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Abstract Quantum computing has attracted significant i nterest in t he o ptimization commu-
nity because it potentially can solve classes of optimization problems faster than conventional
supercomputers. Several researchers proposed quantum computing methods, especially Quan-
tum Interior Point Methods (QIPMs), to solve convex optimization problems, such as Linear
Optimization, Semidefinite O ptimization, and Second-order Cone O ptimization problems. Most
of them have applied a Quantum Linear System Algorithm at each iteration to compute a New-
ton step. However, using quantum linear solvers in QIPMs comes with many challenges, such
as having ill-conditioned systems and the considerable error of quantum solvers. This paper in-
vestigates how one can efficiently use quantum linear solvers in QIPMs. Accordingly, an Inexact
Infeasible Quantum Interior Point Method is developed to solve linear optimization problems.
We also discuss how we can get an exact solution by Iterative Refinement without excessive time
of quantum solvers. Finally, computational results with a QISKIT implementation of our QIPM
using quantum simulators are analyzed.

Keywords Quantum Interior Point Method; Linear Optimization; Quantum Linear System
Algorithm; Iterative Refinement
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1 Introduction

Linear Optimization (LO) is defined as optimizing a linear function over a set of linear equality
and inequality constraints. Several algorithms were developed to solve LO problems [16, 29].
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Karmarkar [25] developed the foundations of polynomial time and practically efficient Interior
Point Methods (IPMs) for solving LO problems. Since Karmarkar’s publication, a large class of
theoretically and practically efficient IPMs were developed, see, e.g., [40, 36, 43]. Contrary to the
Simplex method, a feasible IPM reaches an optimal solution by traversing through the interior
of the feasible region [36].

Contemporary IPMs reach an optimal solution by starting from an interior point and following
the central path [36]. The most efficient IPMs are primal-dual methods, meaning they strive to
satisfy the optimality conditions while maintaining strict primal and dual feasibility. It should
be noted that basic IPMs need an initial feasible interior point. Some current commercial solvers
apply Feasible IPMs (F-IPMs) based on the self-dual embedding formulation of LO problems,
e.g., MOSEK, while Infeasible Interior Point Methods (I-IPMs) can start with an infeasible but
positive solution. Theoretical analysis shows the best iteration complexity of F-IPMs is O(y/nL),
where n is the number of variables, and L is the binary length of the input data. On the other
hand, the best iteration complexity of I-IPMs is O(nL). In practice, the performance of both
feasible and infeasible IPM are similar [43].

A linear equation system is solved at each iteration of IPMs to calculate a Newton direction.
There are three choices for the linear equation system: (i) Full Newton System, (ii) Augmented
System, and (iii) Normal Equation System (NES). In classical computers, a general approach is
applying Cholesky Factorization to solve the NES, because it has a symmetric positive definite
coefficient matrix. A partial update technique improved the complexity of solving the system in
each iteration. This approach leads to the best total complexity of O(n3L) arithmetic operations
for solving LO problems. However, this is not always efficient in practice [36]. Since Cholesky
Factorization requires O(n?) arithmetic operations for large dense matrices, several researchers
studied inexact solution methodologies for solving Newton systems. Bellavia [9] proved the con-
vergence of an Inexact I-IPM (II-IPM) for general convex optimization problems. Mizuno and
his colleagues studied the convergence of II-IPMs [33, 20]. Korzak [31] and Baryamureeba and
Steihaug [8] proved the convergence of II-TPM proposed by Kojima et al. [30]. Korzak [31] also
showed that the total time complexity of his algorithm is polynomial. Al-Jeiroudi and Gondzio
[24], and Monteiro and O’Neal [35] investigated the use of Preconditioned Conjugate Gradient
(PCG) methods in II-IPMs. Zhou and Toh [46] also proved the convergence of an II-IPM for
SDO problems. The best iteration complexity of II-IPMs is O(n?L) which is ©(n'-®) weaker than
the best iteration complexity of exact F-IPMs.

Quantum computers have recently emerged as a powerful alternative to classic computers [15].
Starting from Deutsch’s Problem, a series of problems and algorithms have demonstrated the-
oretically exponential speedup compared to their classical counterparts [18, 19, 39]. One of the
promising quantum algorithms is the HHL method [23] to solve linear system problems. The HHL
method showed quantum advantage with respect to the dimension compared to classical linear
systems solutions algorithm. However, this method has unfavorable dependence on the condition
number, the sparsity of the matrix, and the inverse precision of the solution. Several researchers
attempted to improve the performance of Quantum Linear System Algorithms (QLSAs), [42,
15]. This paper explores an efficient use of the QLSAs for solving the Newton system at each
iteration of TPMs.

To investigate quantum speedup for continuous optimization, Brandao and Svore [11] pro-
posed a non-IPM quantum algorithm based on the Multiplicative Weight Update Method (MWUM)
of [6] to solve Semidefinite Optimization (SDO) problems. After this papers, many improved
versions of Quantum MWUMs (QMWUMs) are proposed for SDO [12, 4], and LO [5]. The ad-
vantage of QMWUMs is that their complexity has linear dependence on the dimension for SDO
and sublinear dependence for LO. The major issue with QMWUMs is that they are highly de-
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pendent on inverse precision and an upper bound for the norm of the optimal solution, which
are exponentially large for LO.

In another direction, a few studies were proposing Quantum IPMs (QIPMs). Kerenidis and
his colleagues presented a series of papers on QIPMs for solving LO, SDO [26], and Second-order
Cone Optimization (SOCO) problems [28]. Note that for both SDO and SOCO, they missed
some important parts, such as the need for symmetrization/scaling. So, their QIPMs are invalid
for their conic optimization problems. Kerenidis and Prakash [26] claimed that their algorithm
has 0(2—22&3 log(%)) complexity for LO problems where ( is the final optimality gap, € is the
precision of the QLSA. Observe that, to reach final precision (, the Newton system needs to
be solved with precision € < (. Further, k is an upper bound for the condition number of the
Newton systems at each iteration. They used block encoding to construct the Newton system and
Quantum Tomography Algorithm (QTA) to extract the classical solution. Casares and Martin-
Delgado [13] also provided a hybrid predictor-corrector QIPM scheme to solve LO problems
using the well-known predictor-corrector method proposed by Ye et al. [45]. In each step, it
uses the QLSA proposed by Chakraborty et al. [14] to solve the Newton systems. They claimed
that the complexity of their method is O(Ly/n(n + m)||M|| px%e~2), where m is the number of
constraints, and | M| is an upper bound to the Frobenius norm of the coefficient matrix in
the Newton system at each iteration. The authors claimed a quantum speedup with respect to
the dimension n compared to classical algorithms. However, they overlooked some elements in
their time complexity. Thus, the actual complexity has higher dependence on n and the required
precision.

In both mentioned QIPMs, an exact F-IPM framework was used, regardless of the inherent
inexactness of QLSAs. So, the proposed time complexities are not attainable, since Inexact
IPMs have higher iteration complexity. Augustino et al. [7] addressed this issue and proposed
two convergent QIPMs for SDO. Their complexity shows polynomial speed-up with respect to
dimension, but similar to former QIPMs, their complexity suffers from linear dependence on
condition number of the Newton system and precision. A major reason is that QLSAs’ time
complexities depend on the condition number of the linear system, and it is linear in inverse
precision and dimension to extract an accurate classical solution. In IPMs, the condition number
of the Newton system typically goes to infinity as the algorithm approaches an optimal solution
[36]. It is also worth mentioning that €, the required precision for solution of the Newton system,
needs to be significantly smaller than the final precision . Consequently, these complexity bounds
are not polynomial in the classical sense. This paper explores an efficient use of the QLSAs for
solving the Newton system at each iteration of QIPMs. We propose an II-QIPM to find an
exact solution. We also employ an iterative refinement scheme to avoid exponential complexity
in finding an exact optimal solution.

This paper is structured as follows. Section 2 discusses the performance of existing QLSAs.
Section 3 introduces the LO problem and its characteristics. In Section 4, we present an II-
QIPM to solve LO problems, in which a QLSA is used for solving the NES. We also analyze the
complexity of the proposed II-QIPM. In Section 5, we employ an Iterative Refinement scheme
to find an exact optimal solution of a LO problem without excessive time of QLSAs. Section 6
presents the first implementation of the proposed II-QIPM with Iterative Refinement (IR-II-
QIPM) and evaluates the algorithms through computational experiments. Finally, conclusions
are presented in Section 7.

2 Quantum Linear Algebra

This section reviews the use of Quantum algorithms to solve Linear System Problems (LSP).
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Definition 2.1 (LSP) The Linear System Problem: Find a vector z € R? such that it satisfies
equation Mz = o with coefficient matrix M € RP*P and right-hand side (RHS) vector o € RP.

In the rest of the paper, | M| = ||M]||2 is the 2-norm of matrix M, and || M||  is the Frobenius
norm of M. We sometimes use O which suppresses the polylogarithmic factors in the ”Big-O”
notation. The quantities of the polylogarithmic factors are indicated as subscripts of O. We use
R™ for the set of n-dimensional vectors of real numbers and C" for the set of n-dimensional
vectors of complex numbers. It should be mentioned that the complexity of a classical algorithm
when solving LSP means the number of arithmetic operations and the complexity of a quantum
algorithm is the number of quantum gates.

The LSP can have either one, many, or no solutions. A basic approach for solving an LSP is
Gaussian elimination, or LU factorization, with O(p?®) arithmetic operations. If M is a square
symmetric positive semidefinite (PSD) matrix, we can also apply Cholesky factorization with
O(p®) arithmetic operations. The best complexity for an iterative algorithm with respect to p
is O(pd+/klog(1/e)) arithmetic operations for the Conjugate Gradient method solving systems
with symetric PSD matrices, where d is the maximum number of non-zero elements in any row
or column of M, k is the condition number of M, and ¢ is the error allowed. If matrix M is
just symmetric, one can use Lanczos algorithm with higher complexity. For an LSP with gen-
eral square matrix M, the best iterative method is the GMRES algorithm, which has O(n?)
worst-case complexity [37]. To sum up, LSPs in general form are solvable in polynomial time in
classical computing setting, but the worst-case complexity is O(n?) for either matrix decompo-
sition methods or iterative methods.

Before discussing QLSAs, we should mention that the |z) notation represent the quantum
state corresponding to the unit classical vector z. We denote the basis state |i), which is a column
vector with dimension p, one in coordinate ¢ and zero in other coordinates [15]. QLSAs have
different approaches, while all of them are solving Quantum Linear System Problems (QLSPs)
defined as follows.

Definition 2.2 (QLSP) Let M € CP*P be a Hermitian matrix with |M]| = 1, o € CP, and
z:= M~'o. We define quantum states

oy il i zi)
=TS e M B T

For target precision 0 < egrsp, the goal is to find |Z) such that || |2) — |2) || < eqrsp, succeeding
with probability £2(1).

Based on Definition 2.1 and Definition 2.2, QLSP is a different form of the LSP. It should
be noted that at each iteration of QIPMs, instead of an LSP, we need to use a QLSA to solve
a QLSP. Thus, we need to translate LSP to QLSP, solve the QLSP by QLSA and extract the
solution by a QTA. Here, we analyze the details and costs of the process of translating LSPs to
QLSPs, encoding in the quantum setting, solving them with a QLSA, and extracting classical
solutions with a QTA as follows.

(i) Model of Computation: the first important step is determining how to encode the input data
in the quantum setting. There are two major input models. One is the sparse-access model
which is used in the HHL algorithm [23] and then in other QLSAs [15, 41]. This is a quan-
tum version of classical sparse matrix computation, and we assume access to unitaries that
calculate the index of the Ith non-zero element of the kth row of a matrix M when given
(k,1) as input. A different input model, now known as the quantum operator input model, is
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proposed in Low and Chuang [32], which is based on the idea of block-encoded matrices. In
this input model, one has access to unitaries that store the coefficient matrix:

- (),
where o > ||M]| is a normalization factor chosen to ensure that U has norm at most 1.
Chakraborty et al. [14] showed that this quantum operator input model is more efficient than
the sparse-access model and oracles to encode input data using block-encoding has favorable
complexity compared to the sparse-access model. On the other hand, most of the block-
encoding approaches use Quantum Random Access Memory (QRAM). However, the sparse-
access model can be implemented in the standard gate-based quantum circuit model. Despite
efficient encoding procedures, the quantum operator input model can not be implemented
with current quantum computers since there is no physical implementation of QRAM. In our
analysis, we assume that the data is stored in QRAM, and we use the quantum operator
model by Chakraborty et al. [14] for the QLSA, which enjoys the best complexity to date.
Using the QRAM structure, Kerenidis and Prakash [27] showed that one can implement
e-approximate block-encoding of M with O(polylog(2)) complexity. Further, given M in
the sparse-access input model, there is an e-approximate block-encoding of M that can be
implemented in complexity O(polylog(%*)) [14]. Thus, our results also apply to the sparse-
access input model if we have the data in that form. Using these results and assuming access
to QRAM, Chakraborty et al. [14] proposed a QLSA, in which they construct state |o), build
and implement a block-encoding of matrix M with O(polylog(#)) complexity. Since we are
interested in using QLSAs in a hybrid approach, we need to consider the cost of storing data
in a classical form to QRAM which is O(p?) for a fully dense matrix [14]. This cost should
be paid once, and in the next section, it is shown that this cost will be dominated by the
classical operations in each iteration of QIPMs.

(ii) Translating LSP to QLSP: Based on the definition of QLSP, the coefficient matrix of the
system must be Hermitian. If M is not Hermitian, one can construct Mz = &, where

= [AM[] 5:<g>,

and find the vector z = (2), where MT denotes the conjugate transpose of M. The size

of the problem increases from p to 2p. QLSP assumes ||M|| = 1. In the structure of block
encoding, we address this normalization, but for sparse encoding, we need to normalize the
system M2z = ¢ where

_ M o
M=——  &6=—— and ZzZ=z.
[[M]] [ M

Although we are using block-encoding, we scale the matrix in advance and let « = 1 in the
block encoding. This scaling will affect the precision and complexity, but in this way, we can
have better complexity analysis since, in QIPMs, we need to bound the residual. We also have
a similar scaling in the definitions of states |z) and |o). The corresponding QLSP problem
is M |z) = |5), and we can find an inexact solution |Z) with ||2) — |2) || < eqrsp. Since
[I1Z) || = 1, we need to scale back the solution with Z = ||&|| |Z). This scaling affects the target
precision. In IPMs, we are interested in finding a solution where the residual is bounded as
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lo — MZ|| < ersp. Thus, we have

o — Mz|| < [|M][|g — MZ||
<|[[M]llel[l o) — M |Z) |
loll 7 —
< ||M||-=—||M |z) — M|z
ML a7 ) - 3712
<llelllllz) = 12) I

<llolleqrsp-

Thus, we must set the target error of the QLSP as egrsp = ersp/||o]-
(iii) QLSA: After preprocessing and encoding, we can apply the QLSA to solve the QLSP. The

HHL algorithm [23] solves QLSPs with @p(eg?.i;) complexity. Several researchers attempted
to improve the performance of the HHL algorithm. As the first attempt, Amplitude Am-
plification decreases the dependence on k2 to s [1]. Wossnig et al. [42] proposed a QLSA

with O, (||M||r —~£—) complexity by using the Quantum Singular Value Estimation. In an-

€EQLSP
other direction, Childs et al. [15] developed two QLSAs with exponentially better dependence
on error with O, . 1 (dr) complexity. They proposed two approaches using Fourier and

’eQLSP

Chebyshev series representations. The best QLSA with respect to complexity uses block en-
coding and QRAM with O, 1+ (ak) complexity [14]. The normalization factor « is equal

to 1 for our approach since v?eL:;)ply the QLSA to QLSP, which is normalized in advance.
The details of these methods are out of the scope of this paper. For further details, see [17].

(iv) QTA: QLSAs provide a quantum state proportional to the solution. We cannot extract
the classical solution by a single measurement. We need Quantum Tomography Algorithms
(QTAs) to extract the classical solution. There are several papers improving QTAs, see, e.g.,
[28]. We used the best QTA by [3], with complexity O(- (5 2—), where ¢ is bound for the norm
of the solution. In our approach, g is equal to 1 since we applied QTA to QLSP and scaled
back the solution after QTA. Since the error is additive, we may choose

€QTA = €QLSA = SLSP
2||o||

Table 1 presents the complexity of different classical and quantum algorithms for solving an
LSP. Here, the complexity of a QTA is considered in the complexity of QLSAs. As shown in Ta-
ble 1, although the complexity of solving LSP using QLSA+QTA will have a similar dependence
on p compared to Conjugate Gradient (CG), the complexity of CG method is valid for solving
LSPs with PSD matrices and the complexity of QLSA+QTA in Table 1 are valid for solving
LSPs in a general form. QLSAs have better dependence on dimension p compared to factoriza-
tion and elimination techniques. Generally, QLSA has worse dependence on &, eLlsP, [|M]|, and
lo|l. In our QIPM, we solve a modified NES which has symmetric PSD matrix and both CG
and QLSA+QTA are applicable. Although CG has better complexity than QLSA+QTA based
on Table 1, we use QLSA+QTA to solve the NES since it enables us to also build the Newton
system in quantum computer which has polylogaritimic dependence on n. This approach enable
us to avoid matrix-matrix product, which is inevitable in classical IPM using CG. Thus, the
cost per iteration of IPM can leverage the quadratic dependence on dimension but the linear
dependence on condition number and inverse precision can lead to exponential complexity. The
following sections will discuss how we can deal with errors and condition numbers when we use
QLSA in IPMs.
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Table 1: Complexity of solving an LSP.

Algorithm Complexity Comment
Factorization methods (e.g. LU) o)
Conjugate Gradient (pdflog( )) For LSPs with PSD matrices.
2
HHL [23] + QTA [3] O(pd-i— d”]'f/““ ol polylog( 2% - )) Using sparse encoding.
QLSA [15] + QTA [3] O(pd +p ||1v| e polylog(2* )) Using sparse encoding.
QLSA [14] + QTA [3] O(p +pHHUH polylog(2 ) Using block encoding.

3 The Linear Optimization Problem

Here we consider the standard form of Linear Optimization (LO) problem as follows:

min ¢’z max bTy
(P) s.t. Az =0, (D) st ATy+s =c, (1)
z >0, 5> 0,

where A : m x n matrix with rank(A) = m, vectors y,b € R™, and z,s,c € R"™. Problem (P)
is called the primal problem and (D) is called the dual problem. Due to the Strong Duality
Theorem [36], all optimal solutions, if exist, belong to the set PD*, which is defined as

PD* = {(x,y,s) eR™MI s Ax=b, ATy+s=c, 2Ts=0, (z,5) > O} )

Now, we can define the optimal partition of the LO problem as

B={je{l,...,n} x>0 for some (z*,y",s") € PD"},

N={je{l,...,n}: s} >0 for some (z*,y",s") € PD"}.
It is shown that BUN = {1,...,n}, and BN N = @& [36].
Assumption 1. From now on, without loss of generality [36], we assume that the Interior Point
Condition (IPC) holds, i.e., there exists a solution (x,y,s) such that

Az =b, >0, ATy+s=c, and s > 0.

The IPC warranties [36] that the optimal set PD* is bounded, so there exists w > 1 such
that
w > max{||(z*, $") || : (z¥,5") € PD*}.

The central path is the curve defined by
CP = {(x,y7s) R Az =b, ATy+s=c, x5, =pforic{l,...,n}, z,s,u> 0}.

By the IPC, the central path is well-defined, and an interior feasible solution (z,y, s) exists for
all p > 0. Now, for any 0 < 73 < 1 and 1 < 75, we define an infeasible neighborhood of the

central path for u = 225 a5 the following definition in [43].

N(v,v2) = {(2,y,8) € R™T 1 (2,5) > 0, isi > mp for i€ {1,....,n}, [[(Rp, Rp)|| < 721},

where Rp = b— Az, and Rp = ¢ — ATy — 5. Assuming that the input data is integral, we denote
the binary length of the input data by

L= mn—i—m—l—n—i—Zﬂog |a”|+11+z log(lei| +1)T+ Y _og(|b;| +1)].
%] J

The following lemma is a classical result first proved by Khachiyan [29].
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Lemma 3.1 Let (z*,y*,s*) € PD* be a basic solution. If ¥ > 0, then we have x} > 27 L. If
sf >0, then we have s} > 2L,

Theorem 3.1 (Chapter 3 in [43]) An ezact optimal solution can be obtained by a strongly
polynomial rounding procedure when (z,y,s) € N'(y1,72) and u < 272E,

If the IPC holds, then the optimal set PD* is bounded, and we can find the upper bound for
all the coordinates of all optimal solutions as described in the following lemma.

Lemma 3.2 (Chapter 5 in [44]) Assuming the IPC, then for any (z*,y*, s*) € PD*, max;{z}} <
2L and max;{s}} < 2F.

For the theoretical purpose, we can use w = 2 from Lemma 3.2, but in practice, for concrete
LO problems, we may find a smaller bound. We define the set of (-optimal solutions as

T
PD(C) = {(LL’,y,S) e R (x,s) >0, % < Cv ”(RP’RD)H < C}

4 An Inexact Infeasible Quantum IPM

To speed up IPMs, we use QLSAs to solve the Newton system at each iteration of IPMs. As
discussed in Section 2, QLSAs inherently produce inexact solutions. Thus, one approach to use
QLSA efficiently is to develop an Inexact Infeasible QIPM (II-QIPM). In this paper, we utilize
the KMM method proposed by Kojima et al. [30] with the inexact Newton steps calculated by

a QLSA. Given (zF,9% s*) € N(y1,72), let pF = w and 0 < 81 < 1 be the centering
parameter, then the Newton system is defined as
AAzF =b — AzP,
AT Ay + Ask = ¢ — ATyF — sk, (2)
XEAsE + Sk Azk = gy pFe — XFsF,
where e is all one vector with appropriate dimension, X* = diag(z*), and S* = diag(s*). Instead

of solving the full Newton system, we may solve the Augmented system or the Normal Equation
System (NES). From the Newton system (2), the NES is formulated as

MFAyYF = oF, (NES)

where

Dk — (Xk)l/Q(Sk)fl/Z’

Mk — A(Dk)QAT’

oF = A(D*)2c — A(DF)2ATyF — By R A(S®) e 4+ b — AxF

=b—BipFA(S®) e + A(DF)2(c — ATyF — F).

As we can see, the NES has a smaller size, m, than the full Newton system. Further, the coefficient
matrix of the NES is symmetric and positive definite, thus Hermitian. Consequently, QLSAs can

solve the NES efficiently. By its nature, a QLSA generates an inexact solution Ay* with error
bound ||Ay* — Ay*|| < €*. This error leads to residual 7* as

M*Ayk = o +1*,
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where ¥ = M ’“(AvylC — AyF). After finding Z{gk inexactly by solving the NES using QLSA, we
compute the inexact Az* and AsF classically as

Z:Sk —c— ATyk: o sk . ATZ/yk, (3)
Eﬁk _ Bluk(Sk)*le gk (Dk)QZ:?k.
As As® and Azk are directly calculated by equations (3), one can verify that (Avxk , Ksk, Avyk)
satisfies
AAz* = b — Azk 4 rF,
AT AyF + Ak = ¢ — ATyb — 5, (4)
XFAsP 4+ Sk Ak = Brpke — XFsk.

To have an II-IPM using (NES) with iteration complexity O(n?L), the residual norm must
decrease at least O(Amin(A)y/nlogn) time faster than (z*¥)7s* where Apin(A) is the smallest
singular value of A [46]. We can have wider residual bound but with higher iteration complexity
of ITI-TPM [10]. In the literature of preconditioning the NES, some papers modified the equations
(3) and the (NES) to transfer the residual from the first equation of (4) to its last equation. By
these changes, we can get much better bounds [24, 35]. Since tight residual bound leads to the
high complexity of QLSA+QTA, in this paper, we use a modification of the NES, which leads
to O(n?L) iteration complexity of II-QIPM, where the residual is decreasing with the rate of

O/ i)

Since A has full row rank, one can choose an arbitrary basis B, and calculate A;, A= A;A,

and b = AZ'b. This calculation needs O(m?n) arithmetic operations and happens just one time
before the iterations of IPM. The cost of this preprocessing is dominated by the cost of II-QIPM,
but it can be reduced by using the structure of A. For example, if the problem is in the canonical
form, there is no need for this preprocessing. In the rest of this paper, all methodology is applied
to the preprocessed problem with input data (fl, b, ¢). Now, we can modify the (NES) to

MFEZE = g* (MNES)

where

N* = (DY) A M (DY) AT = (D) L A(DR (D) LAY,
6" = (D) 145 0" = (D)1 — ik (DY) TLA(S*) e + (D) TTADM (e — ATy — 51,

where DX = (X£)1/2(S%)71/2. We use the following procedure to find the Newton direction by
solving (MNES) inexactly with QLSA+QTA.

Step 1. Find z* such that M*z% = 6% + 7 and ||#*|| < n%.
Step 2. Calculate Ay* = ((D%)_lA;)Ték.

Step 3. Calculate ziz ('u%, va) = (D%f’k, 0). N

Step 4. Calculate é;sk =c— ATyk — 58 — AT AyF. .

Step 5. Calculate Az* = ¥ (S*)~le — a2k — (D*)2AsF — ok,

The following Lemma shows how the inexact solution of (MNES) leads to residual only in the
last equation of the Newton system.
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Lemma 4.1 For the Newton direction (A}k, Ayt Esk), we have
AAZF =b — Ax®,
ATAYF + Ash = c — ATyF — ¥, (5)
X*Ask 4+ SFAzk = Bipke — XFsk — SFyk,
Proof. For the Newton direction (Avxk, ANyk, KS’“), one can verify that
NIFEt = o gk
M* Ay = o + ApDE ",
For the first equation of (5), we can write
AAZE —A(Bp" (%) e — 2 — (Sk)quZ;k — b
—A(Bp*(SF)Le — zF — (SFYLxF(c — sF — ATyF — ATZ@k) — b
=BipFA(SF) e — Axh — A(SF)TEXFe 4+ A(SF)TIXRSE £ A(SF)TIXF ATk
i A(Sk)—1XkATANyk Ak
=Bt A(SF) e — A(SF) T X e+ A(S*)TTXFAT Y 4 oF + A DEFY — A DY
=b— Az".
The second and third equations of (5) are obtained by Steps 4 and 5. O

To have a convergent IPM, we need ||S*v¥||, < nuF, where 0 < 5 < 1 is an enforcing
parameter.

Lemma 4.2 For the Newton direction (&k,&/k,zgk), if the residual ||F*| < 77—”\/%’6, then
155 0% oo < np®.

Proof. We have

15¥ 0" o = 155 0% oo = ISEDEF lloo = I(SENH(XE) ool lloc < vk 75| < mpa®.
O

In the following, we show that by satisfying ||#*|| < n\/T’Zk, then the iterations of the II-QIPM

remain in the A(y1,72) neighborhood of the central path. The following theorem presents the
complexity of solving the (MNES) system by utilizing the QLSA of Chakraborty et al. [14]. We
can also use other QLSAs discussed in Section 2, leading to different complexity bounds.

Lemma 4.3 The QLSA by [14] and the QTA by [3] can build the (MNES) system, and produce a
solution Z* for the (MNES) system satisfying ||7*|| < 17\/7”? with @nyﬁ,u&k”(mn—km\/ﬁ%)

complexity, where EF = (D%)‘B@Dk, and m’ﬁ; is the condition number of E*.

Proof. Building the (MNES) system in classical computer needs some matrix multiplications,
which costs O(m?n) arithmetic operations. We can write (MNES) as E¥(EF)TzE = 6%, As we
can see, calculating E¥ and 6% needs just O(mn) arithmetic operations. Chakraborty et al. [14]
proposed an efficient way to build and solve a linear system in the form EF(E*)TzF = gk,
with O(polylog(—2 )k%) complexity. Also, we need to find the target precision for QLSA and

%
€QLsA
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k k
QTA such that ||#*|| < n—”\/‘% is satisfied. Thus, to have ||#¥|| < 7]—”\/’%, it is sufficient to require
i op < Ul v\llft/fk’“\l Based on the discussion of Section 2, we need to have

Vi Vi

k < p VKT k <p_vYE
ferer = Tmler “eEA = TaymljeH]

VL
2y/nll6*||

With this target precision, the QLSA by [14] has O(polylog(%‘&k“)ﬁ%) complexity, and the
uw

and e’(f?TA <n

k
QTA by [3] has O(%sz”) complexity. Since calculating E* and 6% classicaly needs O(mn)
n
arithmetic operations and the cost of storing them in QRAM is also O(mn), the total cost of
building and solving the (NES) system is

k|| 5k
~ K g
O, oy o+ /]
;

N

The proof is complete. O

).

We present the II-QIPM as Algorithm 1 for solving LO problems. In this algorithm, we use
QLSA and QTA to solve the NES.

Algorithm 1 II-QIPM

1: Choose ¢ >0, 71 € (0,1),72 >0,0<n < 1 < P2 <1,
2: Choose w > max{1, ||z*, s*|co }
3k 0,0 g0 (RS Rl
: k+ 0, (29,97, 8Y) + (we, Oe,we), and y2 + max I’T
4: while (z*,y*, s*) ¢ PD, do
. ke (%) T sk
n
6:  EF « (DR)"'AD® and 6% « (D) 710 — p1uF (DY) TTA(S*) e + (D) T A(DF)? (e — ATyF — sF)
. k VP k VP
T fQLsa T Magnery M4 €Qra < M37nR]
8: (Azk, Ay*, As*) « solve MNES(B1) by QLSA+QTA with precision EEQLSA and EIEQTA
&* «— max {& €10,1] | for all « € [0, a] we have
9: (('rkvykvsk) +a(A$k7Ayk7ASk)) 6N(’Yl=72) and

(zF + aAz®)T (s 4+ aAsk) < 1-a(1- Bg))(mk)Tsk}
100 (2MFLyR SR o (o, gk, sF) @R (AR, Ak, AsK)
11: if ||$k+173k+1||oo > w then
12: return Primal or dual is infeasible.
13: k+—k+1
14: return (z*,y*, s*)

It can be easily verified that e.g., 1 = 0.5, B3 = 0.9995, n = 0.4 and 3 = 0.5 yield a valid
choice, i.e. satisfying the conditions in the first line of Algorithm 1. In the following, we prove
the polynomial complexity of Algorithm 1.

4.1 Convergence of the II-QIPM

In this section, a convegence proof and iteration complexity bound are provided for the proposed
IT-QIPM. The analysis closest to ours can be found in [24] and [35] where they are preconditioning
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the Newton systems which are then solved by CG. However, we modified the NES and solved
it by QLSA+QTA under different conditions and assumptions. First, in Lemma 4.4, we study
basic properties of the proposed II-QIPM as presented in Algorithm 1. Then, Lemma 4.7 shows
that the sequence {a*} is strictly positive for all k. The iteration complexity of Algorithm 1 is
proved in Theorem 4.1. In the proof, we need to analyze values of a* such that at iteration k of
Algorithm 1, the Newton step satisfies all the conditions in line 9. To ease notation, we use

k T ok
£5(a) = o* + ada*, 4 (a) = ¥ + adyF, s5(a) = 8* +adsk, k() = O

n
Rb(a) =b— Az"(a), and R} (a) = ¢ — ATyk(a) — s"(a).
The following lemma shows some properties of the proposed II-QIPM.

Lemma 4.4 At iteration k of Algorithm 1, for any o € [0, 1], with pu* = %, we have

Rp(a) = (1 — )R} (6a)
RE(a) = (1 — a)RY, (6b)
(zF(a)Ts*(a) > (1 + a(ﬂl — 1))k 4+ a?(Az*)T Ask, (6¢)
i (a)sF(a) > (1 - a)xfsf +a(By — n)p® + o AzFAsY forie {1,2,...,n}. (6d)
Proof. To prove (6a) and (6b), for any « € [0,1], by (2) we have

Rb(a) =b— A(z" + aAzh) = b — Az® — @ AAL* = b — AzF — (b — Az¥) = (1 — a)RY,
RY(a) = c— AT(y* + aAy®) — s* — adst = c— ATyF — % — a(AT Ay + As) = (1 — a)RE,.
To prove (6¢), using (5), we have
(2% + aAz®)T (5% + aAsh) = (2F)Ts* + af(2)T As* + (sM)T Az] + o?(Az*)T Ask
> (2")Ts* + anpipt — ()T s® — nnpk] + o?(AzP)T As*
= [1+ (B —n—1)](z")Ts" + a?(Azk)T Ask.
Using (5) again, we can similarly prove (6d) for all i € {1,2,...,n} as follows:
(zF + adzh)(s* + adsh) = 2Fsh + a(ah Ask + S'I»CA.T]-C) + a? Azk Ask
> ahsh + oz(ﬂ pk —alsh —nuh) + a2 Az As?
= (1- a)aksh + a(ﬂl o+t Adt A,
Thus, the proof is complete. O

Let us define the following functions

GF(a) = zF(a)sF(a) — yp¥(a) fori e {1,...,n},

9" (@) = 2" (a)s" (@) = (1 —a)(=")"s",

RF(a) = (1 — a(l — B2))(@*)Ts* — 2% (a)" s (a).
We use the defined functions to check if a step with length « sufficiently reduces the complemen-
tarity gap and keeps the next iterate in the neighborhood N (71,72). It is obvious that h¥(a) >0

means the Armijo condition (z*(a))Ts*(a) < (1—a(1—B2))(2*)Ts* holds, and the next lemma
shows how we check that an iterate is in the neighborhood of the central path.


https://doi.org/10.20944/preprints202303.0056.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2023 d0i:10.20944/preprints202303.0056.v1

Efficient Use of Quantum Linear System Algorithms in Interior Point Methods for Linear Optimization 13

Lemma 4.5 For step length0 < a <1, if G¥(a) > 0 and g*(a) > 0 then (z*(), y* (), s"()) €

N(71,72)-
Proof. Tt is easy to verify that that conditions G¥(a) > 0 and g*(a) > 0 lead to
2 (@)sh(a) > np(a) for i € {1,...,n},
(2% + aAz®)T (sF + aAsh) < (1—al- Bg))(xk)Tsk,

respectively. Since g¥(a) > 0, i.e. 2%(a)Ts () > (1 — a)(z%)Ts*, we have

[(RE(@), Rh(@) ]| _ (1—a)|(RE, RE)| _ (L—a)u® _ p¥(a)

||(R0P7ROD)|| I S | T T
Further, as vy, = “(R%;%, we can conclude that (z*(a), y*(a), s*(@)) € N(71,72). O

In order to prove polynomial complexity of II-QIPM we need to find a positive lower bound
for the step length &*. The following lemma is bounding some remaining elements to get the
step length bound.

(Az*)T As*
1 n

Lemma 4.6 There exist 0 < v¥ = O(n?u*) such that ‘Afosf - < vk forie

{1,2,...,n} and |(Az")T AsF| < k.

Proof. To prove this lemma, we need to do the following steps
Step 1. finding bound C¥ = O(nu*) such that wf*~1||z*, s*||; < Ck;
Step 2. finding bound C§ = O(n+/u¥) such that |D~LAx*|| < C% and | DAs*|| < Ck;
Step 3. finding bound 0 < v¥ = O(n?u*) such that

(AxM)T Ask
n

[(Az"M)T As®| < vF and |AzFAsy — v, <vkforie{1,2,...,n}.

Step 1. Let us define 6% = Hfzo(l — @&*). One can verify that
R =0""'RY and R}, = 0" 'R, (7)
Based on the definition of M'(y1,72) and the choice of 4, we have
I(RE, BRI _ (B, Rl

Lk = 110 ) (8)

implying p* > 6%~ We also define
(@, 5, 5%) =65 "1(a0,4°, ) + (1 — 05~ 1) (2%, y*, s) — (a, ¢, s"),
where, (z*,y*, s*) € PD*. One can verify that
ATgh + 5% =0,
AzP =

Since 5% is in the row space of A and Z* is in the null space of A, we have (z*)T5* = 0, or
equivalently,

[ek—lxo + (1 _ ek—l)x* _ xk}T[ek—ISO + (1 _ ek—l)s* _ Sk] =0.
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Since (z*,s*,2%,s%) > 0, 2*s* = 0, and (2, s°) = (we,we), we can write
[9k71$0 =+ (1 _ ekfl)x* _ xk]T[9k7150 + (1 _ kal)s* _ Sk] — 0’ (9)
(0571)2(s) 720 4 081 (1 = 6 )[(s°) T + (s7)Ta®) + (%) Tah > 0FH(s°) T + (2°)Ts*], (10)
(08 1)2npu® + 205711 — 05 Dnp® + (sM) Tk > 05 1w[(e)Tak + (e)Ts*],  (11)
08 tnpk +2(1 — 5Nk 4 np > 08 1w||zk, 7. (12)
Inequality (11) is obtained by using (z°,s%) = (we,we) and [|(z*,5%)||oc < w, and the last
inequality is obtained by using (7). Thus, let C¥ be defined as the left-hand side of (12), we have
CF = O(nu*).
Step 2. In this step we define
(fk7yk’§k) :<A$k,Ayk, Ask) + ek_l(I(],yO,SO) _ ek_1<$*,y*,8*),

where, (z*,y*, s*) € PD*. Similar to Step 1, one can verify that

ATgr 4+ 5 =0,
AzF =0,
(#%)T's% = 0.

Consequently, one can verify
D™ Az + 651 (2 — %)) + D(As® + 6571 (s — s7))|
= [ID7H(Ax® + 0" (2 — 2?))|| + [ D(As® + 07 (s” — 57)|
< IXS) 21X Se = Bupbel| + np®) + 61D (= 27) | + 651 D(s” — 5.
Now, we have
D™ Az* || < [[(XS)V2||(| X Se — BupPel| +np¥) + 265D (2 — &) + 205 H| D(s° — 7).
According to pages 116-118 of [43], we can derive the following inequalities:
1
e
1XSe — Brpte| < np,
O HIDTH @ = a))I + 05 HID(s” — 57| < 6o, sM | (X S) T2 max(fla® — 27, [1s® — s7])
< WOk sF|, < 4

IRV TRVATENV G TRVATL

Thus, ||D~1Az*| < %:L/kikcf = Ck, where C¥ = O(n+\/p¥). We can similarly show that
VYLV H
IDAs*|| < k.

Step 3. Based on Steps 1 and 2, we have
(Ash)TAs® < [|D7T AR DAS®] < (€3)?,
|Azf Asf| < [ D71 A DAsE|| < (€5)?,
(Az*)T Ask

1)) <

AxFAsE - < (1+Ieh)? < 2(ch)

Thus, v* = 2(C%)? = O(n?u*). O
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In the next lemma, we present a strictly positive lower bound for &*. In the proof, we use
parameters 61, d2, and d3 defined as follows:

(1—=y)(B1—mn)

n

0 = >0, d=p-n1n>0, db3=05—-08+n>0. (13)

Lemma 4.7 At line 9 of Algorithm 1, at iteration k, we have

K\T .k
AR > Gk = min{l, min{51,52>53}(w )kS } > 0.
v

Proof. Tt is enough to show that the conditions of Lemma 4.5 hold for all a € [0, &*]. Based on
Lemma 4.4, for any o € [0, &"], we have

k A K\T ( k A k
Gf(a):(xf—f—ozAmf)(sf—i—aAsf)—'yl(x +toaar )n(s +ads) (14a

)
=(1—a)zkst +a(Br —n)pF + a2 Ak Ask — (1+°‘(51_"_1))(”k)Tsk+a2(Awk)TAsk (14b)
)
)

n

o?(Axk Ask — L (AzF)T AsP) + (1 a)(mksf L (M) Tsk) + a(By —n)(1—y)u*  (14c
>~k + ady (2F)Tsk > a(él(xk)Tsk —vka ) > 0. (14d

Equality (14b) follows from equation (6a) of Lemma 4.4, and inequality (14d) is due to the
definition of &* and the neighborhood N (71, 72). Similarly, we show that g¥(a) > 0 as

g: (@) = 2*(a)"s"(a) — (1 — a)(z")"s"
> (1+ (B —n—1)) (") Ts* +a?(Az")T Ak — (1 — a)(2aF)Ts
> a(fy —n)(@")Ts" — oV
> ady(aF)Ts% — o?V*
> a(5g(xk)Tsk — dek) > 0.

Again, by (6¢) of Lemma 4.4, we have for all a € [0, &*]

RF(a) = (1 — a(l — B2))(2*)Ts* — (a¥ + aAz” ) T(s* + aAsh)
= (1—a(1 = B2)(@")Ts" — (14 a(Br —n—1))(@")"s* — a®(Ac*)T As*
> afy — B + 1) ()T sk — a2k
Z a(53(3;‘ )Tsk 2 k

Y

a(d5(z")TsF —vFak) > 0.

We showed that for all a € [0, &*], all the conditions of Lemma 4.5 hold. Thus, we can conclude
that &* < &* and the proof is complete. O

By Lemma 4.7, we have a strictly positive lower bound for step length &* to remain in the
neighborhood of the central path while we decrease the optimality gap. In what follows, using
the results of the previous lemmas, we establish the iteration complexity of Algorithm 1.

Theorem 4.1 If Algorithm 1 does not terminate in line 11, then it reaches a (-optimal solution
in at most O(n?log %) iterations.
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Proof. Based on Lemma 4.7, we have
Ak k ~k . . n,uk
a" > a” > a" = min { 1,min {01, 92,3} —— » € (0,1].
v

Hence, by the definition of the neighborhood, we have

(@)TsF < (1—a*(1 = B2))"(2°)7s°.
This implies that limy_,o (2%)7s* = 0. Thus, the algorithm terminates in finite number of steps.
Since the iterates are in the A (y1,72) neighborhood of the central path, a (-optimal solution is
obtained when p* < % The algorithm stops when

W (- ) < S

- ~ IR Ryl
By the definition of &* and Lemma 4.6, we have ﬁ = O(n?). We can conclude that k =
O(n?log %) The proof is complete. O

Remark 4.1 The sequences of {,uk }, primal infeasibility {||Ax’C — b||}, and dual infeasibility
{||ATylc + sk — c||}7 generated by II-QIPM, converge linearly to zero.

Remark 4.2 Based on Theorem 3.1, we can calculate an exact solution by a rounding procedure
if ¢ < 274L. Consequently, the iteration complexity of II-QIPM for finding an exact solution is
O(n2L).

In the next section, we provide the total time complexity of II-QIPM.

4.2 Total time complexity of the II-QIPM

As discussed in Lemma 4.3, we need to solve the NES at each iteration of the II-QIPM by

~ k~k
subsequent application of QLSA and QTA, which requires O,, I &ku(mn + m\/ﬁ%) com-

k
putational cost. We can calculate the total time complexity of the II-QIPM as the product of
the complexity of the QLSA and the number of iterations of the II-QIPM. The computational
cost of the QLSA depends on %, ||6%||, | E¥| r, and p* which change through the algorithm. In
the following theorem, we bound them properly and obtain the detailed total time complexity
of the proposed II-QIPM algorithm.

Theorem 4.2 The total time complexity of the proposed II-QIPM with QLSA by Chakraborty
et al. [14] and QTA by Apeldoorn et al. [3] is

N 2 my/ns 4 (| A]l + 18]])
C%“EMJAIJ5H<n Pnn—% L ] |

Proof. To establish the total time complexity of II-QIPM, we need to analyze how the matrices
MP* and E* evolve through the iterations. As in [36], considering the optimal partition B and
N, we have

=O(u*) = 0foriec N. (15)

k
: 1
%:O(E)%ooforieB and

) ‘ S
[l o

Appropriate bounds are provided in the following results.
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m
(ii) Since [|E*|| < [[(D)~H [ A[[[[D*], and || D¥[| = O(ﬁ) = O(z) by (15). Similarly, [ (D*)~!||r =
(’)(%), and we have ||EF| = (’)(H'%”). Let x4 be the condition number of A. Thus, we have
ki = O(KJAC”).

ol

(iii) In the time complexity of II-QIPM, we also have Vi coming from the precision of QLSA
m
and QTA. We can easily verify that
i o (0229 M
vk

1 A _ 27 ador—
SE(HbHJrHAXk(Sk) HIIRDI + Bl AS®) el ).

(i) Based on Theorem 4.1, we have at the termination - = (’)(%) and p* < O(u°) = O(w?).
1

(1Bl + 1 AX* (™) flle = ATy* — s8] + B[l A(S*) ell)

Based on the definition of the neighborhood of the central path, || R%|| < vy2u*. Thus, we can
lo*ly — o LAL+IB]
get bounds O(\/ﬁ) =O0(=7).

(iv) Based on Lemma 4.3, the complexity of QLSA by Chakraborty et al. [14] and QTA by
Apeldoorn et al. [3] for building and solving the MNES is

A r (1Al + 116])
Oy (7 + /== g=—=0).

Thus, the detailed time complexity of the proposed II-QIPM with QLSA by Chakraborty et al.
[14] and QTA by Apeldoorn et al. [3] is

(16)

N 2 m/n 4 (|| All + 1|5]])
(’)n,%,w,HAH,H;,” (n [mn+ . } |

The time complexity is achieved by multiplying the number of iterations of II-QIPM and the
total cost of each iteration, including building and solving it by QLSA+QTA. Thus, the proof is
complete. O

Let ¢ == || A|| + [|b]|, the complexity of II-QIPM can be simplified as

Ot s <n4%> (17)

In the complexity of II-QIPM, the 1 factors come from bounding the condition number and

Y

from QTA. Based on Theorem 3.1, % = 29(L) leading to exponential complexity. We discuss how
we can solve this and improve the complexity of the algorithm by stopping II-QIPM early, e.g.,
¢ = 1072, and using the Iterative Refinement scheme discussed in the Section 5 to improve the
precision.

Remark 4.3 Some QLSAs, such as Harrow et al. [23] and Childs et al. [15], take advantage of
the sparsity of the NES. Consider (MNES), the sparsity of M* = AX*(S*)~1 AT is independent
of X* and S*. So, let d be the maximum number of nonzero elements in any row or column of
the matrix AA”. Since matrix A has two blocks {I A;AN}, we have d < min{m,n —m + 1}.

As matrix A determines the sparsity of matrix M”, so we can take advantage of the sparsity
structure of matrix A. In case A is mostly sparse, e.g., n —m < m, but has a few dense columns,
then this structure can be exploited. As described in [2], the sparse part can be separated to
solve a sparse linear system by QLSA, and then the use of the Sherman-Morrison-Woodbury [38]
formula allows calculating the solution of the original linear system efficiently.
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5 Iterative Refinement Method

Based on Remark 4.2, we need ¢ < 274F to have an exact solution for the LO problem with integer
data. The proposed II-QIPM has exponential complexity in finding an exact solution. An Iterative
Refinement (IR) scheme can be employed to achieve polynomial complexity. By this scheme, a
series of LO problems are solved by the II-QIPM with low precision f , e.g., é = 1072, and an
IR method improves the precision to reach an exact solution. In the classical IPM literature,
the IR method by Gleixner et al. [22] and the Rational Reconstruction method by Gleixner and
Steffy [21] employed low-precision methods to generate a high-precision solution. Here, we adopt
the IR method to generate a high precision solution that allows the identification of an exact
optimal solution. While using only low-precision II-QIPM, Theorem 5.1 is the foundation of the
IR method.

Theorem 5.1 (Gleixner et al. [22]) Let the primal problem (P) be given as (1). For & € R"
and § € R™ and scaling factor V > 1 consider the refining problem (P)
min {V5T$|A:17 =Vband z > fVi} ,

where ¢ =c— ATjj and b = b — AZ. Then T and y are gt-optz'mal solution for problem (P) if and
only if T+ <% and § + %g are the %—optz'mal solution for problem (P).
As presented in Algorithm 2, we use the II-QIPM of Algorithm 1 to solve the refining model

and update the solution with an intelligent scaling procedure. Theorem 5.2 shows that a poly-
nomial number of iterations are sufficient to reach an exact optimal solution.

Algorithm 2 IR-II-QIPM

Require: (A ELM™X bEL™, cE Z”)
1: Choose scaling multiplier p € N such that p > 1

2: (1072, ¢« 274L
3: k+0 A
4: (2*0,y*0, 5*0) - Algorithm 1 (A, b, c) with ¢ precision
5: while r* > ¢ do
. k ko1
6: s <—max{r ’pvk}
7. Wk« 2fles(/m)]
8: bk < b— Az** and &F < ¢ — ATy*_k R
9: (&%, 9%, 5%) < Algorithm 1 (A4, VkbF V*EF) with ¢ precision
10: m>o<lv+1 — J;*k + %ik and y*k+1 — y*k + %gk
11: P+ max {man |l7;.+1|, max; (—2t ), 3, |6’2+1x;‘k+1|}
12: k+—k+1

Theorem 5.2 Let (A,b,c) be integer. The number of iterations of Algorithm 2 to get 274

precise solution is at most O(L).
Proof. Based on Corollary 3.6 in [22], we have

log(¢) | [—4Llog(2)]
Log(f)-‘ B [ —2 —‘ = o).
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One can observe that, except w, all parameters in the complexity of II-QIPM as specified in
(17), are constant in all iterations of the IR method. Lemma 5.1 provides an upper bound for
w” at iteration k of the IR method.

Lemma 5.1 At the k™ iteration of the IR method, let (2*%,§*% 8*%) be an exact optimal solu-

tion of the refining problem (A,V*by_1,V*¢,_1), and w* > max{1, 2% §**|}. Then, w* =
O((20)").

Proof. From Theorem 5.2 and last line of Algorithm 2, we have
O(L)

o)
1 * * L.
x*:acé—&-zﬁxk, and s :so—l—zﬁsk.
k=1 k=1

Based on Lemma 3.1, we know that ||2*, s*[|oc < 2%, then we have ||2**, §*F||,, < V2L,

Based on the procedure of updating the scaling factor in Algorithm 2, we can drive V¥ =
O(p"). We can conclude that w* = O((2p)"). O

In Theorem 5.3, we have the total time complexity of the IR method using the proposed
II-QIPM to find an exact optimal solution for LO problems.

Theorem 5.3 Let f = 1072, then the total time complexity of finding an exact optimal solution
using the IR-II-QIPM Algorithm 1 for solving the LO problem (1) is polynomial with

O, i ("QL[m" +my/nk (| A + IIbII)]>7
the arithmetic operations, where A and b are preprocessed A and b.

Proof. The proof follows from combining the result of Theorem 5.2, the total time complexity of
the proposed II-QIPM in (16), and Lemma 5.1. O

Corollary 5.1 The simplified complexity of the proposed IR-II-QIPM using the (MNES) is
@n7¢(n4Lq§f€A).

For finding C-optimal solution the complexity of IR-II-QIPM is

On,gb,w,% (n4¢ﬁA)

Thus, the iterative refinement procedure speeds QIPM up exponentially with respect to pre-
cision. It also addresses the condition number since the growing condition number of the Newton
system is replaced by the condition number of constant matrix A.

The following section presents the results of our numerical results.
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6 Numerical Experiments

This section provides numerical results for the proposed II-QIPM using the QISKIT AQUA
quantum simulator. Due to the limited number of qubits available in quantum computers and
simulators, we use the NES, which has a smaller dimension. The numerical results are run on a
workstation with Dual Intel Xeon@® CPU E5-2630 @ 2.20 GHz (20 cores) and 64 GB of RAM.
For the computational experiments, we have developed a Python qipm package available for
public use’.

IBM has implemented a QLSA, which is similar to the HHL method, without block-encoding
and QRAM. With the current technology, the number of available qubits in gate-based quantum
computers is limited to about one hundred. One of the main issues with quantum computers
is that they are not scalable compared to classical computers. Currently, larger NISQ? devices
suffer more from the lack of precision. On the other hand, quantum simulator algorithms are
computationally expensive. The maximum number of qubits in a quantum simulator is roughly
similar to that in an actual quantum computer. The main advantage of using a quantum simulator
is that we do not need to handle the noise of NISQ devices. Despite this, we still need to deal
with a high error level due to insufficient qubits and the high cost of QLSA+QTA in order to
find high-quality solutions.

We used two post-processing procedures to improve the performance of the QLSA.

(i) We first scale the linear system solution such that it satisfies the equality | Mz|| = |||
(ii) We also check the sign of the linear system solution by comparing it with its negate.

The condition number increases the solution time. Notably, the dimension of the linear system
increases the solution time as a step function for building the quantum circuit. The dimension
of the system must be a power of two. The simulator expands the system size to the smallest
possible power of two. Table 2 presents the number of qubits in quantum circuits for achieving
the same precision. The QISKIT simulator error oscillates between zero and the norm of an
actual solution. In some cases, the IBM QISKIT simulator fails, and it reports a zero vector as
a solution. While the simulator has a parameter for tuning precision, it violates the predefined
precision. We could not find any meaningful relationship between the precision of the simulator
and the condition number of the coefficient matrix, and the dimension of the system. In the
following sections, we discuss the implementation of the proposed II-QIPM and IR-II-QIPM
using the QISKIT simulator of QLSA and evaluate their performance.

K 21 22 23 24 25 26 27 28 29 210 211
Zqubits | 6 6 7 8 9 10 11 12 12 13 15

Table 2: Size of the circuit for linear systems with different condition numbers.

6.1 Evaluation of the II-QIPM

As discussed in Section 2, QLSAs have better dependence on the size of the linear system than
classical algorithms. However, unreliable qubits cause a significant error in the solution of a
linear system. Here, we use the IBM QISKIT simulator to solve linear systems arising in the

I https://github.com/qcol-1u/qipm
2 NISQ: Noisy Intermediate Scale Quantum
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proposed II-QIPM. For a fair comparison, we only consider those experiments that reach the
desired precision. The running time of the quantum computers and quantum simulators is not
comparable. Thus, instead of running time, we use the number of iterations as a performance
measure.

We use the random instance generator of [34], where the norm of primal and dual solutions
is set to two. The norms of the coefficient matrix and the RHS vector are set to one and two,
respectively. The condition number of the coefficient matrix is set to two. The desired precision
of the II-QIPM is equal to 0.1. It is worth noting that we set w to 10 and all the instances are
feasible.

Figure 1la illustrates II-QIPM performance on instances solved to the desired precision. As
illustrated in Figure la, the number of iterations fluctuates with increasing the number of vari-
ables. The noisy behavior of the QLSA and the relatively small-scaled instances justifies this
observation. Figure 1b shows the number of iterations increases by increasing the desired preci-
sion. The number of iterations also increases by the norm of the RHS vector, while w has less
impact on the number of iterations (see Figures lc and 1d). As discussed in Section 4.2, the
number of iterations is affected by the error of QLSAs. Scaling the RHS vector norm increases
the error of QLSA and, as a result, increases the number of iterations. Furthermore, the larger w
is, the further away the starting point is from the central optimal solution, i.e., the limit point of
the central path. It implies that increasing w should increase the number of iterations. However,
the fast convergence of IPMs and the noisy behavior of the QLSA make it difficult to observe a
direct relationship between w and the number of iterations.
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a) Effect of number of variables. b) Effect of the desired precision.
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c¢) Effect of norm of RHS vector. d) Effect of w.

Fig. 1: Effect of different characteristics of a LO problem on the number of iterations.
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6.2 Evaluation of the IR-II-QIPM

Even with smart parameter tuning and perfect implementation, the HHL simulator has limited
precision. Here, we analyze the performance of the IR method when combined with the II-QIPM.
One important parameter that highly affects the norm of the RHS vector and, consequently, the
HHL simulator’s error is w. As the IR progresses, the norm of a solution to the LO subproblem
increases. Thus, we need to set w based on the desired precision. Here, we set w to 1000 to avoid
infeasibility reported by the II-QIPM.

Figure 2a shows the logarithmic error of IR-II-QIPM for different desired precisions. We set
the LO precision to 0.01 to evaluate the effect of the IR on the proposed II-QIPM. Figure 2b
illustrates that by using IR, we can reach higher precision. The final precision in both the pure II-
QIPM and the IR-II-QIPM is set to 10~%. However, we can still not reach the desired precision in
half of the instances because of the QLSA’s error. By reducing the condition number, the iterative

120 120

cumulative frequency
@

o
cumulative frequency
@

o

LT E

<-40  (-4.0,-3.0] (3.0,-2.0] (-2.0,-1.0] (-1.0,00] (0.0,1.0] (10,2.0] <-40  (4.0,-3.0] (3.0,-2.0] (-20,-1.0] (-1.0,0.0] (0.0,1.0] (10,2.0]
log(error) log(error)
D560l DLE01 D5E02 D1E02 O5E-03 C1E-03 QI-QPM  @IR-I-QIPM
a) Effect of the LO precision on the IR-II-QIPM. b) Effect of iterative refinement on the II-QIPM.

Fig. 2: Obtained precision versus the desired precision on the IR-II-QIPM.

refinement method speeds up the solution time of Newton systems. The condition number of the
Newton system is bounded by O(k 4). Figure 3 shows how the condition number of the solved
linear systems in IR-QIPM is bounded, while the condition number of the solved linear systems
in QIPM without IR goes to infinity.

102 1
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10°
107 1

Condition number
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T
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Sequence of LSP

Fig. 3: The condition number of linear systems in QIPM and IR-QIPM to get 10~%-precision
solution for a primal-degenerate LO with 10 variables and 5 constraints
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7 Conclusion

This paper analyzes in detail the benefits and challenges of novel proposed Quantum Interior
Point Methods. Specifically, we analyze the use of QLSAs within IPMs and present a convergent
II-QIPM. Previous papers overlooked that when one uses QLSA with QTA, the solution of
the Newton system is inexact, and the Newton system’s condition number goes to infinity as
IPMs approach the optimal set. Here, we also adopt the IR method to find an exact solution
in polynomial time. After addressing issues in earlier QIPMs, we proved the correctness and
convergence of the proposed II-QIPM and analyzed its performance, both theoretically and

empirically.
Algorithm Simplified Complexity | Comment
II-IPM with Cholesky O(n5L)
IR-II-IPM with CG O(n5LﬁA) Anticipated complexity and needing complete analysis.
QIPM of [26] On (n?Lk324L) Unattainable due to using exact IPM complexity.
QIPM of [13] On (n2L/€222L) Unattainable due to using exact IPM complexity.
Proposed IR-II-QIPM (’jn@ (’I’L4L¢I€A)

Table 3: Time complexity of finding an exact solution

Table 3 compares the complexity result of the proposed IR-II-QIPM with an analogous classi-
cal II-IPM and two recent QIPMs. The proposed IR-II-QIPM has polynomial complexity, while
the other QIPMs cannot find an exact optimal solution in polynomial time. The exponential
complexity of those QIPMs is caused by QLSA’s error and the increasing condition number of
the Newton system. At first glance, one can get the impression that the other two QIPMs have
better complexity with respect to dimension. Still, these time complexities cannot be attained
since they only contain the iteration complexity of exact IPMs, while these QIPMs solve the
Newton system inexactly. They also need appropriate bounds for condition number x and preci-
sion € based on their setting of QIPMs. To correct the complexity of the QIPMs, at least O(n!9)
must be added for inexact Newton steps and an appropriate upper bound for QLSAs’ error.

The complexity of the proposed IR-II-QIPM has better dependence on n than both its clas-
sical counterparts and the realistic complexity of its quantum counterparts. Still, the complexity
of the proposed method depends on constants x; and ||/1|| One may apply scaling and pre-
conditioning techniques for LO problems with large & 4 to decrease k4. Monteiro and O’Neal
[35] used the speculated optimal partition instead of predefined basis (B, N) as a preconditioned
NES. The major problem of this approach is that the cost of calculating the precondition A;
in each iteration will destroy the quantum speed up in QIPMs. A viable research direction is
to explore how to mitigate the effects of condition number and norm of Newton systems with a
quantum-friendly approach. In addition, the proposed iterative refinement approach can also be
used to mitigate the impact of the condition number in classical IPMs with CG in solving the
NES. The complexity analysis of Inexact IPM augmented with an iterative refinement method
that uses classical iterative solvers for solving the Newton system is part of ongoing work. How-
ever, the anticipated complexity of such algorithms, as reported in Table 3, will have unfavorable
dependence on dimension than the proposed IR-II-QIPM. Because at each iteration, there are
some matrix-matrix products to build the Newton system. By using QLSA+QTA, we can avoid
the costs of classical matrix-matrix products and achieve polynomial quantum speedups.

We analyzed how the state-of-the-art QLSA+QTA can solve a classical linear system prob-
lem with quadratic dependence on dimension and linear dependence on the condition number
and precision. Although there are classical polynomial-time algorithms to solve LSPs in gen-
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eral form, QLSA-QTA is more scalable with regard to dimension than classical iterative and
direct approaches. The performance of QIPMs will be improved if faster QTAs and QLSAs are
proposed, and it is worth investigating polynomial-time quantum algorithms to solve LSPs.

We can also investigate Inexact-Feasible IPMs that are more adaptable with QLSAs since
Feasible IPMs have better complexity than infeasible IPMs. Another direction can be developing
pure QIPMs where all calculations happen in the quantum setting. However, current NISQ
devices have some limitations that prevent having a pure QIPM. Such a method will circumvent
the use of QTA within and enjoy the fast QLSAs.

Our computational experiments show that the proposed II-QIPM embedded in the IR scheme
with the QLSA simulator of QISKIT AQUA can solve problems with hundreds of variables
to a user-defined precision. However, a classical computer can simulate only a limited number
of qubits, limiting the number of constraints. Although there are Feasible IPMs with better
complexity than the proposed IR-II-QIPM, this paper is a significant step toward using quantum
solvers in classical methods correctly and efficiently. In addition, the IR-II-QIPM leverage the
wide neighborhood of the central path and starts with an infeasible interior solution compared
to F-IPMs. We also demonstrated for the first time that LO problems could practically be solved
using quantum solvers.
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