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(54) OPTIMIZATION DEVICE, OPTIMIZATION PROGRAM, AND OPTIMIZATION METHOD

(57) An optimization method implemented by a com-
puter configured to search for a solution using a replica
exchange method, the optimization method includes:
generating a reference bit to be referred to by each of a
plurality of replicas, based on first states of respective

replicas of the plurality of replicas at a time that is pre-
determined; causing each of the plurality of replicas to
refer to the generated reference bit; and specifying sec-
ond states at a time later than the time.
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Description

FIELD

[0001] The embodiments discussed herein are related to an optimization device, an optimization program, and an
optimization method.

BACKGROUND

[0002] Information processing is performed in all fields in today’s society. Such information processing is performed
by arithmetic devices such as computers, which perform operations and reorganization on a variety of kinds of data and
obtain meaningful results to perform prediction, determination, control, and the like. Optimization processing is one
approach of this information processing and has become an important field.
[0003] One approach of the optimization processing is to solve a discrete optimization problem. In a large-scale
multivariable discrete optimization problem, the number of combinations increases explosively, and the calculation time
sometimes does not fall within a realistic range in the technique of exhaustively performing calculations to work out all
combinations.
[0004] As a method for solving such a large-scale multivariable discrete optimization problem, for example, there is
simulated annealing (SA) using an Ising-type energy function. In this SA, calculation is performed by replacing a problem
to be calculated with an Ising model, which is a model representing behavior of spins of magnetic material.
[0005] In the discrete optimization problem, it is important to search for an optimum solution because there is a large
number of states called local solutions that are not optimum solutions but take minimum values in local neighborhoods.
As for the search for the optimum solution, a replica exchange method (hereinafter referred to as a replica method) in
which a copy (replica) of a certain state is used to search for a solution independently for each replica is known.

SUMMARY

[Technical Problem]

[0006] However, in the replica method in the above-mentioned prior art, every one replica calculates the interaction
term at regular intervals such that the interaction term becomes larger if the one replica is more similar to each of the
other replicas, and the interaction term becomes smaller if the one replica is less similar to each of the other replicas.
Accordingly, there is a disadvantage that the speed of searching for the optimum solution becomes slower because
each replica thoroughly refers to all the other replicas in order to calculate the interaction term.
[0007] In one aspect, it is intended to provide an optimization device, an optimization program, and an optimization
method that enable an optimum solution to be obtained at higher speed.

[Solution to Problem]

[0008] According to an aspect of the embodiments, provided is an optimization method implemented by a computer
configured to search for a solution using a replica exchange method. In an example, the optimization method includes:
generating a reference bit to be referred to by each of a plurality of replicas, based on first states of respective replicas
of the plurality of replicas at a time that is predetermined; causing each of the plurality of replicas to refer to the generated
reference bit; and specifying second states at a time later than the time.

[Advantageous Effect of Invention]

[0009] The optimum solution may be obtained at higher speed.

BRIEF DESCRIPTION OF DRAWINGS

[0010]

FIG. 1 is a block diagram illustrating an exemplary functional configuration of an information processing device
according to an embodiment;
FIG. 2 is a block diagram illustrating a modification of the functional configuration of the information processing
device according to the embodiment;
FIG. 3 is a flowchart illustrating an exemplary operation of the information processing device according to the
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embodiment;
FIG. 4 is a flowchart illustrating exemplary processing of Markov Chain Monte Carlo methods (MCMC);
FIG. 5 is a block diagram illustrating an exemplary functional configuration of an information processing device that
carries out a conventional replica method;
FIG. 6 is an explanatory diagram explaining a comparative example in a ferromagnetic model; and
FIG. 7 is a block diagram illustrating an example of a computer configuration.

DESCRIPTION OF EMBODIMENTS

[0011] Hereinafter, an optimization device, an optimization program, and an optimization method according to em-
bodiments will be described with reference to the drawings. Configurations with the same functions in the embodiments
are denoted by the same reference signs, and redundant description will be omitted. Note that the optimization device,
the optimization program, and the optimization method to be described in the embodiments below are merely examples
and do not limit the embodiments. Additionally, each of the embodiments below may be appropriately combined unless
otherwise contradicted.
[0012] FIG. 1 is a block diagram illustrating an exemplary functional configuration of an information processing device
according to an embodiment. As illustrated in FIG. 1, the information processing device 1 includes a control unit 10, a
plurality of replicas (20a, 20b, and 20c in the illustrated example), and a reference bit generation unit 30, and is an
example of an optimization device that uses a copy (replica) of a certain state (a spin bit string depending on different
temperature parameters) to search for a solution independently for each replica. For example, a personal computer (PC)
or the like can be applied as the information processing device 1.
[0013] Note that, in the illustrated example, the number of replicas is three, but the number of replicas is not limited
to three. Furthermore, the present embodiment will take as an example a case where simulated annealing (SA) using
an Ising-type energy function is employed as an application target of the replica method, but the application target of
the replica method may be the stochastic gradient descent (SGD) or belief propagation (BP).
[0014] The replicas 20a, 20b, and 20c include Markov Chain Monte Carlo methods (MCMC) units 21a, 21b, and 21c
that perform MCMC.
[0015] The MCMC units 21a, 21b, and 21c perform MCMC based on, for example, a metropolis standard, using a
spin bit string (sa) indicating the current state of each replica, a reference bit (sR), and a Hamiltonian H(s). As a result,
the MCMC units 21a, 21b, and 21c work out spin bit strings (s1, s2, s3) indicating the states at a later time, by evolving
the states of the respective replicas over time. Note that, in the following description, the "spin bit string indicating the
state" is simply referred to as the "state".
[0016] The reference bit generation unit 30 is a processing unit that generates (calculates) a reference bit (sR) to be
referred to by each replica, based on the states (s1, s2, s3) of the respective replicas (20a, 20b, 20c) at a predetermined
time. For example, the reference bit generation unit 30 is an example of a generation unit.
[0017] For example, the reference bit generation unit 30 takes a majority vote for each bit in the bit strings of the states
(s1, s2, s3) of the respective replicas (20a, 20b, 20c) (assigns 0 for bits, a larger part of which have 0, and assigns 1 for
bits, a larger part of which have 1), to generate the reference bit (sR).
[0018] Furthermore, the reference bit generation unit 30 may employ, as the reference bit (sR), the state of a replica
(minimum_spin) that has the minimum energy among all replicas, instead of the majority vote for each bit. For example,
the reference bit generation unit 30 employs, as the reference bit (sR), the state of a replica that has the minimum energy
(minimum_spin) among the states (s1, s2, s3) of the respective replicas (20a, 20b, 20c).
[0019] Note that, in the state (s), a 2-way-1-hot constraint is imposed in some cases. The 2-way-1-hot constraint is a
constraint in which only one element has 1 in both of the row and column of the two-dimensional array (most of the
elements have 0).
[0020] For example, s takes the numerical values 0 and 1 instead of +1 and -1. When this is expressed as X because
it is confusing, a relationship of Xi = (1 + si)/2 holds.
[0021] When the 2-way-1-hot constraint is imposed, if the reference bit is generated based on the majority vote, all
the reference bits will have 0.
[0022] In such a case where the 2-way-1-hot constraint is imposed, the reference bit generation unit 30 may perform
addition on all replicas for each bit, instead of the majority vote for each bit, which means to employ a value obtained
by taking a histogram as the reference bit (sR).
[0023] The control unit 10 corresponds to an electronic circuit such as a central processing unit (CPU), for example,
and controls the operation of the information processing device 1. For example, the control unit 10 includes an internal
memory for storing programs defining various processing procedures and control data, and executes diverse types of
processing using the programs and the control data when searching for a solution using the replica method.
[0024] For example, the control unit 10 causes each of the replicas (20a, 20b, 20c) to refer to the reference bit (sR)
generated by the reference bit generation unit 30 and perform MCMC. As a result, the control unit 10 obtains the state
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at the next time for each of the replicas (20a, 20b, 20c) by evolving the state of each replica over time. In this manner,
the information processing device 1 searches for a state (optimum solution) in which the energy takes the minimum
value, by evolving the state of each replica over time.
[0025] FIG. 2 is a block diagram illustrating a modification of the functional configuration of the information processing
device according to the embodiment. As illustrated in FIG. 2, an information processing device 1a according to the
modification differs from the information processing device 1 in that the information processing device 1a includes an
MCMC unit 40.
[0026] The MCMC unit 40 performs MCMC on a reference bit (s0R) generated by the reference bit generation unit 30
in a predetermined number of steps with a Hamiltonian H0(s) that does not consider the interaction (without interaction).
The control unit 10 employs, as the final reference bit (sR), a state obtained by the MCMC unit 40 trying MCMC, and
causes each of the replicas (20a, 20b, 20c) to refer to the final reference bit. Note that the number of steps in which the
MCMC unit 40 tries MCMC may be freely set by a user or the like.
[0027] FIG. 3 is a flowchart illustrating an exemplary operation of the information processing device according to the
embodiment. As illustrated in FIG. 3, when the processing is started, the control unit 10 sets the state (s1, s2, s3...) of
each replica, the Hamiltonian H(s), a cost E(s) to be minimized, and the Hamiltonian H0(s) that does not consider the
interaction. The cost E(s) is a formula desired to be minimized by optimization (for which the optimum solution is to be
worked out). These settings are made on the basis of initial setting values or the like, for example, input by the user.
[0028] Subsequently, the control unit 10 searches for the optimum solution by repeating the processing in S2 to S5
to evolve the state of each replica over time. Note that the processing in S2 to S5 represents an operation example of
the information processing device 1a including the MCMC unit 40, and in the case of the information processing device
1, it suffices to skip the processing in S3 performed by the MCMC unit 40 and read s0R as sR.
[0029] After S1, the reference bit generation unit 30 generates the reference bit (s0R) by taking a majority vote for
each bit, for example, as indicated by following formula (1) (S2). Note that j in formula (1) denotes a bit number.

[0030] Subsequently, the MCMC unit 40 uses the generated reference bit (s0R) to perform MCMC with the Hamiltonian
H0(s) without interaction in predetermined steps. Note that H0(s) = E(s) holds. As a result, the control unit 10 obtains
the final reference bit (sR) after MCMC has been tried (S3).
[0031] Subsequently, the MCMC units 21a, 21b, and 21c of the relevant replicas perform MCMC with the Hamiltonian
H(s) in following formula (2) containing an interaction (γ), using the state (sR), and obtain states (s) at a certain time (S4).

[0032] In formula (2), γ may be fixed, or may be gradually strengthened or weakened with time. Furthermore, I denotes
an increasing or decreasing function of the distance between the reference and the replica. For example, I is given as
following formula (3) when it is effective for each replica to search the periphery of the reference (it becomes easier to
obtain the optimum solution). Note that, when it becomes easier to obtain the optimum solution by avoiding the search
of the vicinity of the reference, I is given as a formula in which the minus before γ in formula (3) is changed to the plus.

[0033] Subsequently, the control unit 10 determines whether or not to end the repetitive processing (S5). For example,
the control unit 10 determines that the processing is to be ended when the processing has been repeated by a prede-
termined number of steps, or when the minimum value of E(s) has been obtained. When the repetitive processing is
continued (S5: No), the control unit 10 returns the processing to S2. Furthermore, when the repetitive processing is to
be ended (S5: Yes), the control unit 10 ends the processing assuming that the optimum solution has been obtained.
[0034] FIG. 4 is a flowchart illustrating exemplary processing of MCMC. As illustrated in FIG. 4, once the above-
mentioned processing relating to S4 is started, the MCMC units 21a, 21b, and 21c are set with the bit state (s), the
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number of bits (N), the Hamiltonian H(s), and a reverse temperature (β) (S10).
[0035] Subsequently, the MCMC units 21a, 21b, and 21c initialize the states (s) with a random number (S11). Note
that the MCMC units 21a, 21b, and 21c set H(s) as the initial value for the energy and the minimum energy. For example,
E = H(s) is assigned for energy (E), and Emin = E is assigned for the minimum value of E (Emin). Furthermore,
minimum_spin = s is assigned for the Emin spin (minimum_spin).
[0036] Subsequently, the MCMC units 21a, 21b, and 21c flip any one bit of s by one bit to obtain s’ (S12). The bit to
be flipped is set with a random number or the like.
[0037] Subsequently, the MCMC units 21a, 21b, and 21c calculate H(s’), and work out an energy (E’) of s’ (S13).
[0038] Thereafter, the MCMC units 21a, 21b, and 21c adopt s’ if E’ < E holds, and assign E = E’ and s = s’. Even if E’
< E does not hold, the MCMC units 21a, 21b, and 21c stochastically adopt s’ (S14).
[0039] For example, the MCMC units 21a, 21b, and 21c generate a uniform random number (rand) in the section 0 ≤
rand ≤ 1, and if rand > exp((E - E’) 3 β) holds, assign E = E’ and s = s’.
[0040] Subsequently, the MCMC units 21a, 21b, and 21c record the states in which the minimum energy is given. For
example, if E < Emin holds, the MCMC units 21a, 21b, and 21c assign Emin = E and minimum_spin = s (S15).
[0041] Subsequently, the MCMC units 21a, 21b, and 21c determine whether or not an end condition is satisfied (S16).
For example, the MCMC units 21a, 21b, and 21c assume that the end condition is satisfied when the loop is made for
a predetermined number of steps or when Emin takes the minimum value. Furthermore, when all the bits are flipped in
one step, the end condition may be prescribed by whether or not the loop is made for the number of times obtained by
the number of steps 3 the number of bits.
[0042] When the end condition is satisfied (S16: Yes), the MCMC units 21a, 21b, and 21c end the processing. When
the end condition is not satisfied (S16: No), the MCMC units 21a, 21b, and 21c return the processing to S12.
[0043] As described above, the information processing device 1 that searches for a solution using the replica exchange
method includes the plurality of replicas 20a, 20b, and 20c that each search for a solution, the reference bit generation
unit 30, and the control unit 10. The reference bit generation unit 30 generates the reference bit (sR) to be referred to
by each of the plurality of replicas 20a, 20b, and 20c, based on first states of respective replicas of the plurality of replicas
20a, 20b, and 20c at a predetermined time. The control unit 10 causes each of the plurality of replicas 20a, 20b, and
20c to refer to the generated reference bit (sR), and obtains states at a time later than the predetermined time.
[0044] Therefore, since the information processing device 1 has a configuration in which each replica refers to the
reference bit (sR), each replica does not refer to all the other replicas thoroughly in order to calculate the interaction term
as in the conventional replica method, and the optimum solution may be obtained at higher speed.
[0045] FIG. 5 is a block diagram illustrating an exemplary functional configuration of an information processing device
that carries out the conventional replica method. As illustrated in FIG. 5, in an information processing device 100 that
carries out the conventional replica method, replicas 120a, 120b, and 120c include MCMC units 121a, 121b, and 121c,
and interaction term generation units 122a, 122b, and 122c that refer to all the other replicas thoroughly to calculate
(generate) the interaction terms, respectively.
[0046] The interaction term generation units 122a, 122b, and 122c calculate the interaction terms (k1, k2, k3) at regular
intervals (for example, every one Monte Carlo step) such that the interaction term becomes larger if replicas other than
their own replicas are more similar to each other, and the interaction term becomes smaller if replicas other than their
own replicas are less similar to each other. Moreover, the interaction term generation units 122a, 122b, and 122c multiply
the bits of their own replicas (s1, s2, s3) by k such that, if the bits of the whole and their own replicas resemble each
other, the values become even larger, and subtract the obtained values from the energy function.
[0047] In the operation in the interaction term generation units 122a, 122b, and 122c described above, in the information
processing device 100, if the states (s1, s2, s3) of the respective replicas are similar, the energy becomes smaller and
more easily accepted. For this reason, in the information processing device 100, the states of replicas are made more
resemble each other with evolution over time. In this case, the Hamiltonian H(s) for the bit state s ∈ {-1, +1} is given as
following formula (4).

[0048] Here, β denotes the reverse temperature, j denotes the number assigned to the bit, and N denotes the number
of bits. Furthermore, kj is as indicated by following formula (5).
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[0049] Here, γ denotes the strength of the interaction. In the information processing device 100, a result in which the
minimum solution has been obtained or the solution has been obtained at higher speed among relevant replicas (for
example, 20a, 20b, 20c) is adopted.
[0050] In such an information processing device 100, when the number of replicas is assumed as n, since all the other
replicas are thoroughly referred to in order to calculate the interaction term, the number of references is given as n2 +
(n - 1) 3 n. On the other hand, in the present embodiment, the number of references (corresponding to the number of
arrows denoted by s1, s2, s3 and sR in FIGs. 1 and 2) is reduced to 2n.
[0051] FIG. 6 is an explanatory diagram explaining a comparative example in a ferromagnetic model. In a comparative
example E1 in FIG. 6, the case without interaction, the case of the conventional replica method, and the case of the
present example are compared in regard to the search for the optimum solution (the minimum value of energy) in a
ferromagnetic model (FT).
[0052] Note that the Hamiltonian H(s) in the ferromagnetic model (FT) is as indicated by following formula (6). It is
assumed that J0coef has 0.001. Furthermore, the number of replicas when searching for the optimum solution is assumed
as five.

[0053] As illustrated in FIG. 6, in the present example, the number of steps to reach the optimum solution is significantly
decreased as compared with the case where a search for the optimum solution is performed by the conventional replica
method. For example, in the present example, the load of reference may be lowered by creating the reference bit, and
the optimum solution may be obtained at a higher speed.
[0054] Furthermore, the reference bit generation unit 30 generates the reference bit (sR) based on a majority vote for
each bit that indicates the state of each of the replicas 20a, 20b, and 20c. As a result, the information processing device
1 can search for a solution by a majority vote by the states of the respective replicas 20a, 20b, and 20c.
[0055] In addition, the reference bit generation unit 30 generates the reference bit (sR) based on the state of a replica
having the minimum energy among the states of the respective replicas 20a, 20b, and 20c. As a result, the information
processing device 1 may search for a state (minimum solution) in which the energy is minimized at a higher speed in
the search for a solution using the replica exchange method.
[0056] Additionally, the reference bit generation unit 30 generates the reference bit (sR) based on a histogram obtained
by adding bits that indicate the states of the respective replicas 20a, 20b, and 20c, for each bit. For example, when the
2-way-1-hot constraint is imposed to the state (s), only one element has 1 in both of the row and column of the two-
dimensional array, and most of the elements have 0. Therefore, when the reference bit is generated based on the majority
vote, all the reference bits will have 0. On the other hand, by generating the reference bit based on the histogram, the
reference bit may be restrained from dropping to 0.
[0057] In addition, in regard to the generated reference bit (s0R), the control unit 10 causes each of the replicas 20a,
20b, 20c to refer to the reference bit (sR) after the MCMC unit 40 has tried the Monte Carlo method in a predetermined
number of steps with a Hamiltonian without interaction. Even when a search for a solution is made in this manner, the
load of reference can be lowered because all the other replicas are not thoroughly referred to in units of bits.
[0058] Note that the components of each of the illustrated devices are not necessarily and physically configured as
illustrated in the drawings. In other words, the specific aspects of separation and integration of each of the apparatuses
and devices are not limited to the illustrated aspects, and all or some of the apparatuses or devices can be functionally
or physically separated and integrated in any unit, in accordance with various loads, use status, and the like.
[0059] In addition, various processing functions executed with the information processing device 1 may be entirely or
optionally partially executed on a central processing unit (CPU) (or a microcomputer such as a microprocessor unit
(MPU) or a micro controller unit (MCU)). Furthermore, it is needless to say that whole or any part of various processing
functions may be executed by a program to be analyzed and executed on a CPU (or microcomputer such as MPU or
MCU), or on hardware by wired logic. In addition, various processing functions executed with the information processing
device 1 may be executed by a plurality of computers in cooperation through cloud computing.
[0060] Meanwhile, the various kinds of processing described in the above embodiment can be achieved by execution
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of a prepared program on a computer. Thus, there will be described below an example of a computer (hardware) that
executes a program having functions similar to the above embodiment. FIG. 7 is a block diagram illustrating an example
of a computer configuration.
[0061] As illustrated in FIG. 7, a computer 200 includes a CPU 201 that executes various kinds of arithmetic processing,
an input device 202 that receives data input, a monitor 203, and a speaker 204. In addition, the computer 200 includes
a medium reading device 205 that reads a program and the like from a storage medium, an interface device 206 that is
used for connecting to various devices, and a communication device 207 that makes communicative connection with
an external device in a wired or wireless manner. Furthermore, the computer 200 includes a random access memory
(RAM) 208 that temporarily stores various kinds of information, and a hard disk device 209. Moreover, each part (201
to 209) in the computer 200 is connected to a bus 210.
[0062] The hard disk device 209 stores a program 211 used to execute various kinds of processing of the control unit
10, the replicas 20a, 20b, and 20c, the reference bit generation unit 30, the MCMC unit 40, and the like described above
in the embodiment. Furthermore, the hard disk device 209 stores various kinds of data 212 to which the program 211
refers. The input device 202 receives, for example, an input of operation information from an operator. The monitor 203
displays, for example, various screens operated by the operator. The interface device 206 is connected to, for example,
a printing device or the like. The communication device 207 is connected to a communication network such as a local
area network (LAN), and exchanges various kinds of information with the external device via a communication network.
[0063] The CPU 201 reads out the program 211 stored in the hard disk device 209, and expands the read-out program
211 into the RAM 208 to execute, thereby performing various kinds of processing relating to the control unit 10, the
replicas 20a, 20b, and 20c, the reference bit generation unit 30, the MCMC unit 40, and the like. Note that the program
211 may not be prestored in the hard disk device 209. For example, the computer 200 may read out the program 211
stored in a storage medium that is readable by the computer 200 and may execute the program 211. The storage medium
that is readable by the computer 200 corresponds to, for example, a portable recording medium such as a compact disk
read only memory (CD-ROM), a digital versatile disk (DVD), or a universal serial bus (USB) memory, a semiconductor
memory such as a flash memory, a hard disk drive, or the like. Alternatively, the program 211 may be prestored in a
device connected to a public line, the Internet, a LAN, or the like, and the computer 200 may read out the program 211
from the device to execute the program 211.

[Reference Signs List]

[0064]

1, 1a, 100information processing device
10control unit
20a to 20c, 120a to 120creplica
21a to 20c, 121a to 121cMCMC unit
30reference bit generation unit
40MCMC unit
122a to 122cinteraction term generation unit
E1comparative example
200computer
201CPU
202input device
203monitor
204speaker
205medium reading device
206interface desvice
207communication device
208RAM
209hard disk device
210bus
211program
212various kinds of data
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vember 15, 2016

Claims

1. An optimization device of searching for a solution using a replica exchange method,
the optimization device comprising:

a plurality of replicas that each search for a solution;
a generation unit that generates a reference bit to be referred to by each of the plurality of replicas, based on
first states of respective replicas of the plurality of replicas at a time that is predetermined; and
a control unit that causes each of the plurality of replicas to refer to the generated reference bit, and specifies
second states at a time later than the time.

2. The optimization device according to claim 1, wherein
the generation unit generates the reference bit based on a majority vote for each of bits that indicate the first states
of respective replicas of the plurality of replicas.

3. The optimization device according to claim 1, wherein
the generation unit generates the reference bit based on a state of a replica that has a minimum energy, among the
first states of respective replicas of the plurality of replicas.

4. The optimization device according to claim 1, wherein
the generation unit generates the reference bit based on a histogram obtained by adding bits that indicate the first
states of respective replicas of the plurality of replicas, for each bit.

5. The optimization device according to any one of claims 1 to 4, wherein
in regard to the generated reference bit, the control unit causes each of the plurality of replicas to refer to the
reference bit after a Monte Carlo method has been tried in a predetermined number of steps with a Hamiltonian
without interaction.

6. An optimization program comprising instructions which, when the program is executed by a computer configured
to search for a solution using a replica exchange method, cause the computer to carry out processing, the processing
comprising:

generating a reference bit to be referred to by each of a plurality of replicas, based on first states of respective
replicas of the plurality of replicas at a time that is predetermined;
causing each of the plurality of replicas to refer to the generated reference bit; and
specifying second states at a time later than the time.

7. The optimization program according to claim 6, wherein
the generating the reference bit generates the reference bit based on a majority vote for each of bits that indicate
the first states of respective replicas of the plurality of replicas.

8. The optimization program according to claim 6, wherein
the generating the reference bit generates the reference bit based on a state of a replica that has a minimum energy,
among the first states of respective replicas of the plurality of replicas.

9. The optimization program according to claim 6, wherein
the generating the reference bit generates the reference bit based on a histogram obtained by adding bits that
indicate the first states of respective replicas of the plurality of replicas, for each bit.

10. The optimization program according to any one of claims 11 to 14, wherein
in regard to the generated reference bit, the specifying the second states causes each of the plurality of replicas to
refer to the reference bit after a Monte Carlo method has been tried in a predetermined number of steps with a
Hamiltonian without interaction.

11. An optimization method implemented by a computer configured to search for a solution using a replica exchange
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method, the optimization method comprising:

generating a reference bit to be referred to by each of a plurality of replicas, based on first states of respective
replicas of the plurality of replicas at a time that is predetermined;
causing each of the plurality of replicas to refer to the generated reference bit; and
specifying second states at a time later than the time.

12. The optimization method according to claim 11, wherein
the generating the reference bit generates the reference bit based on a majority vote for each of bits that indicate
the first states of respective replicas of the plurality of replicas.

13. The optimization method according to claim 11, wherein
the generating the reference bit generates the reference bit based on a state of a replica that has a minimum energy,
among the first states of respective replicas of the plurality of replicas.

14. The optimization method according to claim 11, wherein
the generating the reference bit generates the reference bit based on a histogram obtained by adding bits that
indicate the first states of respective replicas of the plurality of replicas, for each bit.

15. The optimization method according to any one of claims 11 to 14, wherein
in regard to the generated reference bit, the specifying the second states causes each of the plurality of replicas to
refer to the reference bit after a Monte Carlo method has been tried in a predetermined number of steps with a
Hamiltonian without interaction.
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