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Spin-Variable Reduction Method for Handling Linear
Equality Constraints in Ising Machines

Tatsuhiko Shirai

Abstract—We propose a spin-variable reduction method for
Ising machines to handle linear equality constraints in a combina-
torial optimization problem. Ising machines including quantum-
annealing machines can effectively solve combinatorial optimiza-
tion problems. They are designed to find the lowest-energy solution
of a quadratic unconstrained binary optimization (QUBO), which
is mapped from the combinatorial optimization problem. The
proposed method reduces the number of binary variables to for-
mulate the QUBO compared to the conventional penalty method.
We demonstrate a sufficient condition to obtain the optimum
of the combinatorial optimization problem in the spin-variable
reduction method and its general applicability. We apply it to
typical combinatorial optimization problems, such as the graph
k-partitioning problem and the quadratic assignment problem.
Experiments using simulated-annealing and quantum-annealing
based Ising machines demonstrate that the spin-variable reduction
method outperforms the penalty method. The proposed method ex-
tends the application of Ising machines to larger-size combinatorial
optimization problems with linear equality constraints.

Index Terms—Combinatorial optimization problem, Ising
machine, Ising model, metaheuristics, quantum annealing,
simulated annealing, variable reduction.

1. INTRODUCTION

OMBINATORIAL optimization problems find the opti-
mal combination of decision variables to minimize or
maximize an objective function under a set of given con-
straints [1]. Solving a combinatorial optimization problem with
many decision variables is challenging because the number of
solution candidates increases exponentially as the number of
decision variables increases. Although typical examples found
in textbooks are the satisfiability problem, quadratic assignment
problem (QAP), and graph k-partitioning problem (GkPP),
combinatorial optimization problems are ubiquitous in daily
life. Examples include the logistics optimization, traffic route
optimization, and drug discovery.
Ising machines are specialized computers for combinatorial
optimization problems. Most Ising machine hardware operates
on the basis of simulated annealing (SA) [2], [3], [4], [5], [6],
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[7] and quantum annealing (QA) [8], [9] (see the review of
Ising machines in [10]). The quadratic unconstrained binary op-
timization (QUBO) is used to solve a combinatorial optimization
problem in Ising machines [11], [12], [13], [14], [15], [16]. The
QUBO is described by binary variables called spins, which take
values of 0 or 1.' Then, the solution space of a combinatorial
optimization problem is transformed into the spin configuration
space {0,1}*~, where N is the number of spins. The QUBO
problem finds the spin configuration to minimize the energy
function defined by the QUBO. Ising machines search for the
lowest-energy state of a QUBO, which is called the ground
state. Efficient methods have been proposed for improving the
performance of Ising machines [17], [18], [19], [20]. The optimal
solution of a combinatorial optimization problem is obtained
from the ground state. This paper develops a method for Ising
machines.

The energy function of a QUBO is generally given as the
sum of the terms for an objective function and the constraints.
Feasible solutions (FSs) satisfy the constraints. The conventional
method, which is called the penalty method, gives the constraint
term by increasing the energy of infeasible solutions [12]. The
spin configuration space is separated into many FS subspaces
with lower energies by the infeasible solution space with higher
energies. Fig. 1(a) applies the penalty method to a combinatorial
optimization problem with two binary variables and a single lin-
ear equality constraint. The QUBO is expressed by Hpcnalty =
1 — x2 + 5(z1 + 22 — 1)2, where the first term 1 — x5 is the
objective function and the second term (z1 + x2 — 1)? is the
constraint term. The penalty 5 is given to the constraint term to
increase the energy of infeasible solutions. Then, the two FSs
(z1,22) = (0,1) and (1, 0) are separated by infeasible solutions
with large energies. The transition probability between the FSs
is low when the thermal or quantum fluctuation is small. In this
situation, searching for the optimum using an Ising machine
is difficult. SA-based or QA-based Ising machine studies have
reported that the penalty method falls into a local minimum
solution and fails to reach the optimum of the QUBO (e.g.,
Refs. [21], [22]). Therefore, developing an efficient constraint-
handling method is important.

In this study, we propose a new constraint-handling method
called the spin-variable reduction (SVR) method. The proposed
method, which is based on the idea of variable reduction,
expresses a spin variable using other spin variables in terms

'We herein adopt this definition. However spins are often denoted as binary
variables with values of —1 or 1. Both definitions are equivalent since a spin
oe{—1,1}isexpressed by aspinz € {0,1} as o = 2z — 1.
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(a) Penalty method
For xq,z2 € {0,1}

minimize xy — xo

(b) Spin-variable reduction method
For 27 € {0,1}
minimize x; — (1 — 1)

subject to z1 +x9 =1 subject to xo =1 — 21 € {0,1}

(0,0),(1,1)

T _on | )
Optimum Optimum

Hsvr =T — (1 - Il)

2
Hpcnalty =x; — T2+ 5(I1 + X9 — 1)

Fig. 1. Examples of the penalty method and the spin-variable reduction
method in a simple combinatorial optimization problem with two binary vari-
ables and a single linear equality constraint. Both methods formulate the com-
binatorial optimization problem into QUBOs. (a) The penalty method gives a
QUBO Hypenalty as a function of (x1,22). Two infeasible solutions have a
large energy. (b) The spin-variable reduction method gives a QUBO Hgy, as a
function of x1. Hgyr is independent of zo and x2 is obtained by x1 using the
variable relationship in the linear equality constraint (i.e., xg = 1 — x1).

of the variable relationships in linear equality constraints. The
SVR method reduces the number of spin variables compared to
the penalty method and decreases the number of the infeasible
solutions. Fig. 1(b) applies the SVR method to the combinatorial
optimization problem given in (a). The QUBO is expressed by
Hyyy =21 — (1 — 1) = 22y — 1. The SVR method has one
less spin than the penalty method, and thus Hy,, depends on a
single spin = . The reduced spin value x5 is obtained by =; using
the variable relationship in the linear equality constraint (i.e.,
To = 1 — x1). The SVR method induces a transition between the
FSs (1) = (0) and (1) without passing large-energy infeasible
solutions. In this way, reducing the number of the infeasible
solutions leads to an efficient search for the optimum.

The main contributions of this paper are as follows:

® We propose a new constraint-handling method called the
SVR method for QUBO problems. The SVR method re-
duces the number of spins compared to the penalty method.

® We give a sufficient condition to obtain the optimum of the
combinatorial optimization problem in the SVR method.
This condition covers a wide range of constraints, which
typically appear in QUBO problem:s.

e We apply the SVR method to two NP-hard combinatorial
optimization problems: GKPP and QAP. Then we experi-
mentally solve QUBO problems using an SA-based Ising
machine and a QA-based Ising machine. The SVR method
outperforms the penalty method.

The rest of this paper is organized as follows. Section II
defines the constrained combinatorial optimization problem and
reviews the penalty method. Section III proposes the SVR
method. Section IV formulates the SVR method in GKPP and
QAP. Section V details the experimental results using SA-based
and QA-based Ising machines. Section VI discusses the experi-
mental results. Section VII summarizes this paper. Appendices,
which can be found on the Computer Society Digital Library
at available online, give supplements on the application of the
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SVR method to d-dimensional systems, the domain-wall method
for 2-dimensional systems, the results for extended version of
GEKPP, and the ideal QA simulation.

II. PRELIMINARIES AND RELATED WORKS
A. Definitions

This paper considers the following combinatorial optimiza-
tion problem:

Problem 1: For x; € {0,1} wherei € {1,2,...} =V, find
arg ming, 1Q({zi}iev) under the linear equality constraints
such that for k € M

Cr ({wi}iev) = Gox + Z a; pr; =0, (D
eV
where @; , € R fori € V U {0}.

Here, Q({z; }iev) and Ci({x; }iev) = 0denote the objective
function and the k-th constraint, respectively. M is the set of the
linear equality constraints.

Here, the equivalence of combinatorial optimization problems
is defined as:

Definition 1: Given the set of the optimal solutions of prob-
lem a and problem b as V. C V and V7 C V, respectively, the
two problems are equivalent if V7 = V"

B. QUBO and Penalty Method

QUBO [23] is a common input format for Ising machines
and is defined on an undirected graph G qubo = (Vgubo, Equbo)s
where Vb, and Eg,p, are the vertex set and edge set, respec-
tively. They are given as

H ({#i}ievym,) = Z Qijziv; + Z Qiiwi + Qo,

(4,7)€Equbo 1€Vqubo
2

where z; € {0,1} is a binary variable called the spin and
Qij, Qi,i, Qo € R. The QUBO problem finds the ground state
of H({:}icVyuno)-

The penalty method formulates Problem 1 as the QUBO
problem in (2) [12], [14].

Problem 2: For x; € {0,1} where ¢ € V, for a sufficiently
large A € R find arg min{zi}igvHpenalty({xi}iev) where

Hpenalty ({xl}lEV) - Q ({I'L}’LGV) +A Z [Ck ({xi}iEV)}Q .

keM
3)

For a sufficiently large A, C({x;}icv) is zero for k € M.
Thus, the following theorem is obtained.

Theorem 1: Problem 1 is equivalent to Problem 2 [14].

Hpenatty ({2 }icv) takes a QUBO form if Q({z;}icv) is
expressed in the QUBO and Cj({z;}iev) is a linear equality
constraint in (1). It should be noted that even if Q({x;}icv)
contains higher order terms (e.g., x1z2x3), introducing auxiliary
variables always reduces these to second order terms [24]. To
the best of our knowledge, only the penalty method is known to
generally formulate the constrained combinatorial optimization
problems in Problem 1 by the QUBO form.
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TABLE I
KEY NOTATIONS USED IN THE PAPER

Symbol | Description

v Set of spin variables
Vi Set of independent spin variables
Va Set of dependent spin variables
M Set of linear equality constraints
Mo Set of eliminated linear equality constraints
M, M\ M,
T Spin variable

H,H" | QUBO

Q,Q Objective function

Cy,C}, | Linear equality constraint
R; Description of dependent spin x;

as a function of independent spins

III. SPIN-VARIABLE REDUCTION METHOD

Here, a new constraint-handling method called the SVR
method is formulated (Section III-A). The SVR method formu-
lates Problem 1 as a QUBO problem. The QUBOs are explic-
itly given for combinatorial optimization problems with typical
constraints (Section III-B). Table I lists the notations used in this
section.

A. Spin-Variable Reduction Method

Our proposed method is based on the idea of variable reduc-
tion. First, we introduce subsets V;, Vo C V and My, My C M,
where V and M were defined in Problem 1 (i.e., V is a set of the
spin variables and M is a set of the linear equality constraints).

Independent Spins:

1 € V1 when a spin variable is used to represent other spin
variables in terms of the variable relationships in linear equality
constraints. The spin variables in V; are called independent
spins.

Dependent spins

1 € V5 when a spin variable is expressed and calculated by in-
dependent spins. V5 is given as Vo = V' \ V;. The spin variables
in V5 are called dependent spins.

Eliminated equality constraints

k € M, when the linear equality constraints Cy, ({z; }icv ) are
eliminated along with the variable reduction. This is called the
eliminated equality constraint.

The complement set of M, is defined as M; := M \ Mo.
A one-to-one correspondence exists between V5 and Ms (i.e.,
Vo =~ M) since the one equality constraint is used to eliminate
one spin.

Dependent spins can be expressed in terms of independent
spins. For k& € Mo, the equality constraint gives

D aigwi = —aok — Y @i ki, “

i€V i€V

where {a; 1.} fori € V5 and k € My can be regarded as a matrix
with dimension |V3|. When the constraints in k € Ms are lin-
early independent, the matrix is given by a regular square matrix.
Here, the inverse matrix is introduced with a matrix element &;}i
for k € My and i € Vy satisfying Y-y, @i kdy ) = 65 for
i,j € Vo and )y, C~li7g&];)1i = 0y ¢ for k, 0 € M, where 9,
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is the Kronecker’s delta. Then, (4) gives for i € V5
mi=— Y |aox+ Y aeas | ag)
keMsy JjeV
= a0+ Y ajir; = Ri ({z;}ev,), ®)
JjeV1
where a;; = = dj,kdgé for j € V; U{0}.

Next, a new objective function and constraints are redefined
as functions of independent spins. They are obtained by replac-
ing the dependent spins by R;({z;};jcv,) in Q({x;}icv) and
Ck({xi}iev). Namely,

Q ({witiew,) = Q ({wi}iev . {Ri (@i }jevi ) biew) ,  (6)

and for k € M;
Cr ({mitiewy) = O ({mitievis {Ri ({75} jevi ) Yieva) - (D)

It should be noted that C ({z;}icv,) = 0 maintains a linear
equality constraint. Then, the combinatorial optimization prob-
lem can be reformulated as

Problem  3: For z; € {0,1} where €V, find
argming, Q' ({z;}icv,) wunder the linear equality
constraints such that for k£ € M;

Cr ({mitien,) =0 ®)
and the constraints of dependent spins that for ¢ € V5
z; = Ri ({zj}jev) € {0, 1}. ©

Equation (9) gives the constraint for independent spins since
R;({x;}jev,) can take values other than O or 1.

Lemma 2: Problems 1 and 3 are equivalent.

Proof of Lemma 2 The equivalence of Problems 1 and 3 are
proven in terms of Definition 1. We consider sets of FSs for
Problems 1 and 3, which are denoted by V) and V)| re-
spectively. {z;}iey € VIOLif O ({x;}iev) = O forall k € M
and {z;}icv € VO if C) ({2 }icv,) = 0 for all k € M; and
z; = R;({z;}jev,) for i € V. First, we show VDE C VO,
Suppose that {x;};cyy € VI Then, Ch({z;}icv) =0 for
k € My gives z; = R;({x;}jev,) for i € V5. Next we find for
ke M,

Oy ({zitievy) = Ck ({witievis {Ri ({25} jevi ) iews)
= C ({zi}iev) = 0.

It indicates {x; };cy € V), and consequently V(Vf C V73,
We also show V) C Vf Suppose that {z;};cy € VO
Then, x; = R;({x;};ev,) for i € V5 gives for k € M,

0= C, ({zitiew)
= Cr ({wi}ievi, {Ri ({7} jevi) bievs)
=Cr ({zi}iev),

(10)

(11)

and

z; = Ri ({25} jewv;)
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= ao; + )

JEVL

~ ~ ~—1
= - E ao,¢ + E e Ay -

LeMy Jjev

12)

For k € M,

~ ~ ~ ~ ~—1
E ai’kxi:—g Q; k E ao’z—kg aj.eTj | Gy

i€V ieVa le Mo jevi

— E doyg-l- E (Nlj,ng 5k,l

le My JjeEV1

= —Qo,k — Z Q; kT,
eVq
& ao,r + Z Qi vy =0,
eV
& Ok ({zi}iev) = 0. 13)

Hence, {z;}icy € VIV Thus, VO C VF Therefore,
vE= YOI = vt
We consider a FS {z;};cv € V. Then,

Q ({zitiev) = Q {zitievi, {Ri ({x;}jev) biews)
=Q ({zitiew,) -

Let the sets of optimal solutions of Problems 1 and 3 be V'(
and V() respectively. Then, VD = VO and Q({z;}iev) =
Q' ({x;}iev, ) for each FS indicate V(1* = V(3)*_ Thus, Prob-
lems 1 and 3 are equivalent.

Problem 3 is reformulated. We use the fact that
constraints R;({z;}jev;) € {0,1} in Problem 3 are ex-
pressed as argming, \ . Ri({z;}jev)[Ri({z;}jev,) — 1]
when R;({x;}jev,) € Z. It gives the following Problem 4 and
Lemma 3.

Problem 4: For z; € {0,1} where i € V;, for sufficiently
large A € R and 7 € R, find argming, , Hyor({zitiev,)
where

Hyor ({zi}iev,) = Q ({zikie) + 4 > [Ch ({zitiew)]

ke M,
+7) Ril{z;}jevi)[Ri{z}jevi) 1]

iEVQ
s)

(14)

1)*

Then, fori € Vo, z; = Ri({z;}jev)-
Lemma 3: Problem 3 is equivalent to Problem 4 under the
conditions that

(16)

Proof of Lemma 3 For a sufficiently large A, C}.({z;}icv, )
is zero for k& M;. Similarly, for a sufficiently large
7, for ie€Va, Ri({z;}jev,)[Ri{z;}jevy) — 1] is zero
under the conditions in (16). This is because the con-
ditions restrict the range of R;({z;}jev,) to an integer
value. Then, R;({z;}jev,)[Ri({z;};ev,) — 1] = 0 indicates

a;; € Zfori e Voand j € V1 U{0}.
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Algorithm 1: How to Formulate Problem 4 from Problem 1.
1V« V, Vo0, My < M, and My < ()
2: CL({zmtmevy) < Cu{xm}mev) fork € M
3: while 3k € M; and Ji € V; s.t. Cf,({z Fmevy) = 01s
written as x; = ag + Y a;x; where a; € Z for
jeVu {0} do
4: V1<—V1\{z},V2%V2U{Z},M1%Ml\{k},
My +— My U {k}
50 Ri({zm}mevy) < a0 + Do scy, 055
6: Cz({xm}mEVl) — Cé({xm}meVl ) Ri({xm}mevl))
for ¢ € M,
72 Ri({zm}mevi) ¢ Ri({@mmevis Bil{zmbmevy))
for j € Vo \ {i}
8: end while
9: return C},({m }mevy ) for k € My and R; ({1 }mevy )
fori € Vs,

JEVA

R;({z;};ev,) € {0,1}. Thus, Problem 4 is reduced to find-
ing the sets of {x;};cv that minimize Q'({z;};cv,) under
the constraints that C},({z;}icv,) =0 for k € My and z; =
R;({z;}jev,) for i € V5, which is nothing but Problem 3.

Lemma 2 shows an equivalence of Problems 1 and 3 and
Lemma 3 shows an equivalence of Problems 3 and 4 under the
conditions in (16). Thus, we obtain the following theorem.

Theorem 4: Problems 1 and 4 are equivalent under the
conditions in (16).

The linearity of R;({z;};cv, ) (see (5)) leads to the following
proposition.

Proposition  5:  Hgy({2;}icv,) 18
Q{z;}iev) is given in the QUBO form.

Theorem 4 and Proposition 5 give the corollary:

Corollary 6: (Optimality) The optimal solutions of Problem 1
are obtained by solving the QUBO problem of Hgy,({z;}icv;)
in Problem 4 when the conditions in (16) are satisfied and
Q({l‘z}lev) isa QUBO

Since V; C V, the SVR method requires fewer spins to for-
mulate the QUBO than the penalty method.

Algorithm 1 practically formulates Problem 4 from
Problem 1. It returns {C)({Zm}mevi)}trer, and
{Ri({xm}mevl))}iGVZ' First, set V1 =V, Vo = (Z), M, =M,
My = @, and O;Q;({%n}mevl) = Ck:({xm}me\/) for ke M.
Then, iteratively update the subsets and the constraints. Each
update finds £ € M; and ¢ € V; that satisfy the condition

a QUBO when

Cl/c ({xM}mevl) =02, =ap+ Z a;x;
JjEVT

a7

where a; € Z for j € V4 U{0} (Line 3). Then, move k
from M; to M, and ¢ from V; to Vo (Line 4). Accordingly,
R;({zm }mevy ) is given, and then Cy({zp, }mev, ) for £ € My
and R; ({2, }mev, ) for j € Vo \ {i} are updated by replacing
dependent spin z; by R;({®m}mev,) (Lines 5-7). The
algorithm ends when k€ M; and i€ Vp satisfying the
condition in (17) does not exist. Then, {C}.({zm tmevy) trenr,
and {R;({xm tmevy)) biev, give Hgyr (see (15)). Note that
R;({xm }mev, ) satisfies the condition in (16).
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TABLE I
EXAMPLE 1
€2 x3 ‘ x1 ‘ Hgyy x1 €2 ‘ 3 ‘ Hgyy
0 0] 2 1 0 0 1 0
@ o 1] 0 0 ®) o 1 |1/2]| -1/4
11 1 1 10 |1/2] -1/4
11| -1 1 11 0 1

In Algorithm 1, the condition in (17) determines which spin
variable can take as a dependent spin. The condition is easily
checked by looking at the coefficients of a linear equality con-
straint. The choice of dependent spins is arbitrary as long as
the conditions are satisfied and may affect the performances of
Ising machines. However, as will be shown in experiments (see
Table IX in Section V), the performances are almost independent
of the choice of dependent spins.

Below, the SVR method is demonstrated in simple examples
of Problem 1.

Example 1: For z1,x2, x5 € {0,1}, minimize 1 subject to
a linear equality constraint 1 + z2 + 223 — 2 = 0.

The optimal solution is given by (z1, 2, z3) = (0,0, 1).

To solve the constrained combinatorial optimization problem
in the SVR method, let 1 be a dependent spin. The dependent
spin is expressed by independent spins x5 and x3 as

Rl (.%‘2,333):2—.’172—21‘3. (18)

This equation meets the condition in (16) since ag,1 = 2, a2, =
—1, and a3,; = —2 are integers. Then, the SVR method gives
the QUBO as

Hgr = Ry (w2, 23) + TRy (x2,23) [R1 (22, 23) — 1]. (19)

Hy,, is independent of dependent spin x;. Problem 4 finds
the ground state of Hg,,. Table Il(a) lists the values of Hg.,
for each independent-spin configuration (s, x3) when 7 = 1.
(x2,23) = (0, 1) gives the lowest value of Hy, = 0. The opti-
mal solution (x1, 2, x3) = (0,0, 1) is obtained from the lowest-
value solution by using 21 = Ry (22, x3).

Next, using this example, we show that the SVR method is
inapplicable when (16) is not satisfied. Let x5 be a dependent
spin instead of x;. Then,

1 1
Rg (.Il,l‘g) =1- 5.1?1 — 51‘2

does not meet the condition in (16) since a13 = —1/2 and
as,3 = —1/2 are not integers. The QUBO in the SVR method
reads

(20)

Hgyr =21 + 7R3 (171,$2) [R3 (1‘1,.%2) — 1] . 21

Table II(b) lists the values of Hy,, for each independent-spin
configuration (x1, x2) when 7 = 1. Hy,, takes a minimum value
of —1/4 when (z1,22) = (0,1) or (1,0). However, the con-
straint x5 = Rs3(x1, x2) indicates that z3 takes an inappropriate
value of 1/2. Thus, (16) is generally necessary to obtain the
optimal solution in the SVR method. The condition in (16) is
hereafter referred to as the SVR condition.

Example 2: For x1,25 € {0,1}, minimize x; subject to a
linear equality constraint z1 + x5 = 1.

The optimal solution is given by (21, x2) = (0, 1).
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Let 1 be a dependent spin. Then, R;(x3) = 1 — xo meets
the SVR condition. The SVR method gives the QUBO without
the constraint term as Hy,, = R1(x2) since

Rl(l'g) [Rl(l'g) — 1] = 7(1 — ZL’Q)ZQ = 0 (22)

Here, we use 23 = xo. The constraint term disappears because

the domain of R;(x2) matches the domain of a spin variable.
Problem 4 minimizes the value of Hy,,,. The ground state of Hy,,
is o = 1, and then 1 = Ry (x2) gives the optimum (a1, z5) =
(0,1).

B. Applications

Here, the SVR method is applied to combinatorial opti-
mization problems with typical constraints in one-dimensional
and two-dimensional systems. Application to the higher-
dimensional systems is straightforward (see Appendix A, avail-
able in the online supplemental material). Note that Algorithm 1
explicitly gives a QUBO for the SVR method in other types of
constrained combinatorial optimization problems of Problem 1.

1) One-Dimensional System: First, consider Problem 1 with
Q({z;}iev) inthe QUBO form under a linear equality constraint
given by

C({zitiev) =) xi—k=0,

icV

(23)

where k € N. The constraint is called the k-hot constraint. It
appears in the G2PP, the job sequencing problem, and graph-
coloring problem.

If the r-th spin is set as a dependent spin (i.e., r € V5), then

Ty = — Z ;i + k= R ({x;: }icvy) -
eV
Here, R, ({x;}icv, ) satisfies the SVR condition.
The SVR method and the penalty method respectively give
the QUBO H{}) and IV

penalty
Hs(vlr) =qQ ({zi}iewy)
+ 7R, ({@itien) [Re {2idievy) — 1],

H iy = Q ({mihiev) + 20 [C ({ihiev)]7,

where 7(1) and 1(1) are the constraint coefficients. The SVR
method has one less spin than the penalty method. It should
be noted that a different QUBO formulation called the domain-
wall method gives a QUBO with |V| — 1 spins for & = 1 [21].
Regardless, our method is applicable to arbitrary k.

2) Two-Dimensional System: Next, consider Problem 1 with
QU{Ti,s}(i,5)c L2 L =y ) in the QUBO form under constraints
given by

CO (fayed) = 3 @i~k =0 Vie L,
seL(©)

O ({zj4}) = Z 2 — k=0 Vse L),
ieL()

where k) € N and k(® € N. Here, the number of 1-valued
spins in the FSs are set to Ny = k™ |L®)| = k(©)|L()|. The

(24)

(see Problem 4 and Problem 2) as

(25)

(26)



2156

constraints appear in the QAP, GkPP (k > 3), and the traveling
salesman problem.

The QUBO obtained by the SVR method depends on the
selection of dependent spins. Using a simple example where the
spins in the p-th row or in the g-th column are set as dependent
spins (i.e.. Vo = {(p. 5)} e 10 U{(i. 9) }icp). the dependent
spins are represented by the independent spins as

Tig=k" = > wio=Ri g ({x;4}) forie LW\ {p},

s€L(\{q}
2ps =kl = D" @i =Ry ({254}) fors € L\ {q},
ie L™\ {p}
27
and
Tpq = k(o) — Z Tiq
i€ L\ {p}
=k _ Z T — Z Tis
ieLM\{p} jeL\{q}
= Y 2o+ kD + k9 - Ny =R, ({z;4}).
(i,s)EVl
(28)

Equations (27) and (28) satisfy the SVR condition.
The SVR method and the penalty method give the QUBO

H?Z) and H?

penalty (s¢e Problems 4 and 2), respectively, as

HZ) = Q ({zis}0ew)

+7@ 3" Ry (e} [Ris {20}) — 1],

(,8)eVa

H}:Eiilalty = Q ({xi,s}(i,s)eV)

#2033 [ (b

te{r,ct icL(©)

(29)

where 7(2) and A(?) are the constraint coefficients. The SVR
method gives the QUBO with (|L®)| — 1)(|L(¢)| — 1) spins. By
contrast, the penalty method gives the QUBO with |L(")||L(¢)|
spins. The domain-wall method formulates the QUBO with
(JL™] = 1)|L)| spins when k() =1 [25] (see also Ap-
pendix B, available in the online supplemental material). The
SVR method at | L™ | = |L()|and k) = k(°) = 1is equivalent
to the inserted method in [26]. Hence, our proposed method is
superior to other known methods in terms of the number of spins.

IV. QUBO FORMULATION BY SPIN-VARIABLE REDUCTION
METHOD

This section formulates the QUBO of combinatorial optimiza-
tion problems by the SVR method. We consider the G2PP as ex-
amples of the one-dimensional problems and the GEPP (k > 3)
and the QAP as examples of the two-dimensional problems.
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Fig. 2. Example of the four-vertex graph 2-partitioning problem. Dashed line
denotes the optimum solution.

A. G2PP

The G2PP is specified by sets of vertices and edges, Vo,
and Egop, with even |V, |. It partitions the vertex set into two
subsets of equal size such that the number of edges connecting
the two subsets is minimized. It is an NP-hard problem [27].

Here, the G2PP is transformed into Problem 1. First, we place
aspinz; € {0, 1} for each vertex ¢ € Vo, and set x; = 0 when
vertex 1 is in the first subset and x; = 1 when vertex ¢ is in the
second subset. The objective function (i.e., the number of edges
connecting the two subsets) is given as [12], [28]

Qgap ({7i}) = -2 Z zix; + Z kiz;,

(1,9)€Eg2p 1€Vgop

(30)

where k; denotes the degree of vertex ¢. The constraint is
expressed as

v
Caop = Z xi—7| g2p‘ =0.

) 2 D
’LEVg2p

The constraint is satisfied when half of the spins are 0 and the
other half are 1. Equations (31) and (23) with k = |Vjap|/2
have the same form. Hence, (25) gives the QUBOs for the SVR
method and the penalty method.

Next, we demonstrate the SVR method for an undirected
graph with four spins (see Fig. 2). The optimal solutions are
given by (1,2, x3,24) = (0,0,1,1) or (1,1,0,0). We set 27 as
a dependent spin. Namely,

Ry ({@i}) =2 — (w2 + 23 + 74) - (32)

Then the objective function for the SVR method is obtained as
Quop ({7i}) = Qgap (R1 ({wi}) , w2, 73, 4)

= —2x3x4 + T3+ x4 + 2. (33)

The objective function is independent of dependent spin x1. The
constraint is described by

Hegop = R1 ({z:}) [R1 ({:}) — 1]
=[2— (w2 +a3+x4)][1 — (w2 + 23+ 24)] .
Overall, the SVR method gives a QUBO as

(34)

Hgop = — 20324 + 23 + 24 + 2

+T(1) [2— ($2+$3+1‘4)] [1— (£C2+$3+$4)}.
(35)

Table TIT lists the values of (o, He g2p and Hgoy, for each
independent-spin configuration (x5, 23, 24) when 7(1) =2,
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TABLE III
Four-SpIN G2PP

2 x3 x4 ‘ Z1 ‘ Qézp Hc,g2p ‘ Hg2p
0 0 0] 2 2 2 6
0o 0 11 3 0 3
0 1 0|1 3 0 3
0o 1 1]o0 2 0 2
1 0 0|1 2 0 2
1 0 1]o0 3 0 3
1 1 0] o0 3 0 3
11 1|1 2 2 6
(xg,x3,24) = (0,1,1) or (1,0,0) gives the lowest value of

Hgop, = 2. Since the dependent-spin value is calculated by 21 =
Ry ({z;}), the optimal solutions (x1,z2,x3,24) = (0,0,1,1)
and (1,1,0,0) are obtained from the lowest-value solutions.

B. GkPP

The GKPP (k > 3) is an extension of the G2PP. It partitions
the vertex set of graph Gy = (Vikp, Eekp) into k subsets of
equal size such that the number of edges connecting the different
subsets is minimized. Here, we assume |Vgp|/k to an integer.

The GEPP is transformed into Problem 1. First, we place spin
xis € {0,1} fori € Vgp and s € {1,...,k} =: K. The spins
denote the subset of each vertex. When z; ; = 1, vertex ¢ belongs
to the s-th subset. Then the objective function is given as

Qup = |Bgpl = D D wiswjs (36)
(i,5)€Egp sEK
The constraints are expressed as
Og(lip, Z Tis — 1=0 Vie ‘/gkpa
seK
Co =3 @ Pl ek @)
gkp,s Li,s ko s :
1€V

The constraints are satisfied if each vertex belongs to a subset
and each subset size is equal to |V |/k. Equation (37) satisfies
the form in (26) with k@) = 1 and k(®) = |Vjg,|/k. Thus, (29)
gives the QUBOs for the SVR method and the penalty method.
See Appendix C, available in the online supplemental material,
for an extended version of GKPP with inequality constraints.

C. QAP

The QAP assigns facilities to different locations to minimize
the total transport cost [29]. The total transport cost is defined

as
SN fiideynt (33)

i€ Lgap J€Lqap
where |Lgap| =: Nac, 7™ denotes a permutation, and Lgap @
Lqap =: Vqap represents the set of facilities and locations. Here,

fi,; indicates the flow amount between facilities ¢ and j, while
d, + denotes the distance between locations s and ¢. The QAP is
an NP-hard problem [30].

Here, the QAP is transformed into Problem 1. First, we place
spin z; s € {0, 1} for each (4, s) € Vgap. The spins denote the
location of each facility. When z; ¢ = 1, facility ¢ is placed

2157

W 3
By
2 3 b C b C

Facility

Location Assignment

Fig. 3.  Example of a QAP with three facilities and locations. Values on
each arrow denote (a) f; j for i, j € {1,2,3} and (b) d ¢ for s,t € {a,b,c}.
(c) Optimal assignment for the location of the facilities.

at location s. Then the objective function (i.e., S(m)) is given
as [12], [14]

Qqap = Z Z fi,jds7tl‘i75l‘j7t. 39)
(1,5)€Vqap (J,t)€Vqap
The constraints are expressed as
C((;;pz = Z Tis — 1=0 Vie anp7
s€Lgap
Cc(lg)p, = Z Tis—1=0 Vs E Lyap. (40)
i€ Lgap

If all the constraints are satisfied, the permutation is described
as z; s = 1 when s = m(7). Otherwise z; s = 0. Equation (40)
adopts the form in (26) with k(") = k(¢) = 1. Consequently, (29)
gives the QUBOs for the SVR method and the penalty method.

As an example, we demonstrate the SVR method in a QAP
with three facilities and locations. We set (f1 2, fo.3, f1,3) =
(1,0,0) and (da.p,dpc,da.c) = (0,1,1) (see Fig. 3). We as-
sumed that f; ; and d,, are symmetric (i.e., f;; = f;; and
ds 4 = dy ) and the diagonals are zero (i.e., f;; = O and ds s =
0). There are two optimal solutions. One allocates facility 1 to
location a, facility 2 to location b, and facility 3 to location ¢
and the other allocates facility 1 to location b, facility 2 to
location a, and facility 3 to location c. The total transport cost
in the optimal solutions is 0. Here, we set the dependent spins

as Vo = {(1,a),(1,0),(1,¢),(2,a), (3,a)}. Namely,
Rio({zis}) =22p +22c+a3p + 23,0~ 1,
Ripy({wis}) = —w2p — w3 + 1,
Ri.({zis}) = —x3.+1,
Ro o ({7is}) = —w2p — 220+ 1,
Rso({zis}) = —x3p — 23+ 1. (41)

The objective function is obtained as

Qiap = Qaap ({zi,s isevis {Ris {5,01) Yios)evs)

=2 (2$2,cx3,c — T3¢ -+ ].) (42)
The constraint term is described by
Hegap = Y Ris({w0}) [Ris {20} — 1], 43)

(i,S)EVg
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TABLE IV
QAP WITH THREE FACILITIES AND LOCATIONS

Z2.b Z3,b x2,c x3,c ‘ T1,a Z1,b T1,c x2,a Z3,a ‘ Qaap Hc,qap ‘ anp
0 0 0 0 —1 1 1 1 1 2 2 6
0 0 0 1 0 1 0 1 0 0 0 0
0 0 1 0 0 1 0 0 1 2 0 2
0 0 1 1 1 1 —1 0 0 4 2 8
0 1 0 0 0 0 1 1 0 2 0 2
0 1 0 1 1 0 0 1 —1 0 2 4
0 1 1 0 1 0 0 0 0 2 0 2
0 1 1 1 2 0 —1 0 —1 4 6 16
1 0 0 0 0 0 1 0 1 2 0 2
1 0 0 1 1 0 0 0 0 0 0 0
1 0 1 0 1 0 0 —1 1 2 2 6
1 0 1 1 2 0 -1 -1 0 4 6 16
1 1 0 0 1 —1 1 0 0 2 2 6
1 1 0 1 2 —1 0 0 —1 0 6 12
1 1 1 0 2 —1 0 —1 0 2 6 14
1 1 1 1 3 —1 —1 —1 —1 4 14 32
Overall, the QUBO is given as TABLE V
PARAMETERS FOR ISING MACHINES
anp = 2(21‘27C$37C — 1‘370 =+ 1)
| Classical IM | Quantum IM
+ +(2) Z Ri,s({xj,t})[Ri,s({xj,t}) — 1], (44) annealing time 1sec 20usec
. number of runs 10 1,000
(i,8)eVa
Table IV lists the values of Q. Hec qap, and Hg,, for each
independent-spin configuration (x2, %3, T2, T3,.) When B. Methods

73 =2, (224, T3, 2,0, 73,.) = (0,0,0,1) or (1,0,0,1)
gives the lowest value of H,, = 0. The lowest-value solutions
give the optimal solutions by calculating the dependent-spin
values using z; s = R; s({x;}) for (i,s) € V.

V. EXPERIMENTAL EVALUATION USING ISING MACHINES

This section compares the performances of the SVR method
and the penalty method for GEPPs and QAPs when an SA-based
Ising machine or a QA-based Ising machine is used. Addi-
tionally, we show the performance of the domain-wall method
for GEPPs (k > 3) and QAPs (see the QUBO formulation in
Appendix B, available in the online supplemental material).

A. Set Up of Ising Machines

SA [31], [32], [33] and QA [34], [35] are meta-heuristic
algorithms that address combinatorial optimization problems.
Ising machines based on SA or QA are designed to solve QUBO
problems. Hereafter, the SA-based Ising machine [7] and the
QA-based Ising machine [36] are referred to as classical IM
and quantum IM, respectively. The classical and quantum IM
hardware embed a maximum of 130,000 spins > and 180 spins on
acomplete graph, respectively [7], [37]. The IM experiments run
on a MacBook Pro with a 2.8 GHz quad core Intel Core i7 (16GB
RAM) using Python 3.7.6 as the implementation language.

Table V lists the parameter sets for classical IM and quantum
IM. The annealing time was set to 1 second for the classical IM
and 20u second for the quantum IM. The number of runs was
set to 10 for the classical IM and 1,000 for the quantum IM. The
remaining values were set to the default for each IM.

2The number of maximum spins depends on the users. Here, the number of
spins available is restricted to 8,000 on a complete graph.

We adopted GkPPs and QAPs to compare the performances
of the SVR method, the penalty method, and the domain-wall
method. Note that the domain-wall method is inapplicable to
the G2PP. The G2PP instances are specified by the undirected
graph Ggop = (Vaop, Egap). For each problem size |Vyop, 20
undirected graphs with edge density of 0.5 were generated.
Connecting the vertices ¢ and j in Vo, with half probability
created the undirected graphs. The QUBO for a G2PP has the
constraint coefficient 7(!) in the SVR method and A" in the
penalty method ((25)). The argument in [12] gives a sufficient
condition to satisfy the constraint in the ground state of the

QUBO as

The same argument holds for the SVR method. Thus, 71 and
() are set as the value of the right-hand side of (45) in both the
classical and quantum IM experiments.

GKkPP (k > 3) generated 5 undirected graphs with edge den-
sity of 0.5 for each graph size and QAP used instances in
Refs. [38], [39]. The QAP instances are respectively called
nug-ng.. and lipa-ng..-a. The constraint coefficient in the QUBO
for a GEPP and a QAP is 7(?) in the SVR method, A(?) in
the penalty method (29), and x in the domain-wall method
(Appendix B, available in the online supplemental material).
The constraint coefficients were determined using the proce-
dure in [40] in classical IM experiments. We calculated the FS
rate and the cost function. The FS rate represents the ratio of
the number of obtained FSs to the number of runs. The cost
function was calculated for the FSs. A smaller value of the cost
function indicates a better performance. The FS rate and cost
function typically increase with the constraint coefficients [15].

Vs
max kia | g2p|

45
i€ Vaap 2 43)

A1 = min (
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TABLE VI
RESULTS OF THE SVR METHOD AND THE PENALTY METHOD IN G2PPS USING A CLASSICAL IM

SVR [ Penalty

[Ve2pl | No Cave Chin FSrate | N Cave ‘min FS rate
8 7 5.55(1) 5.55 1.0 8 5.55(1) 5.55 1.0
16 15 23.1(1) 23.1 1.0 16 23.1(1) 23.1 1.0
32 31 97.5(1) 97.5 1.0 32 97.5(1) 97.5 1.0
64 63 424.3(1) 424.3 1.0 64 424.3(1) 424.3 1.0
128 127 1795.5(1) 1795.5 1.0 128 1795.5(1) 1795.5 1.0
256 255 7445.3(1) 7445.3 1.0 256 7445.3(1) 7445.3 1.0
512 511 30647.4(0.9995) 30647.1 1.0 512 30661.5(1) 30648.8 1.0
1024 1023 124944.3(0.9987) 124940.8 1.0 1024 125103.1(1) 125029.1 1.0
2048 2047 506924.6(0.9986) 506869.2 1.0 2048 507652.2(1) 507513.6 1.0
4096 4095  2048288.7(0.9969) 2048097.0 1.0 4096  2054769.2(1) 2054039.0 1.0

Values in parentheses denote the rescaled average cost function when the value for the penalty method is set

to 1.

The dependences indicate that the constraint coefficient has an
optimal value. To systematically determine the optimal value of
the constraint coefficient, we set the threshold value of the FS rate
as 1y = 0.8 and repeatedly solved each problem instance while
varying the constraint coefficient. The precision threshold was
setto 10. The quantum IM experiments used the optimal value of
the constraint coefficient obtained in classical IM experiments.

The classical IM hardware has physical spins on a complete
graph architecture [7]. Hence, the number of physical spins on
the architecture is identical to the number of logical spins in
a QUBO (i.e., |Vqubo|)- On the other hand, the quantum IM
hardware has physical spins on a sparse graph architecture [37].
Therefore, minor embedding is generally required to map G qubo
onto the architecture [41], [42]. The minor-embedding process
constructs chains of physical spins to represent logical spin
states. The physical spins in a chain interact via ferromagnetic
coupling. The quantum IM experiments calculated the chain
break fraction, which is the ratio of chains whose spins have
different values. When the chain-break fraction averaged over
the 1,000 runs is greater than 0.1, the ferromagnetic coupling
strength in a chain was increased. Here, the number of logical
spins and physical spins are denoted by Ny, and Np, respectively.

Below, the average cost function, the minimum cost function,
the FS rate, and Np are used. The average cost function is the
value averaged over the FSs, while the minimum cost function
is the lowest value among the FSs. In GKPPs, each value was
averaged over problem instances. The average cost function
and the minimal cost function are denoted by Clyye and Chyip,
respectively.

C. Performance Comparison in a Classical IM

Table VI gives the results of G2PP in a classical IM for
different |V, | using the SVR method and the penalty method.
The SVR method selects x; as a dependent spin. Both methods
find Cyye = Chyin for small sized problems, indicating that the
classical IM obtains the optimum for all 20 problem instances.
By contrast, the SVR method outperforms the penalty method
for large-sized problems. The parenthesis denotes the relative
value of Cyye in the SVR method when Cly, in the penalty
method is set to 1. The decrease in the relative value with
|Va2p | indicates the superior performance of the SVR method for
larger-sized problems. The FS rate is always 1 in both methods.

Table VII shows the results of GKPP (k > 3) for various k.
The SVR method selects the first-raw spins {z1 s }scx and the
first-column spins {x; 1 }iev,, as dependent spins. The small-
sized problem (i.e., |Verp| = 12) finds Cive = Chyin for all the
methods. On the other hand, for a large-sized problem (i.e.,
|Veip| = 360), the penalty method has worst performance among
them. The SVR method is best for large %, and the domain-wall
method is best for small k. The constraint coefficients in the
penalty method are larger than the others.

Table VIII shows the results of QAP in a classical IM with
different ng,.. The SVR method selects the first-raw spins
{x1,s}seL,,, and the first-column spins {z; 1 }icr,,, as depen-
dent spins. The SVR method finds the optimum when ng,. < 25,
whereas the penalty method finds the optimum when ng,. < 20
and the domain-wall method finds the optimum when ng,. < 15.
For larger n¢,., the SVR method outperforms the other methods.
The domain-wall method fails to yield a FS rate above the thresh-
old value in lipa80a even at x = 10*. The constraint coefficients
in the SVR method 7(?) are smaller than those in the penalty
method A(2), especially for lipa-n¢,.-a problem instances.

Table IX shows the G2PP results of |Vya,| = 1024, the G8PP
results of |Vgsp| = 360, and the QAP results of lipa50a for 10
different choices of dependent spins. The G2PP randomly selects
dependent spin r from the vertex set V2, and the G8PP and the
QAP randomly sets p-th row spins and ¢-th column spins to
dependent spins. In all cases, the SVR method produces smaller
average cost functions and minimum cost functions than those of
the penalty method and the domain-wall method, indicating that
the results shown in Tables VI, VII, and VIII are independent of
the choice of dependent spins. In G8PP and QAP, the optimal
values of 7(?) are almost independent of the choice of dependent
spins.

D. Performance Comparison in a Quantum IM

Table X gives the results of G2PP in a quantum IM for different
|Va2p| using the SVR method and the penalty method. Both
methods provide the same value of Cl,;y, as that in a classical
IM for | Vo, | = 8. For larger |Vyop,|, the quantum IM gives larger
values of Cyye and C\y;, than the classical IM. Cyye and Clpin
are almost the same in both methods. By contrast, the FS rate in
the SVR method is higher than that in the penalty method. The
SVR method has smaller Np than the penalty method.
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TABLE VII
RESULTS OF THE SVR METHOD, THE PENALTY METHOD, AND THE DOMAIN-WALL METHOD IN GkPPS (k > 3) USING A CLASSICAL IM
SVR Penalty
N, 1@ Cave Cmin  FSrate | N, 2@ Cave Cmin  FSrate
‘ngp‘ =12
k=3 22 10 15.4(1) 15.4 1.0 36 10 15.4(1) 15.4 1.0
k=4 33 10 18.8(1) 18.8 1.0 48 10 18.8(1) 18.8 1.0
k=6 55 10 24.0(1) 24.0 1.0 72 10 24.0(1) 24.0 1.0
[Vakp| = 360
k=3 718 20  20064.8(0.9959) 20061.4 1.0 1080 40  20146.8(1) 20127.8 1.0
k=14 1077 20 22728.8(0.9982)  22720.0 1.0 1440 30 22768.7(1)  22754.0 0.88
k=5 1436 20 24373.9(0.9890)  24358.6 1.0 1800 30 24645.7(1)  24623.0 1.0
k=6 1795 20  25497.6(0.9816)  25482.6 1.0 2160 30 25974.6(1) 25948.2 1.0
k=8 2513 10 26947.9(0.9930)  26926.0 1.0 2880 20 27137.0(1) 27110.8 1.0
k=9 2872 10 27461.0(0.9888)  27446.0 1.0 3240 20 27772.2(1)  27744.8 1.0
k=10 3231 10 27871.1(0.9863)  27855.2 1.0 3600 20 28258.6(1)  28224.8 0.98
Domain wall
Ny, K Clave Chin FS rate
Vel = 12
k=3 22 10 15.4(1) 15.4 1.0
k=4 33 10 18.8(1) 18.8 1.0
k=6 55 10 24.0(1) 24.0 1.0
[Vakp| = 360
k=3 718 10 20059.8(0.9957)  20059.4 1.0
k=4 1077 10 22711.9(0.9975) 22702.0 1.0
k=5 1436 10 24352.5(0.9881)  24342.0 1.0
k=6 1795 10 25485.9(0.9812)  25474.2 1.0
k=38 2513 10 26958.2(0.9934)  26941.6 1.0
k=9 2872 10 27470.9(0.9892)  27455.2 1.0
k=10 3231 10 27887.4(0.9869) 27877.4 1.0

Values in parentheses denote the rescaled average cost function when the value for the penalty method is set to 1 sentence case.

TABLE VIIT
RESULTS OF THE SVR METHOD, THE PENALTY METHOD, AND THE DOMAIN-WALL METHOD IN QAPS USING A CLASSICAL IM. OPT. DENOTES THE OPTIMUM
FOUND IN REES. [43], [44]

SVR Penalty

Problem ‘ Opt. Ny, @) Clave Chnin FS rate Ny, A Clave Chin FS rate
nugs 50 16 10 50.0(1) 50 1.0 25 20 50.0(1) 50 1.0
nug6 86 25 30 86.0(1) 86 1.0 36 30 86.0(1) 86 1.0
nug? 148 36 40 148.0(1) 148 1.0 49 40 148.0(1) 148 1.0
nug8 214 49 50 214.0(1) 214 1.0 64 60 214.0(1) 214 1.0
nugl2 578 121 70 578.0(1) 578 1.0 144 80 578.0(1) 578 1.0
nuglb 1150 196 110 1150.0(1) 1150 1.0 225 130 1150.0(1) 1150 1.0
nug20 2570 361 160 2587.2(0.9987) 2570 1.0 400 230 2590.5(1) 2570 0.8
nug25 3744 576 210 3756.6(0.9917) 3744 1.0 625 300 3788.0(1) 3762 0.9
nug30 6124 841 270 6181.8(0.9768) 6146 0.9 900 410 6328.4(1) 6202 1.0
lipalOa 473 81 10 473.0(1) 473 1.0 100 70 473.0(1) 473 1.0
lipa20a 3683 361 20 3683.0(0.9784) 3683 1.0 400 240 3764.1(1) 3730 1.0

lipa30a 13178 841 70 13419.7(0.9975) 13385 1.0 900 530 13453.2(1) 13422 0.9
lipa40a 31538 1521 90 32050.6(0.9973) 31991 1.0 1600 960 32136.7(1) 32089 1.0
lipa50a 62093 | 2401 110 62943.1(0.9952) 62874 1.0 2500 1490  63243.3(1) 63190 1.0
lipa60a | 107218 | 3481 180 108821.0(0.9969) 108745 1.0 3600 2060 109155.0(1) 109073 0.9
lipa70a 169755 | 4761 200 172148.9(0.9964) 172044 1.0 4900 2850  172767.2(1) 172694 0.8
lipa80a 253195 | 6241 250 256531.8(0.9971) 256304 1.0 6400 3580  257283.3(1) 257164 0.8
Domain wall

Problem | Opt. NL, K Cave Chin FS rate
nugd 50 20 20 50.0(1) 50 1.0
nugb6 86 30 20 86.0(1) 86 1.0
nug7 148 42 30 148.0(1) 148 1.0
nug8 214 56 50 214.0(1) 214 1.0
nugl2 578 132 50 578.0(1) 578 1.0
nugls | 1150 | 210 80 1150.0(1) 1150 1.0
nug20 2570 380 140 2628.0(1.0145) 2606 1.0
nug25 3744 600 210 3874.9(1.0229) 3808 0.9
nug30 6124 570 270 6388.0(1.0094) 6298.0 0.9

lipalOa 473 90 40 473.0(1) 473 1.0

lipa20a 3683 380 90 3770.7(1.0018) 3683 1.0

lipa30a 13178 570 150 13475.8(1.0017) 13452 0.9
lipa40a 31538 1560 300 32193.6(1.0018) 32161 1.0
lipa50a 62093 | 2450 410 63337.8(1.0015) 63257 0.9
lipa60a | 107218 | 3540 450 109326.0(1.0016) 109203 1.0
lipa70a | 169755 | 4830 1530  173524.4(1.0044) 173321 0.9
lipa80a | 253195 | 6320 10000 - - 0.0

Values in parentheses denote the rescaled average cost function when the value for the penalty method is set to 1. FS rates are
greater than the threshold value 0.8 except for LIPA8OA in domain-wall method.
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TABLE IX
PERFORMANCE DEPENDENCES ON THE CHOICE OF DEPENDENT SPINS IN GKPP AND QAP
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G2PP ([Vg2p| = 1024) [ G8PP ([Vgsp| = 360) [ QAP (lipab0a)

r Clave Chnin FSrate | (p,q) 7 Clave Chin FSrate | (p, q) 72 Clave Crin  FSrate
2 124944.6  124941.0 1.0 (55,6) 10 26951.3  26940.8 1.0 (10,42) 100  63009.5 62942 1.0
52 124943.9 124940.3 1.0 (80,4) 10 26947.8  26929.0 1.0 (14,11) 110 63010.2 62815 1.0
66 124945.6  124940.4 1.0 (105, 2) 10 26945.8  26931.6 1.0 (15,10) 110  62901.6 62849 0.8
319 124945.3  124941.6 1.0 (112,5) 10 26948.0  26938.0 0.96 (15,18) 130  63020.0 62877 1.0
568 124945.9  124941.1 1.0 (192, 3) 10 26948.2  26932.0 0.98 (19, 39) 110 629959 62913 1.0
573 124943.2 124940.4 1.0 (204,4) 10 26948.3  26934.4 0.98 (26,40) 110 63023.5 62846 1.0
617 124944.1 124940.2 1.0 (271,3) 10 269479  26932.2 1.0 (28,10) 100 62992.5 62854 1.0
902 124942.8 124940.1 1.0 (271,6) 10 26946.4  26931.2 0.98 (43,45) 110 63039.1 63001 1.0
1003 124944.0 124940.2 1.0 (303,5) 10 26945.3  26931.0 1.0 (45,24) 120 63021.8 62917 0.9
1020 124943.7  124940.6 1.0 (348, 2) 10 26949.0  26935.0 0.98 (46, 38) 110  63045.4 62964 1.0
Penalty 125103.1  125029.1 1.0 penalty - 27137.0  27110.8 1.0 Penalty - 63243.3 63190 1.0
- — - — Domain-wall - 26958.2  26941.6 1.0 Domain-wall - 63337.8 63257 0.9

See the definitions of 7 in (24) and (p, ¢) in (27). Last two lines denote the average and minimum cost functions in the penalty method and the

domain-wall method for comparison.

TABLE X
RESULTS OF THE SVR METHOD AND THE PENALTY METHOD IN G2PPS USING A QUANTUM IM

[ SVR [ Penalty
‘Vggp‘ ‘ Ny, Np Clave Chin FS rate ‘ Ny, Np Clave Chin FS rate
8 7 10.00 7.1315(1.008) 5.5500  0.9949 8 12.00 7.0777(1)  5.5500  0.9026
16 15 35.75 31.522(1.006) 23.500  0.9353 16 39.55 31.325(1) 23.500 0.6514
32 31 132.25  127.03(0.9975)  109.55  0.7464 32 138.85 127.35(1) 111.50  0.4180
64 63 511.05 515.42(1.001) 482.29  0.4611 64 527.15 514.99(1) 483.20  0.2484
128 127 2064.9 2059.5(1.000) 2003.1 0.1645 | 128 2209.50 2059.9(1) 2006.1  0.0848

Values in parentheses denote the rescaled average cost function when the value for the penalty method is set to 1.

TABLE XI
RESULTS OF THE SVR METHOD, THE PENALTY METHOD, AND THE DOMAIN-WALL METHOD IN GkPPS USING A QUANTUM IM. \VC,KP\ IS SET TO 12

SVR Penalty
E| N, Np @ Cave Cmin FSrate | N, Np @ Cave Cumin  FS rate
3 22 67.6 10 21.63(1.010) 16.6 0.357 36 180.0 10 21.41(1) 18.2 0.224
4 33 148.6 10 24.66(1.020) 21.8 0.035 48 310.0 10 24.18(1) 22.0 0.007
6 55 398.4 10 - - 0.001 72 657.6 10 - - 0.000
Domain wall
k Ny, Np K Clave Chin FS rate
3 24 81.0 10 21.56(1.007) 16.4 0.277
4 36 175.8 10 24.58(1.017) 21.8 0.024
6 | 60 459.2 10 - - 0.000

Values in parentheses denote the rescaled average cost function when the value for the penalty method is set to 1.

Table XI shows the results of GKPP (k > 3) for k € {3,4,6}
and |Vgop| = 12. When k& = 6, any method does not find a FS
of all problem instances. When k is 3 or 4, all methods produce
approximately the same values of C,y and Cl,jy,, but the SVR
method gives the highest FS rate. The SVR method has the
lowest Np of the three methods for all k.

Table XII shows the results of QAP in a quantum IM for
different ng,.. When ng,. is 10 or 12, any method fails to find
an FS with the quantum IM. For a smaller number of facilities,
all methods generate almost the same values of Cye and Chyin,
but the SVR method gives the highest FS rate. The SVR method
has the smallest Np among the three methods.

E. Preprocessing-Time Comparison

Table XIII shows the preprocessing times for generating
QUBOs of GKPP and QAP using the SVR method and the
penalty method. We used a software package from [7]. For all
problems, the SVR method takes longer to preprocess than the
penalty method. For G2PPs, the increase rate is approximately
5% regardless of problem size |V,2p|, and preprocessing time

scales as |Vgap|2. The increase rate of GkPPs (k > 4) increases
with k. The processing time scales as & for the SVR method and
k for the penalty method. These are explained by QUBO edge
number scalings (i.e., | Equbo| ~ k? for Hyyy and |Equbo| ~ &
for Hpenalty ). For QAPs, the increase rate is approximately 30%
regardless of problem size nt.c, and preprocessing time scales
as ng,..

VI. DISCUSSION

In a classical IM, the SVR method generates smaller cost
functions in both GEPP and QAP than the penalty method. We
explain the results in terms of the energy landscape structure.
We define the set of FS subspaces {5, } such that S, is a set of
FSs and two FSs are in the same S, if the single-spin flips
can make a transition between the two FSs without passing
an infeasible solution. A single-spin flip denotes the change
of a spin value from O to 1 or vice versa. For a G2PP, the
penalty method needs at least two-spin flips to induce a transition
between the FSs. Each FS belongs to the different S,,, and thus
|So| exponentially increases with the number of spins |Vyop|
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TABLE XII
RESULTS OF THE SVR METHOD, THE PENALTY METHOD, AND THE DOMAIN-WALL METHOD IN QAPS USING A QUANTUM IM. OPT. DENOTES THE OPTIMUM

SVR Penalty
Problem ‘ Opt. | Ny, Np 13 Clave Cmin FSrate | Ny, Np A® Clave Cmin  FS rate
nugb 50 16 40 10 66.74(0.9982) 50 0.321 25 86 20 66.86(1) 50 0.065
nug6 86 25 88 30 114.40(1.014) 86 0.091 36 166 30 112.81(1) 92 0.042
nug? 148 36 173 40 201.40(1.079) 178 0.010 49 343 40 186.67(1) 170 0.006
nugs 214 49 314 50 306.00(0.9839) 270 0.004 64 553 60 311. 00(1) 286 0.002
nugl2 578 121 2074 70 - - 0.000 144 2580 80 - 0.000
lipalOa 473 81 911 10 - - 0.000 100 1268 70 - - 0.000
Domain wall
Problem | Opt. | Ny, Np K Clave Cmin  FSrate
nugb 50 20 53 20 65.84(0.9847) 50 0.283
nug6 86 30 119 20 107.05(0.9489) 86 0.061
nug? 148 42 241 30 198.33(1.062) 184 0.006
nugg 214 56 437 50 264.00(0.8489) 264 0.001
nugl2 578 132 2164 50 - - 0.000
lipalOa 473 90 1167 40 - - 0.000

Values in parentheses denote the rescaled average cost function when the value for the penalty method is set to 1.

TABLE XIII
PREPROCESSING TIME FOR QUBO GENERATION IN THE SVR METHOD AND
THE PENALTY METHOD

G2PP | SVR | penalty | GKPP | SVR | penalty
[Vezp| | time [s] | time[s] | & | time][s] | time [s]
512 | 0.076(1.031) | 0.946(1) | 4 | 3.001(1.355) | 2.282(1)
1024 | 4.213(1.074) | 3.922(1) 6 | 5.660(1.672) | 3.386(1)
2048 | 17.46(1.036) | 16.86(1) 8 | 9.247(2.009) | 4.602(1)
4096 | 70.47(1.068) | 65.99(1) | 10 | 14.07(2.480) | 5.673(1)
QAP SVR penalty

Nfac time [s] time [s]

50 | 69.41(1.270) | 54.66(1)

60 | 148.7(1.271) | 117.0(1)

70 | 275.2(1.342) | 205.0(1)

80 | 477.8(1.355) | 352.5(1)

Values in parentheses denote the rescaled time when the value for the
penalty method is set to 1. G k PP (K > 4) sets |Vggp| = 360.

as [Sa| = (Hlfl/fsf/‘z) ~ |Vigap|~1/22IVe2el. By contrast, the SVR

method gives |S,| = 1. For example, in the four-spin G2PP
(Table III), the transition from FS (x4, 23, 24) = (0,0,1) to FS
(0,1,1) is induced by a single-spin flip of z3. For a GEKPP (k >
3) and QAP, the penalty method needs at least four-spin flips to
induce a transition between the FSs. The SVR method reduces
|So| compared to the penalty method. For example, in a QAP
with nge = 3 (Table IV), (224, T35, T2,c, Z3.c) = (0,0,0, 1),
(1,0,0,0), and (1,0, 0, 1) are within the same FS subspace. The
reduction of | S, | efficiently searches lower-energy solutions. In
a quantum IM, the SVR method gives a higher FS rate in both
GkPP and QAP than the other methods. This is attributed to the
smaller number of infeasible solutions.

Due to the minor embedding, the SVR method and the penalty
method in the quantum IM have the same number of FS sub-
spaces because a multi-spin flip of physical spins is necessary to
flip a single logical spin. Therefore, the results for an ideal QA
simulation without minor embedding (see the simulation details
in Appendix D, available in the online supplemental material)
should be compared with the quantum IM results. Fig. 4 shows
the annealing-time dependences of the average cost function
and the FS rate in the G2PPs with |Vo,| = 16. For the ideal
QA, the average cost function approaches the optimum and
the FS rate approaches 1 with the annealing time. For a long
annealing time, the average cost function is smaller in the SVR
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Fig. 4. Annealing-time dependences of the average cost function and the FS

rate for (a) ideal QA and (b) quantum IM. Solid and dashed lines denote the
results of the SVR method and the penalty method, respectively.

method than the penalty method, implying that reducing the
number of FS subspaces improves the performance of the ideal
QA. Moreover, the SVR method has a higher FS rate than the
penalty method at a short annealing time, but at a long annealing
time they have the same FS rate. By contrast, the quantum IM
results weakly depend on the annealing time. The average cost
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function is smaller and the FS rate is higher as the annealing
time increases. Note that ideal QA finds better solutions in
less time than the quantum IM. We expect this to be due to
the minor embedding because the minor embedding reduces
quantum fluctuation effects [17]. An interesting future work is to
theoretically and experimentally investigate the effect of minor
embedding on the performance.

VII. CONCLUSION

We propose the SVR method to handle the linear equality con-
straints for combinatorial optimization problems in the QUBO
form. The SVR method reduces the number of spin variables
in the QUBO problem compared to the penalty method and the
other known methods. Here, we determine the sufficient con-
dition to obtain the optimum of the combinatorial optimization
problem in the SVR method and provide QUBO formulations
for combinatorial optimization problems with typical constraints
in one-dimensional and two-dimensional systems. Therefore,
the SVR method extends the application of Ising machines
to larger-size combinatorial optimization problems with linear
equality constraints. Additionally, we compare the performances
of the SVR method, the penalty method, and the domain-wall
method in GEKPP and QAP using an SA-based Ising machine
and a QA-based Ising machine. The SVR method outperforms
the other methods in terms of the cost function in an SA-based
Ising machine and the FS rate in a QA-based Ising machine.
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