VQE, we start with a guess 0, and
update the parameters by

01 = 6, — aVE,(6;), Vi=0,1,....T (8)
with energy E,, 1 (6) = ($(8)|H,,-1|¢(6)), time step a, and total num-
ber of steps T.

As the energy Ey or E,;» monotonically decreases with suffi-
ciently small a, the solution via VQE always at least corresponds
to a local minimum. Starting from several random initial positions,
one may find the true solution, i.e., the global minimum, whereas
there is no guarantee that the true minimum can be reached, espe-
cially with a short circuit ansdtz. In conventional VQE, it is gener-
ally hard to verify whether the true ground state is achieved, owing
to unknown ground state or ground state energy. While for the
tasks considered in this work, we can verify the correctness of
the final state found, as discussed in the Section 4.

3. Implementation with quantum circuits

In this section, we discuss the implementation of our algo-
rithms with quantum circuits. To realise the VQE optimisation,
we need to obtain VE,,« or VEy, which can be estimated either
with the finite difference formulae or quantum gradient finding
methods recently considered in Refs. [26,61,62]. Here, we only
focus on VEy in the main text and leave the discussion on the
implementation of VE,,: in the Supplementary materials IV.

With the finite difference formulae, each component 9Ey;/96; of

the gradient VEy = (0Ey/00;) around 0 can be calculated as

OEw _ Ew(0+ 00;) — Ew(0 — 60y)
00; ~ 260; ’

9)

with 66; < 1. Note that Ey(6) = 1 — |(¢(6)|M|o)|* with an arbitrary

angle 0 (Here we take normalised M|v,) such as ||M|vo)| = 1). Sup-
pose M can be decomposed as M = }~;/;6; with unitary operators a;,

we can then obtain Ey(0) as

En(0) =1~ (9 (D)lai|vo)” (10)

For each term, we denote (¢(8)|ai| o) = (0|U|0) with U = U(6) a:U,,
and |vg) = Uy, |0). The real and imaginary part of (0|U|0) can be
evaluated with the Hadamard test or swap test quantum circuits.
An alternative method is to construct a linear combination of oper-
ators to represent M|v)(vo|M' and then we can obtain Ey by mea-

suring the corresponding operators [42]. We can evaluate E,; (6) in
a similar way.
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We next discuss the resource estimation for measuring general
matrices. Suppose M consists of a polynomial number (with
respect to the number of qubits) of tensor products of local opera-
tors gj, we can then measure each term and efficiently calculate
En(6). Meanwhile, even if M = >;4j0; has exponential number of
terms with respect to the number of qubits, the algorithm is still
efficient if we can efficiently sample the probability distribution
|4i]/>_i14i| with a polynomial dependence of ;|| on the number
of qubits. This includes cases where the coefficients have analytical
expressions, which enables efficient sampling, or the matrix is an
oracle-based sparse matrix. We note that the sample complexity
is related to C = }7;|/4]|. According to Hoeffding’s inequality, we
need O(log(6~")C?/&?) samples to measure (¢|M|y) to an accuracy
¢ € (0,1) with failure probability é. Specifically, C increases polyno-
mially with respect to the system size, when M is a sparse matrix
with only a polynomial number of non-zeros terms of the matrix
elements {(x®,y", Myo,0)}where the (i) represents the index of
non-zero terms and M, o represents the matrix element at
(x» y®). Suppose M is an N x N matrix with n = [log,N] and a bin-
ary representation of x? and y®. We can represent M as
M=3,M |x®)(y®|, which can be expanded as a linear combi-
nation of unitary operators. Therefore we can use the quantum cir-
cuits in the Supplementary materials to calculate EM(E). We can

x(0) y! ()

also measure the matrices by sampling according to
q(i) = Myw yo />y Mxo yo, Which leads to a polynomial resource
cost C =3 |4 = Z“ xiyo for measurements. The cost is small

when our assumption holds. We refer to the Supplementary mate-
rials Il for more details.

With the quantum gradient finding method, we first express the
gradient as

OEum

0, (11)

—2~R< 290 ><voM*¢»<6>>>.
The term (zo|M'|¢(6)) can be efficiently measured with the afore-
mentioned method. To measure %M |vo), we have to first decom-
pose the derivative of the state as

3|</>9 2”‘15

Here |¢(6)) = Uy(6L) ... aSUi(6)) . .. Ux(02)U; (61)]0), as the derivative
of the unitary is decomposed as oU;(0;)/00; = 3 f; o5U;(6;) with ten-
sor products of local operators 5 and coefficients f Then we have
%@M\%) ST (#5(6)|M|vo) where each term can be efficiently

measured with a quantum circuit. We refer to the Supplementary
materials IV for the implementation of VE,, 1.

(12)

4. Solution verification

After finding the solution, it is also practically important to ver-
ify whether it is the correct one. This is in general impossible for
conventional VQE as neither the ground state nor the ground state
energy is known. However, we can verify the solution of the linear
algebra problems as the exact solution should always have zero
energy. We first consider the matrix-vector multiplication prob-

lem. With a solution |¢(0min)), We can estimate |(¢(0min)|2m)|* via
| (Omin) | 230) * = 1~ Ent (0. (13)

Therefore, we can also have the fidelity of |¢(0min)) to the exact
solution |2) from the energy En(6min) and the solution can be veri-
fied as correct whenever |(¢(0min)|2)|? is close to 1.
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For the linear equation, the fidelity |(¢(6min)| 7y, )2 cannot be
determined as |(¢(0min)|M~"|v0)|* or (vo|(M~")'M~'|5p) cannot be

measured directly. Nevertheless, we show that the fidelity is lower
bounded by

(¢ (Omin) |3y )P = 1 — K2Epy1 (Omin),

with respect to the condition number x and the energy of the
Hamiltonian. A similar argument was firstly proposed in Ref. [63].
The quantum state d;(ﬁmin) is close to the true solution when the
energy is close to 0, which provides a criteria for the solution veri-
fication. We refer to the Supplementary materials [ for details. An
alternative method to verify the solution is by checking whether
|00) o M|¢p(0min)) is satisfied. We can measure |(vo|M|¢(0min))|*/
(¢ (Omin) IM"M|p(Omin)) and the solution is verified as correct when
the value is close to 1. This can be an alternative cost function for
VQE.

E,, (14)

5. Optimisation via Hamiltonian morphing

The VQE method tries to find the global minimum of a large
multi-parameter space. For each trial, one starts from a randomly
initialised parameter set and obtains a local minimum after several
optimisation steps. One can then verify whether the solution is cor-
rect by measuring the energy and restart from another random
parameter set until the energy is close to 0. This may need to be
repeated many times until a satisfactory solution can be found.
There are several potential issues that can affect the practical per-
formance. First, as the parameter space is large, it may require a
large number of repetitions starting from different initial random
parameters. This is a common issue in optimisation and machine
learning, where a combination of different algorithms may help
to speed up the search time. A more serious problem is that the
gradient may vanish for randomly initialised parameters in some
random quantum circuits of large systems [58]. In quantum com-
putational chemistry, physically motivated ansdtz and a good
guess of initial parameters are considered to avoid vanishing gradi-
ent, see Refs. [64,65] for recent reviews. However, this is not
straightforward for the linear algebra tasks.

Here we propose a Hamiltonian morphing optimisation method
to avoid these problems. Similar methods have been introduced in
Refs. [66,67] for variational quantum simulation. The morphing
method is an analog to adiabatic state preparation, where one
slowly varies the Hamiltonian from H; to Hy, as to gradually evolve
the corresponding ground state from |i/;) to [y;). For our morphing
method, we consider the linear equation problem as an example
and it works similarly for the matrix-vector multiplication prob-

lem. Denote a time-dependent Hamiltonian H,:i(t)=
M) (I — |vo){wo|)M(t) with M(t) satisfying M(t=0)=1I and
M(t = T) = M respectively. Our algorithm starts from the ground

state |vg) of H,,1(0) and reaches the ground state of the target

Hamiltonian H,,-1 (T) as follows. Consider discretised time step 6t

and M(t) = (1 —t/T)[+t/T-M.

1. At the n =0 step with time t = 0, we denote the parameters

that represent |zg) as 6(0), i.e., |vo) = |$(0(0))).

. At the nth € [1,T/st) step, we use parameters 6((n — 1)dt) found
in the last step for H,,-1 ((n — 1)4t) as the initial position to find
parameters 6(nst) that correspond to the ground state of
H,,-1 (not).

For any positive matrix M, when we use a sufficiently small 6t
and a powerful enough ansdtz, our method is guaranteed to find
the exact solution according to the adiabatic theorem [68] and it
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has exponentially speed-up over classical ones [1]. For a general M,
one can introduce an extra qubit so that the energy gap H,, 1 (t) is
non-vanishing. We refer to Ref. [8] for details. In practice, the ini-
tially specified ansdtz may not be powerful enough to represent
the states at all time t. Fortunately, when the ansdtz is insufficient
at any time t, one could detect its effectiveness by measuring the
energy. Then one can either simply choose a more powerful ansatz
or adaptively vary the ansdtz by changing its structure and adding
more gates [41].

6. Numerical simulation

We numerically test the variational algorithm for solving linear
systems of equations. The simulation is based on the Quantum
Exact Simulation Toolkit (QUEST) package [69], which is a high per-
formance classical simulator of general quantum circuits. In our
simulation, we consider 2" by 2" positive complex Hermitian
matrices M with n qubits. Note that even though the matrix size
is assumed to be an exponential of 2, an m by m matrix with
2" < m < 2" can be also handled with an n-qubit circuit. As this
work aims to verify the functioning of the algorithm, we consider
a general linear algebra task where the matrix is randomly gener-
ated with a given condition number k and the input state is also
randomly generated. Here, we use no prior information of the
matrix, and thus we consider the ansdtz as shown in Fig. 1, where
each green blocks V; has a fixed structure. We also vary the number
of blocks, called the circuit depth m, to endow the ansatz with dif-
ferent powers.

We also implement the optimisation based on Hamiltonian
morphing with an adaptive ansdtz. We divide the total time T into
10 intervals with an equal duration, where T ranges from 20 to 100
depending on the matrix size. At t =0, we set H,,.« =1 — |vg) (20|
with the ground state being the input state |z,) and start with all

— Ry PR~
Rt
DR HRry
R-HRy
DR HRy
10) —{RHRy}— — —
0 -RHRF— s
10) —{RHRy}— —
-- Vi| | V2 Vm v

|0)
10) R HRo}—

Fig. 1. (Color online) The circuit ansdtz. In total, n qubits are required to solve a
problem with a 2" x 2" matrix. Here, R, and R, represent single qubit rotations
around the Y and Z axes, respectively. The rotation angle (parameter) for each
single-qubit gate is initialised from a small random value, which is updated in each
of the variational cycles. At the beginning two single-qubit gates are applied to each
of the data qubit, followed by sets of CNOT gates, as depicted by the green block V.
Within each set, a CNOT gate is followed by two single-qubit gates. The number of
sets represents the depth of the circuit, which is gradually increased until the
desired target state is found. In the end, a set of CNOT gates is applied in reverse
order as in V. The aim of this set is to ensure that the eigenstate can be found at
t = 0 when the Hamiltonian morphing technique is applied.
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single-qubit gates parameterised with a small random rotation
angle. In the ith variational cycle, the gradient descent method is
used to search for the ground state energy of a time-dependent
Hamiltonian Hy - (t) = M(6)(I — |vo) (2o )M(t) with
M(t) = (1-1i/10)+i/10-M, and a step size 6t = 0.1. We choose
initial parameters to be the ones obtained from the previous cycle.
A small circuit depth m is tried at the beginning and is increased
gradually until the fidelity of the qubit state to the target state is
higher than 99%, which is regarded as a success.

We study the complexity of our algorithm with respect to the
matrix size and the condition number of the matrix. In matrix
inversion problems, the condition number is an important measure
that quantifies the sensibility of the solution to perturbations of
the input data. The solution is less stable with a larger condition
number. In this experiment, we define success when the fidelity
of the final state is over 99%. From Eq. (14), we need to achieve a
small energy E,, to guarantee a high state fidelity for a large con-

dition number x. We first fix the matrix size to be 2° x 2° with 6
qubits and consider random matrices with different condition
numbers. For different condition numbers from 10 to 100, we test
our algorithm with different circuit depth. For each case, we run
4940 random trials to calculate the averaged success probability
with results shown in Fig. 2. Not surprisingly, we found that a lar-
ger circuit depth ansdtz generally leads to a higher success proba-
bility. We also obtain the minimum depth required to guarantee
the success of finding |v,-1), shown in the figure inset. We find that
the minimal depth varies linearly with the condition number in the
experiments. In practice, we can design the circuit ansidtz to
increase the representation capability.

Next, we vary the size 2" x 2" of the matrix M, by changing the
number of data qubits n in the circuit ansitz. For an n-qubit sys-
tem, the condition number is adopted as k = 10n. As shown in
Fig. 3, the circuit depth leading to a non-zero success probability
also increases with respect to the number of qubits. The inserted
plot shows the minimum circuit depth for achieving a 100% suc-
cess probability. Overall, we find a super-linear increase of the cir-
cuit depth with respect to the number of qubits. Applied with the
minimum circuit depth for 100% success probability, we now plot

1.0 100% 100% 100% 100% 100%
. T— — —
99.29% 100% 99.2% 99.5%
95.2% =5
6
86.8% 82.1% | ) 7
08r /338 ||
76.2% 75.9% |0 9
10
> L |
= 0.6 60.6%
=
) —
S 51.6%
e g’
A 04r = |
s
2
©
26.7%
02r 0 20 40 60 80 100 7
Condition number
11.3% 5.8%
0.8%
O 1 I — 1 — — —
10 20 40 60 80 100

Condition number

Fig. 2. (Color online) The probability to find the target state with increasing
condition number and circuit depths. This experiment is based on a 6-qubit circuit,
thus the matrix size is fixed to be 64 x 64. For a given condition number, the
success (having a solution with a fidelity higher than 99%) probability is shown for
the circuit with increasing depths, until it reaches 100% (i.e., all the 4940 runs). The
minimum depth required to find the target state with 100% success probability is
plotted in the inserted graph.
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1 100% 100% 100%
100% 97.8% 100% 100% 99.6% 995% |e==1
—)
=3
08 r ==V
80.1%

762% | =3
=YY
=7

> L
55 0.6 62.2% —=8
7
< 8
fa)
g
A 04F o6 1
a
L
4
E
0202 — 1
17.4%
0
1 2 3 4 5 6
Number of qubits 0.83%
0 L L L L L
1 2 3 4 5 6

Number of qubits

Fig. 3. (Color online) The probability to find the target state with an increasing
number of qubits and circuit depths. For a n-qubit system, the condition number is
K = 10n, and the circuit depth is increased gradually until the probability reaches 1.
The inserted graph shows the minimum depth found in the simulation when the
target state is found with 100% probability.

the computation time to find the solution in Fig. 4. The log-log
scale data points show a roughly linear relation, which is fitted
as the yellow dashed curve with the relation y = 0.0024x>1, where
y is the computation time, and x is the matrix size. This is not sur-
prising as we consider random matrices with random input states.
Even though we consider fixed condition numbers, it only determi-
nes properties of eigenvalues of the matrix. For any matrix M, all
other matrices UMU" with unitary U have the same eigenvalues
and hence the same condition number. As the unitary U is an arbi-
trary unitary, it can lead to a general solution state, which may not
be able to be prepared with shallow circuits. This explains the
super-linear dependence of the circuit depth with respect to the
number of qubits.

3| Data 1
10 Fit
10% 3
Z 0 ]
2 £y = 0.002423097
=0l ]
10 .
102 t t ‘ ‘ S
2 4 8 16 32 64

Matrix size

Fig. 4. (Color online) Time consumed to find the solution with increasing matrix
size. For a matrix with size 2" x 2", the condition number is x = 10n. For a given
matrix size, the circuit depth applied is such that the solution is found with 100%
probability (i.e., shown in the inserted graph in Fig. 3). The blue dots show the
computation time to find the target state. A linear fitted curve (dashed yellow) is
also plotted for reference.
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In a more practical scenario, we can assume that we have a
sparse decomposition of the matrix or sparse matrices as in Ref.
[1], and the input state is simple to prepare or it is obtained from
a previous calculation. Meanwhile, a better ansdtz whose design
is informed by the matrix can be designed. For example, we can
try different ansitze, such as the Hamiltonian ansdtz, defined
based on the Pauli decomposition of the matrix. We also note that
the chosen ansdtz is not optimal for the problem, and a much more
compact one can be obtained from circuit compiling [41] as shown
in the Supplementary materials V. As our algorithm has the capa-
bility of verifying the solution, it also enables us to dynamically
varying the ansdtz until the solution is found. In our simulation,
we dynamically increase the circuit depth and we expect more
profound circuit morphing techniques could be designed and
exploited. As this work only aims to verify the basic function and
effectiveness of the algorithm for general linear algebra tasks, we
leave the simulation of the restricted and practical cases to a future
work.

7. Implementation on the IBM quantum machine

We implement our variational algorithm using the IBM quan-
tum cloud device. The processor employed to conduct the experi-
ment is “ibmg-ourense”, which has five qubits with T, time
ranging from 20 to 100us, single-qubit gate error
3.5(+0.5) x 107*, CNOT gate error 8.2 x 10~ and read-out error

2.2 x 1072, The circuit is implemented through Qiskit [70], a
python-based software development kit for working with Open-
QASM and the IBM Q processors. We consider a simple example
of solving linear equations with the variational algorithm. The

15 -05 . i
05 15 } = 1.5 — 0.5iY, the initial

state is |zp) = |0) and we aim to find |v,,-1) = M~'|5g). The trial
state v, can be prepared with a single-qubit rotation applied on
a data qubit. Starting from a small number around zero (0.08 as
the case we present here), the rotation angle is updated through
0iy1 = 0; — VE,;-1(0;), where the circuits used to determine VE,,
can be found in the Supplementary materials IV. To keep track of
the energy change, the energy in each step is obtained directly
by measuring (v (0)|Ey;-1|vm(0;)) (method shown in the Supple-
mentary materials VI). The expectation value of each observable
is the aggregated result of 8192 runs (the maximum number
allowed).

The experimental result is shown in Fig. 5. Firstly we plot the
exact energy evolution as a reference. In the upper panel, as the
red dashed curve indicates, the energy decays and gradually
approaches 0. The purple data points, which align well with the
exact evolution, represent the result simulated in Qiskit with per-
fect circuits each evaluated 200 k times. The experimentally mea-
sured energy change is plotted as the green curve. We see a fast
decay followed with fluctuations between 0.05 and 0.1. The devia-
tion mostly results from noise within the circuit, especially the
notable readout error. However, if we calculate the energy directly
using the rotation angle discovered in the same experiment, as
depicted by the blue data points, the energy change nearly fits
the exact evolution. As a comparison, we also apply the same set
of experimentally obtained rotation angles to prepare the state
|um) and plot the fidelity (|(m|v,,1)|*) change, as shown by the
grey data points in Fig. 5b. We see they nearly overlap with the
orange curve and lead to a very high fidelity of 99.95%. The result
suggests that our algorithm works with a small noisy device, and it
can be foreseen that solving linear systems with higher dimensions
can be achievable with quantum devices with higher gate and
measurement fidelities.

matrix considered is M = {
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Fig. 5. (Color online) Energy (a) and state fidelity (b) change with increasing steps.
In the upper panel, the green curve shows the measured energy from the IBM
quantum processor, while if we put the rotation angle found in each step into a
perfect circuit to prepare the trial state, the energy change is depicted by the blue
data points. The purple curve refers to the simulation result with perfect circuit
implemented in Qiskit. For comparison, the exact energy evolution is plotted as the
red dashed curve. In the lower panel, the fidelity of the trial state prepared with the
rotation angle discovered (the same set of parameters used to plot the blue curve in
the upper panel) is shown as the grey curve. The exact evolution is also shown as a
reference.

8. Applications

In this section, we discuss applications of our algorithm, includ-
ing Hamiltonian simulation and open systems simulation.

We first show the application for variational Hamiltonian sim-
ulation. Starting from |y,), the Hamiltonian simulation task is to
prepare the state |y,) = e #¢|y,) at time t with sparse Hamiltonian
H. For instance, when the Hamiltonian can be decomposed as a lin-
ear sum of polynomial terms H = .05, we can make use of the
Trotterization method to have

e) (15)

K
(He”"’f““) o) + O(E/K),

with K Trotter steps. As the circuit depth increases with the evolu-
tion time, the circuit depth can be large for long evolution time. The
variational quantum algorithm for simulating real-time dynamics
with a constant circuit depth has been proposed by Li and Benjamin
[26]. Here, we present an alternative algorithm based on matrix—
vector that can be more robust to the one in Ref. [26]. The key idea
of Ref. [26] is to prepare the state at any time t via a parameterised
state |¢(6(t))) with parameters 6 = (0;,0,...,0;), and update the

parameters from 0(t) to 6(t+ot) that effectively realise
e~ Ht|(6i(t))) via a deterministic process O(t + ot) = 0(t) + 6(t)ot

with  d(1) =A"'C, Aij() = —Im (2401 2900

where and
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Ci(t) = Re(%(@‘m(})(ﬁ))). Each term of A and C can be measured
via a quantum circuit.

Instead of deterministically obtaining 6(t + ot) via é(t), we make
use of the algorithm introduced in this paper. That is, to realise

e*‘”‘"\q&(é(r))), we can consider M = e # ~ 1 — iHst and update
the parameters as |$(6(t + 6t))) = M|$(6(t))). Therefore, for each
time step, we can update the parameters according to the
matrix-vector algorithm. We can verify the solution as discussed
in the Section 4. We note that the number of measurements at each

time is reduced from ©(L?) to ¢(L). This can be similarly applied for
the imaginary time evolution which aims to realise
[W.) = e H9T|yq). The matrix vector multiplication algorithm could
be leveraged for these dynamics simulation tasks, which are in
general challenging for classical computers to simulate real and
imaginary time evolution.

Our algorithms is efficiently applicable to problems when the
initial state vector v is a complicated many-qubit state. In this
case, we can even consider a simple sparse matrix M, such as a sin-
gle Pauli matrix. While such a simple M and complicated », might
not be a common classical linear algebra task, it could appear in
certain quantum computing subroutines. For example, to simulate
open quantum system evolution using variational algorithms, we
need to apply some jump operators on the quantum state [28].
More specifically, considering Lindblad master equation
dip = —i[H, p]+ Zp, it can be equivalently described by the
stochastic Schrédinger equation, which averages trajectories of
pure state evolution under continuous measurements. The whole
process consists of two parts: the continuous generalised time evo-
lution and the quantum jump process. The simulation of the quan-
tum jump process requires the matrix-vector multiplication,
which in general could be hard for classical simulation. Our algo-
rithms can be leveraged to simulate this process. We refer to the
Supplementary materials for more details.

While in this work, we focus on the two problems of matrix—
vector multiplication and matrix inversion, other popular linear
algebra problems, like singular value decomposition, could also
be solved by the variational algorithm with a proper cost function,
as demonstrated by some recent works [71,72].

9. Discussion and conclusion

In this work we present variational algorithms for solving linear
algebra problems including linear system of equations and matrix-
vector multiplications with NISQ devices. We design an effective
Hamiltonian with the ground state as the solution of the target
problem, and solve it with the recently-proposed variational algo-
rithms. As the ground state has zero energy, it also enables us to
verify the solution and adjust the ansdtz dynamically until the
desired accuracy is achieved. We also introduce the Hamiltonian
morphing technique to avoid local minima and to accelerate the
search progress, and numerically verify our algorithm for solving
the linear systems of equations. Owing to computation limitations,
we consider randomly chosen matrices with a small range of
matrix size. Within this range and with the non-optimal ansdtz,
the result suggests that the circuit depth based on our algorithm
scales linearly with the condition number and super-linearly with
the number of qubits. The numerical simulations verify the basic
function of the algorithm for matrix inversion tasks with general
matrices and input states. We note that it can be challenging for
solving linear systems of equations in general, and it is an interest-
ing direction to discuss the potential speed-up for the restricted
and practical tasks. A proof-of-principle experiment conducted
on the IBM quantum cloud device is presented. In the presence
of significant noise including very appreciable readout error, the
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optimised parameter corresponds to a state with 99.95% fidelity,
which further verifies our algorithms are compatible with NISQ
hardware. We expect further improvements of the performance
of the algorithm for sparse matrices together with more compact
and sophisticated ansdtze. We also expect that our results may
shed light on quantum machine learning and quantum optimisa-
tions in the NISQ era.

Note added Other related works have appeared around the same
time since our paper was posted on arxiv [63,73,74]. These works
discussed variational quantum algorithms for solving linear sys-
tems of equations, and our results can be compared.
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