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(57) An information processing system that solves a
quadratic assignment problem in which a first matrix and
a second matrix are used to calculate a cost value based
on an energy function of an Ising model, the information
processing system includes a processing unit acquires
a plurality of matrices, and performs, for a plurality of
matrices, correction to add or subtract a first value to or
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Description

[Field]

[0001] The embodiments discussed herein are related to an information processing system, an information processing
method, and a program.

[Background Art]

[0002] There is an information processing device that calculates a multivariable combinatorial optimization problem,
which the von Neumann type computer is not good at, by replacing the combinatorial optimization problem with an Ising
model, which is a model representing the behavior of spins in a magnetic material. Techniques for solving the problem
replaced with the Ising model in a practical time include, for example, a simulated annealing (SA) method and a Markov
chain Monte Carlo (MCMC) method such as a replica exchange method. The combinatorial optimization problem is
formulated with an energy function containing a plurality of state variables. For example, the information processing
device searches for a ground state of the Ising model that minimizes a value of the energy function by repeatedly trying
state transitions caused by changing values of the state variables using the MCMC method. The ground state corresponds
to an optimum solution of the combinatorial optimization problem.
[0003] A practical problem example of the combinatorial optimization problem includes a quadratic assignment problem
(QAP). One of the QAPs is, for example, a facility placement problem. The facility placement problem is a problem for
obtaining facility placement that minimizes a cost value expressed by a sum of products of a flow such as physical
distribution between facilities and a distance between positions when placing a plurality of facilities at a plurality of
positions. Each of the flow between facilities and the distance between positions can be expressed using a matrix.
Furthermore, a constraint condition that all facilities are placed at different positions from each other is imposed on the
facility placement problem.
[0004] Note that a method of maximizing a candidate solution for a combinatorial optimization problem with a radix
constraint in sparse linear discriminant analysis has been proposed. Furthermore, a method of performing discrete
spectrum formulation of sparse principal component analysis using a variational eigenvalue boundary has been proposed.

[Citation List]

[Patent Literature]

[0005]

[PTL 1] Japanese Laid-open Patent Publication No. 2007-317185.
[PTL 2] U.S. Patent Application Publication No. 2007/0156471 are disclosed as related art.

[Summary]

[Problem]

[0006] As described above, in the QAP, two matrices are used to calculate the cost value, and a solution that minimizes
the cost value is found under the constraint condition. In the energy function, the constraint condition imposed on the
problem is expressed as a constraint term for adding a penalty value for constraint violation. As the penalty value, a
value that is somewhat larger than values that the cost value can take is set in advance.
[0007] Here, the value of the energy function takes a relatively large value or a relatively small value depending on
presence or absence of addition of the cost value and the penalty value. If a state in which the energy function takes a
relatively large value among values that the energy function can take is present, state transition across the state is
stagnated in solution search, and a state that is actually searched may be limited. Therefore, the reachability to the
optimum solution may be low.
[0008] Therefore, it is conceivable to adjust a range of the cost value when formulating the problem so as to make the
penalty value or the value of the energy function controllable according to the cost value. For example, by reducing the
range of values that the energy function can take, facilitation of the state transition can be expected. However, if the
range of the cost value is changed at random, there is a possibility that the optimum solution obtained by the formulated
energy function becomes different from the optimum solution that should be obtained for the original problem.
[0009] In one aspect, the present embodiments aim to provide an information processing system, an information
processing method, and a program for enabling a cost value to be appropriately adjusted.
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[Solution to Problem]

[0010] According to an aspect of the embodiments, an information processing system that solves a quadratic assign-
ment problem in which a first matrix and a second matrix are used to calculate a cost value based on an energy function
of an Ising model, the information processing system includes: a processing unit configured to acquire a plurality of
matrices each obtained by a product of each of a plurality of element values of the first matrix and the second matrix,
perform, for the plurality of matrices, correction to add or subtract a first value to or from at least one of a first group of
element values that corresponds to a first element value of the first matrix or a second group of element values that
corresponds to a second element value of the second matrix, and output information of the energy function obtained by
formulating the quadratic assignment problem based on the plurality of matrices after the correction; and a search unit
configured to search for a ground state of the Ising model based on the output information of the energy function.

[Effects of Invention]

[0011] On one aspect, the cost value can be appropriately adjusted.

[Brief Description of Drawings]

[0012]

FIG. 1 is a diagram for describing an information processing system according to a first embodiment;
FIG. 2 is a diagram illustrating a first correction example;
FIG. 3 is a diagram illustrating a second correction example;
FIG. 4 is a diagram illustrating a third correction example;
FIG. 5 is a diagram illustrating a hardware example of an information processing system according to a second
embodiment;
FIG. 6 is a diagram illustrating a calculation example of cost of a quadratic assignment problem;
FIG. 7 is a diagram illustrating an expression example of assignment by an Ising model;
FIG. 8 is a diagram illustrating a functional example of the information processing system;
FIG. 9 is a diagram illustrating an example of state transition in a case where an energy function includes a constraint
term;
FIG. 10 is graphs illustrating examples of an energy barrier in a search;
FIG. 11 is a diagram illustrating an expansion example by a product of a flow matrix and a distance matrix;
FIG. 12 is a diagram illustrating an example of expanding an optimum solution into a column vector;
FIG. 13 is a diagram illustrating an example of element values selected in the optimum solution;
FIG. 14 is a diagram illustrating a correction example of element values (No. 1);
FIG. 15 is a diagram illustrating a correction example of element values (No. 2);
FIG. 16 is a diagram illustrating an example of a submatrix group after conversion;
FIG. 17 is a diagram illustrating an example of smoothing of a search space;
FIG. 18 is a flowchart illustrating a processing example of the information processing system; and
FIG. 19 is a diagram illustrating an example of a combination of a group operation type and a modulation pattern.

[Description of Embodiments]

[0013] Hereinafter, the present embodiments will be described with reference to the drawings.

[First Embodiment]

[0014] A first embodiment will be described.
[0015] FIG. 1 is a diagram explaining an information processing system according to the first embodiment.
[0016] The information processing system 10 calculates a combinatorial optimization problem by replacing with an
energy function of an Ising model. The energy function represents an energy value corresponding to a state of the Ising
model, and is also called objective function, evaluation function, or the like. There is a QAP as a practical problem of
the combinatorial optimization problem. In the QAP, a solution that minimizes a cost value represented by a product of
two matrices under a constraint condition is obtained. The information processing system 10 solves the QAP based on
the energy function of the Ising model.
[0017] The information processing system 10 includes a storage unit 11, a processing unit 12, and a search unit 13.
[0018] The storage unit 11 may be a volatile storage device such as a dynamic random access memory (DRAM) or
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may be a nonvolatile storage device such as a hard disk drive (HDD) or a flash memory. The storage unit 11 stores
various data used for processing by the processing unit 12.
[0019] The processing unit 12 may include a central processing unit (CPU), a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field programmable gate array (FPGA), and the like. The processing unit
12 may be a processor that executes a program. The "processor" here can include a set of a plurality of processors
(multiprocessor). The processing unit 12 formulates the combinatorial optimization problem with the energy function
based on input data of the combinatorial optimization problem, and outputs information of the energy function to the
search unit 13. The processing unit 12 acquires a solution obtained by the search unit 13 and outputs the acquired
solution to the outside. For example, the processing unit 12 may display the content of the solution on a display device
connected to the information processing system 10 or may transmit the solution to another information processing device
via a network.
[0020] The search unit 13 receives the information of the energy function from the processing unit 12, and searches
for a ground state of the Ising model, that is, a solution that minimizes the value of the energy function on the basis of
the energy function. The search unit 13 outputs the solution obtained by the search to the processing unit 12. The search
unit 13 is implemented by dedicated hardware. For example, a search circuit implemented by using an integrated circuit
such as an FPGA, an ASIC, or a graphics processing unit (GPU) may function as the search unit 13. However, the
search unit 13 may be implemented by a processor executing a predetermined program. Examples of the search method
used by the search unit 13 include an SA method, a replica exchange method, a simulated quantum annealing (SQA)
method, and the like.
[0021] Here, consider a facility placement problem, which is one of examples of the QAP. In the facility placement
problem, the cost value is calculated by a product of a flow matrix representing a flow between facilities and a distance
matrix representing a distance between positions of placement candidates of facilities. Furthermore, a constraint condition
that all facilities are placed at different positions from each other is imposed on the facility placement problem.
[0022] Therefore, the energy function obtained by formulating the combinatorial optimization problem can include a
cost term representing the cost value and a constraint term representing the constraint condition. The state that minimizes
the energy function is the ground state, which corresponds to the optimum solution of the appropriate problem. For
example, an energy function H of the QAP is expressed by the equation (1).
[0023] [Equation 1]

[0024] The first term on the right side of the equation (1) is the cost term. The cost term is sometimes called objective
term. The second and third terms on the right side of the equation (1) are the constraint terms, respectively. The constraint
term is sometimes called penalty term. Note that, in a case of a problem that maximizes the energy function, the sign
of the energy function is simply made opposite.
[0025] In the cost term of the equation (1), aij represents a flow between objects to be placed such as facilities. i and
j are indexes indicating the objects to be placed, respectively. aii = 0. Furthermore, aij = aji. bkl represents the distance
between positions. k and I are indexes indicating the positions, respectively. bkk = 0. Furthermore, bkl = blk. xik is a state
variable indicating the presence or absence of placement of the object to be placed i at the position k. The state variable
is a binary variable taking a value of 0 or 1, and is also called bit. The state of the Ising model is represented by a set
of values of state variables. In a case where the object to be placed i is placed at the position k, xik = 1. In a case where
the object to be placed i is not placed at the position k, xik = 0. n (n is an integer of 3 or more) is the number of objects
to be placed and the number of positions.
[0026] As an example, consider a case where three objects to be placed A, B, and C and three positions I, II, and III
are given. The index of the object to be placed A is 1, the index of the object to be placed B is 2, and the index of the
object to be placed C is 3. The index of the position I is 1, the index of the position II is 2, and the index of the position
III is 3. In this case, a matrix A = {aij} is expressed by a matrix 21. aij corresponds to an element value of the i-th row
and j-th column of the matrix 21. A matrix B = {bkl} is expressed by a matrix 22. bkl corresponds to an element value of
the k-th row and I-th column of the matrix 22. Moreover, X = {xik} is expressed by a matrix 23.
[0027] The constraint terms of the second and third terms on the right side of the equation (1) represent the constraint



EP 3 968 240 A1

5

5

10

15

20

25

30

35

40

45

50

55

condition that all the objects to be placed are placed at different positions from one another. The constraint term of the
second term on the right side represents the constraint that at each position, one object to be placed is placed. The
constraint term of the third term on the right side represents the constraint that one object to be placed is placed at one
position. α and β are penalty coefficients. The penalty coefficient represents a positive value that is added for constraint
violation, that is, a penalty value. α and β are set to values larger than the value of the cost term in some degree.
[0028] In the search unit 13, for example, an energy function in which the energy function H of the equation (1) is
expressed in a quadratic unconstrained binary optimization (QUBO) format is used. The information input by the process-
ing unit 12 to the search unit 13 may be information of the energy function expressed in the QUBO format.
[0029] The search by the search unit 13 is executed as follows. As an example, consider a case of using the SA
method or the replica exchange method.
[0030] The search unit 13 calculates, for each of the plurality of state variables, the amount of change in the value of
the energy function due to a change in the value of one of the plurality of state variables, and probabilistically accepts
the amount of change in a manner of giving a priority to a change in which the value of the energy function becomes
small. However, with a steepest descent method, in a case where the process falls into a local solution, it is difficult to
escape from the local solution. Therefore, the search unit 13 uses a metropolis method or a Gibbs method to determine
a transition probability of the Ising model from one state to the next by changing a certain state variable. That is, the
search unit 13 stochastically allows a change in which the value of the energy function becomes large according to a
comparison between the amount of change in the value of the energy function and a noise value. The noise value is
obtained based on a temperature value or a random number. The greater the temperature value, the greater an amplitude
of the noise value. The greater the amplitude of the noise value, the easier a state transition with a great amount of
increase in the value of the energy function is allowed.
[0031] The search unit 13 repeatedly tries the state transition based on such processing from the start of the search
until a search end condition is satisfied, and obtains a set of values of a plurality of state variables when the search end
condition is satisfied as a solution. For example, the search end condition is determined according to whether a prede-
termined unit time has elapsed, or whether the number of trials for the change in the state variable has reached a
predetermined number of unit times, or the like.
[0032] The information processing system 10 makes the value range of the cost term adjustable in the formulation of
the QAP. For example, specific description is as follows.
[0033] The processing unit 12 acquires a plurality of matrices each obtained by a product of each of a plurality of
element values of a first matrix and a second matrix. The matrix 21 is an example of the first matrix. The matrix 22 is an
example of the second matrix. For example, the processing unit 12 receives inputs of the first matrix and the second
matrix and calculates the product of each of the plurality of element values of the first matrix and the second matrix to
acquire the plurality of matrices. Alternatively, the processing unit 12 may acquire the plurality of matrices by receiving,
from the outside, an input of a calculation result of the product of each of the plurality of element values of the first matrix
and the second matrix.
[0034] The processing unit 12 performs correction to add or subtract a first value to or from at least one of a first group
of element values corresponding to a first element value of the first matrix or a second group of element values corre-
sponding to a second element value of the second matrix of the acquired plurality of matrices.
[0035] The processing unit 12 outputs the information of the energy function obtained by formulating the QAP on the
basis of the plurality of matrices after correction to the search unit 13.
[0036] The search unit 13 searches for the ground state of the Ising model on the basis of the output information of
the energy function.
[0037] Next, an example of the above correction by the processing unit 12 for the matrices 21 and 22 will be described.
[0038] FIG. 2 is a diagram illustrating a first correction example.
[0039] The processing unit 12 acquires a matrix group 30 for the matrices 21 and 22. The matrix group 30 includes
matrices 31, 32, 33, 34, 35, 36, 37, 38, and 39.
[0040] The matrix 31 is a product of an element value a11 of the matrix 21 and the matrix 22.
[0041] The matrix 32 is a product of an element value a21 of the matrix 21 and the matrix 22.
[0042] The matrix 33 is a product of an element value a31 of the matrix 21 and the matrix 22.
[0043] The matrix 34 is a product of an element value a12 of the matrix 21 and the matrix 22.
[0044] The matrix 35 is a product of an element value a22 of the matrix 21 and the matrix 22.
[0045] The matrix 36 is a product of an element value a32 of the matrix 21 and the matrix 22.
[0046] The matrix 37 is a product of an element value a13 of the matrix 21 and the matrix 22.
[0047] The matrix 38 is a product of an element value a23 of the matrix 21 and the matrix 22.
[0048] The matrix 39 is a product of an element value a33 of the matrix 21 and the matrix 22.
[0049] The matrices 31 to 39 are or the matrix group 30 is an example of the plurality of matrices each obtained by
the product of each of the plurality of element values of the first matrix and the second matrix.
[0050] The first correction example is an example of correction to add or subtract the first value to or from the first
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group of element values corresponding to the first element value of the first matrix, of the plurality of matrices each
obtained by the product of each of the plurality of element values of the first matrix and the second matrix. The first value
is, for example, a positive value.
[0051] The first matrix and the second matrix are symmetric matrices symmetric with respect to diagonal elements.
Therefore, for example, the element values at the same position in the matrices 32 and 34 are the same. The element
values at the same position in the matrices 33 and 37 are the same. The element values at the same position in the
matrices 36 and 38 are the same. Therefore, considering correction of the matrices 32, 33, and 36 in the matrix group
30, the same values after correction of the corresponding matrices 32, 33, and 36 can be used for the matrices 34, 38,
and 39. Therefore, the following description will mainly focus on the matrices 32, 33, and 36. Note that, since aii = 0 and
bkk = 0, the element value including aii or bkk as a factor is 0. In the drawing, 0 may be written for the element value that
is obviously 0.
[0052] For example, the processing unit 12 performs correction to subtract a value c1 from the group of element values
corresponding to the element value a32 of the matrix 21, that is, the matrix 36, of the matrix group 30. The processing
unit 12 generates a matrix 36a by subtracting the value c1 from each of the element values of the matrix 36. Note that
the value c1 does not have to be subtracted from element values (for example, a32b11, a32b22, and a32b33) of the diagonal
elements corresponding to the state of constraint violation.
[0053] A matrix group 30a is obtained by correcting the matrix 36 of the matrix group 30 to a matrix 36a. In this case,
the element value a32 is an example of the first element value. Furthermore, the matrix 36 is an example of the first
group. Furthermore, the value c1 is an example of the first value.
[0054] There are several possible methods of determining the magnitude of the first element value and the value c1
and whether to subtract or add the value c1. For example, the processing unit 12 determines the magnitude of the first
element value and the value c1 and whether to subtract or add the value c1 such that the value range of the cost term
becomes small. Note that it is not necessary to consider the diagonal elements of the first group in determining the
magnitude of the value c1. That is, it may be considered that the diagonal elements are excluded from the first group
or that the diagonal elements are not included in the first group.
[0055] Specifically, the processing unit 12 may preferentially set a large value among the element values of the matrix
21 as the first element value, and subtract the value c1 from the first group corresponding to the first element value of
the matrix group 30. At this time, the processing unit 12 may determine the magnitude of the value c1 based on a
difference between the first element value and another element value in the matrix 21, or may determine the magnitude
of the value c1 such that a minimum value of the element values of the matrix 36a becomes a predetermined value (for
example, 0).
[0056] Alternatively, the processing unit 12 may preferentially sets a small value among the element values of the
matrix 21 as the first element value, and add the value c1 to the first group corresponding to the first element value of
the matrix group 30. At this time, the processing unit 12 may determine the magnitude of the value c1 based on the
difference between the first element value and another element value of the matrix 21.
[0057] Moreover, the processing unit 12 may determine a plurality of first element values from the matrix 21. That is,
a plurality of first groups may be adopted. In the example of FIG. 2, the processing unit 12 may further correct at least
one of the matrix 32 or 33, in addition to the matrix 36. In this case, the processing unit 12 may determine the magnitude
of the correction value to be applied to the matrices 32, 33, and 36 and whether to add or subtract the correction value
such that a difference among reference values in the element values included in the matrices 32, 33, and 36 becomes
small. Examples of the type of the reference value include a minimum value, an average value, a percentile value of the
element values in the appropriate matrix, and the like. The reference value may be determined without including the
diagonal elements of the appropriate matrix. For example, as a correction method of making the difference among the
reference values in the element values included in the matrices 32, 33, and 36 small, a method of performing correction
such that the minimum value of each matrix becomes a predetermined value (for example, 0), or a method of performing
correction such that a difference in the average value of the element values of each matrix becomes small is conceivable.
[0058] FIG. 3 is a diagram illustrating a second correction example.
[0059] The second correction example is an example of correction to add or subtract the first value to or from the
second group of element values corresponding to the second element value of the second matrix, of the plurality of
matrices each obtained by the product of each of the plurality of element values of the first matrix and the second matrix.
[0060] For example, the processing unit 12 performs correction to subtract a value c2 from the group of element values
corresponding to the element value b12 of the matrix 22, that is, the group of the element values 321, 331, and 361,
among the matrix group 30. The processing unit 12 generates a matrix group 30b by subtracting the value c2 from the
element values 321, 331, and 361 of the matrix group 30.
[0061] The matrix group 30b includes element values 321b, 331b, and 361b. The element value 321b is a value
obtained by subtracting the value c2 from the element value 321. The element value 331b is a value obtained by
subtracting the value c2 from the element value 331. The element value 361b is a value obtained by subtracting the
value c2 from the element value 361.
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[0062] In this case, the element value b12 is an example of the second element value. Furthermore, the group of the
element values 321, 331, and 361 is an example of the second group. Furthermore, the value c2 is an example of the
first value.
[0063] There are several possible methods of determining the magnitude of the second element value and the value
c2 and whether to subtract or add the value c2. For example, the processing unit 12 determines the magnitude of the
second element value and the value c2 and whether to subtract or add the value c2 such that the value range of the
cost term becomes small.
[0064] Specifically, the processing unit 12 may preferentially set a large value among the element values of the matrix
22 as the second element value, and subtract the value c2 from the second group corresponding to the second element
value of the matrix group 30. At this time, the processing unit 12 may determine the magnitude of the value c2 on the
basis of a difference between the second element value and another element value in the matrix 22, or may determine
the magnitude of the value c2 such that a minimum value of the element values 321, 331, and 361 becomes a prede-
termined value (for example, 0).
[0065] Alternatively, the processing unit 12 may preferentially set a small value among the element values of the matrix
22 as the second element value, and add the value c2 to the second group corresponding to the second element value
of the matrix group 30. At this time, the processing unit 12 may determine the magnitude of the value c2 on the basis
of the difference between the second element value and another element value of the matrix 22.
[0066] Moreover, the processing unit 12 may determine a plurality of second element values from the matrix 22. That
is, a plurality of second groups may be adopted. In the example of FIG. 3, the processing unit 12 may further correct a
group corresponding to another element value of the matrix 22, in addition to the group corresponding to the element
value b12. In this case, the processing unit 12 may determine the magnitude of the correction value to be applied to each
group and whether to add or subtract the correction value such that the difference in the reference value in the element
values included in each group becomes small. Examples of the type of the reference value include a minimum value,
an average value, a percentile value of the element values in the appropriate group, and the like. For example, as a
correction method of making the difference in the reference value in the element values included in each group small,
a method of performing correction such that the minimum value belonging to each group becomes a predetermined
value (for example, 0), or a method of performing correction such that the difference in the average value of the element
values belonging to each group small is conceivable.
[0067] FIG. 4 is a diagram illustrating a third correction example.
[0068] The third correction example is an example of adding or subtracting the first value to or from both the first group
of element values corresponding to the first element value of the first matrix and the second group of element values
corresponding to the second element value of the second matrix, of the plurality of matrices each obtained by the product
of each of the element values of the first matrix and the second matrix.
[0069] For example, the processing unit 12 performs correction to subtract a value c3 from both the first group of
element values corresponding to the element value a32 of the matrix 21 and the second group of element values
corresponding to the element value b12 of the matrix 22, of the matrix group 30. In this case, the first group corresponds
to the matrix 36. Furthermore, the second group corresponds to the group of the element values 321, 331, and 361.
That is, the processing unit 12 generates a matrix 36c by subtracting the value c3 from each of the element values of
the matrix 36. Furthermore, the processing unit 12 generates element values 321c and 331c by subtracting the value
c3 from the element values 321 and 331. Note that the value c3 does not have to be subtracted from element values
(for example, a32b11, a32b22, and a32b33) corresponding to the state of constraint violation.
[0070] The matrix group 30c is obtained by correcting the matrix 36 of the matrix group 30 to the matrix 36c and
correcting the element values 321 and 331 to the element values 321c and 331c. The matrix 36c includes an element
value 361c obtained by subtracting the value c3 from the element value 361.
[0071] There are several possible methods of determining the magnitude of the first element value, the second element
value, and the value c3 and whether to subtract or add the value c3. For example, the processing unit 12 determines
the magnitude of the first element value, the second element value, and the value c3 and whether to subtract or add the
value c3 such that the value range of the cost term becomes small. Note that it is not necessary to consider the diagonal
elements of the first group in determining the magnitude of the value c3. That is, it may be considered that the diagonal
elements are excluded from the first group or that the diagonal elements are not included in the first group.
[0072] Specifically, the processing unit 12 may preferentially set larger values among the element values of the matrices
21 and 22 as the first element value and the second element value, and subtract the value c3 from the first group
corresponding to the first element value and from the second group corresponding to the second element value, of the
matrix group 30. At this time, the processing unit 12 may determine the magnitude of the value c3 on the basis of a
difference in magnitude between the first element value and another element value of the matrix 21 or a difference
between the second element value and another element value of the matrix 22. Alternatively, the processing unit 12
may determine the magnitude of the value c3 such that the minimum values of the element values belonging to the first
group and the second group to a predetermined value (for example, 0).
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[0073] Alternatively, the processing unit 12 may preferentially set small values among the element values of the
matrices 21 and 22 as the first element value and the second element value, and add the value c3 to the first group
corresponding to the first element value and to the second group corresponding to the second element value, of the
matrix group 30. At this time, the processing unit 12 may determine the magnitude of the value c3 based on a difference
in magnitude between the first element value and another element value of the matrix 21 or a difference between the
second element value and another element value of the matrix 22.
[0074] Moreover, the processing unit 12 may determine a plurality of first element values from the matrix 21 and a
plurality of second element values from the matrix 22. That is, a plurality of first groups and a plurality of second groups
may be respectively adopted. For example, the processing unit 12 may further perform correction to subtract the value
c3 from at least one of the matrices 32 or 33, in addition to the matrix 36. In this case, the processing unit 12 may
determine the magnitude of the correction value to be applied and whether to add or subtract the correction value such
that the difference in the reference value in the element values included in each group becomes small. For example, as
a correction method of making the difference in the reference value in the element values included in each group small,
a method of performing correction such that the minimum value of each group becomes a predetermined value (for
example, 0), or a method of performing correction such that the difference in the average value of the element values
of each group small is conceivable.
[0075] The processing unit 12 generates information of the energy function on the basis of any of the matrix groups
30a, 30b, and 30c obtained by the correction illustrated in FIGS. 2 to 4, and outputs the information to the search unit 13.
[0076] According to the information processing system 10, a plurality of matrices obtained by the product of each of
the plurality of element values of the first matrix and the second matrix is acquired. The correction to add or subtract the
first value to or from at least one of the first group of element values corresponding to the first element value of the first
matrix or the second group of element values corresponding to the second element value of the second matrix is
performed for the plurality of matrices. The information of the energy function obtained by formulating the QAP on the
basis of the plurality of matrices after correction is output. The ground state of the Ising model is searched on the basis
of the output information of the energy function.
[0077] Therefore, the cost value can be appropriately adjusted.
[0078] Here, when correcting parameters included in the energy function, an influence on the optimum solution be-
comes a problem. This is because there is a possibility that the optimum solution changes.
[0079] Meanwhile, the element value is not duplicately used from the above first group and the second group in the
calculation of the cost value for the optimum solution. Therefore, even if the correction to add or subtract the first value
to or from at least one of the first group or the second group is performed, the optimum solution for the energy function
in a case of not performing correction becomes the optimum solution that gives the minimum value to the energy function
in a case of performing the correction. Therefore, the processing unit 12 can adjust the value range of the cost term in
the energy function without changing the optimum solution both in the case of not performing correction and in the case
of performing correction by performing the correction illustrated in FIGS. 2 to 4.
[0080] For example, the processing unit 12 can make the value range of the cost term by correction small, and can
make the relative difference between the penalty coefficients α and β and each cost value in the equation (1) small.
Then, transition to another state across the energy barrier based on the penalty coefficient becomes easy even from a
state where the value of the energy function is relatively small, and the reachability to the optimum solution can be
enhanced.
[0081] For example, the processing unit 12 may cause the search unit 13 to search for a solution, staring the penalty
coefficients α and β with small values, and cause the search unit 13 to search for a solution again with large values a
and β in a case where the solution output from the search unit 13 does not satisfy the constraint condition. When the
solution output from the search unit 13 satisfies the constraint condition, the processing unit 12 adopts the solution as
the final solution. By controlling the penalty coefficients α and β to be increased in stages from relatively small values
in this way, transition from one state to another state across the energy barrier based on α and β is facilitated, and the
solution that satisfies the constraint condition can be efficiently searched.
[0082] Here, the correction methods illustrated in FIGS. 2 to 4 can be selected according to the tendency of the element
values included in each of the matrices 31 to 39.
[0083] For example, when a relatively large value is included in a matrix of the matrices 32, 33, and 36, and an index
(for example, variance) representing the range of distribution of the element values in the matrix is smaller than a
threshold value, it is conceivable that the processing unit 12 applies the first correction example, narrowing the matrices
32, 33, and 36 to the matrix.
[0084] Alternatively, when a relatively large value is included in a matrix of the matrices 32, 33, and 36, and the index
(for example, variance) representing the range of distribution of the element values in the matrix is equal to or larger
than a threshold value, there is a possibility that smoothing of the value range of the cost term becomes insufficient only
by the first correction example. In such a case, it is conceivable that the processing unit 12 applies the second correction
example in place of or in combination with the first correction example. Note that the processing unit 12 may use standard
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deviation or the magnitude of the range of the element values in an appropriate matrix, that is, for example, the difference
between the maximum value and the minimum value, as the index representing the range of the element values in an
appropriate group.
[0085] As a result, an appropriate correction method according to the tendency of the element values in the matrices
31 to 39 can be used.
[0086] Note that the processing unit 12 may execute the correction by the first correction example illustrated in FIG.
2 before acquiring the matrix group 30. Specifically, in the example of FIG. 2, it is conceivable to obtain the matrix 36a
without acquiring the matrix 36 by performing the correction to add or subtract a predetermined value to or from the
element value b12 of the matrix 22 before obtaining the matrix 36.
[0087] That is, regarding the product of the first element value of the first matrix and the second matrix, the processing
unit 12 may perform the correction to add or subtract the first value to or from the second element value of the second
matrix, and output information of the energy function obtained by formulating the QAP based on the product after
correction.
[0088] More specifically, regarding the product of the first element value of the plurality of elements included in the
first matrix and the second matrix, the processing unit 12 may calculate the product of the first element value and the
second matrix after performing the correction to add or subtract the first value to or from each of the plurality of second
element values of the second matrix. Even by such a method, the cost value can be adjusted without changing the
optimum solution.

[Second Embodiment]

[0089] Next, a second embodiment will be described.
[0090] FIG. 5 is a diagram illustrating a hardware example of an information processing system according to the
second embodiment.
[0091] An information processing system 50 includes an information processing device 100 and an optimization device
200.
[0092] The information processing device 100 generates information of an energy function corresponding to a com-
binatorial optimization problem by formulating the combinatorial optimization problem, and inputs the generated infor-
mation of the energy function to the optimization device 200. In the second embodiment, a QAP is considered as an
example of the combinatorial optimization problem. The QAP is a model of a facility placement problem. The facility
placement problem has, for example, various applications such as a hospital facility placement problem, an airport gate
assignment problem, a Steinberg wiring problem, and a keyboard layout problem. The information of the energy function
input to the optimization device 200 indicates the energy function in which the energy function H in the equation (1) is
expressed in a QUBO format. The energy function in the QUBO format reflects the cost term and the constraint term in
the equation (1).
[0093] The information processing device 100 includes a CPU 101, a RAM 102, an HDD 103, an input/output (IO)
interface 104, an image signal processing unit 105, an input signal processing unit 106, a medium reader 107, and a
network interface card (NIC) 108. The CPU 101 is an example of the processing unit 12 according to the first embodiment.
The RAM 102 is an example of the storage unit 11 according to the first embodiment.
[0094] The CPU 101 is a processor that executes a program command. The CPU 101 loads at least a part of the
program and data stored in the HDD 103 into the RAM 102, and executes the program. Note that the CPU 101 may
include a plurality of processor cores. Furthermore, the information processing device 100 may include a plurality of
processors. A set of a plurality of processors is sometimes referred to as a "multiprocessor" or simply a "processor".
[0095] The RAM 102 is a volatile semiconductor memory that temporarily stores the program executed by the CPU
101 and data used by the CPU 101 for operations. The RAM 102 may be, for example, a dynamic RAM (DRAM). Note
that the information processing device 100 may include a memory of a type different from the RAM 102, or a plurality
of memories.
[0096] The HDD 103 is a nonvolatile storage device that stores programs of software such as an operating system
(OS), middleware, and application software, and data. Note that the information processing device 100 may include
other types of storage devices such as a flash memory and a solid state drive (SSD), and may include a plurality of
nonvolatile storage devices.
[0097] The IO interface 104 is connected to the optimization device 200, and inputs/outputs data to/from the optimization
device 200 according to an instruction from the CPU 101. For example, the IO interface 104 writes data of the RAM 102
to a register or a memory of the optimization device 200 or reads data from the optimization device 200 and writes the
data to the RAM 102 in response to the instruction of the CPU 101. A peripheral component interconnect - express (PCI-
e) is used for the IO interface 104, for example.
[0098] The image signal processing unit 105 outputs an image to a display 111 connected to the information processing
device 100 according to an instruction from the CPU 101. As the display 111, any type of display such as a cathode ray



EP 3 968 240 A1

10

5

10

15

20

25

30

35

40

45

50

55

tube (CRT) display, a liquid crystal display (LCD), a plasma display, or an organic electro-luminescence (OEL) display
may be used.
[0099] The input signal processing unit 106 acquires an input signal from an input device 112 connected to the
information processing device 100, and outputs the input signal to the CPU 101. As the input device 112, a pointing
device such as a mouse, a touch panel, a touch pad, or a trackball, a keyboard, a remote controller, a button switch, or
the like may be used. Furthermore, a plurality of types of input devices may be connected to the information processing
device 100.
[0100] The medium reader 107 is a reading device that reads the program and data recorded on a recording medium
113. As the recording medium 113, for example, a magnetic disk, an optical disk, a magneto-optical (MO) disk, a
semiconductor memory, or the like can be used. Examples of the magnetic disk include a flexible disk (FD) and an HDD.
The optical disc includes a compact disc (CD) and a digital versatile disc (DVD).
[0101] The medium reader 107 copies, for example, the program and data read from the recording medium 113 to
another recording medium such as the RAM 102 or the HDD 103. The read program is executed by the CPU 101, for
example. Note that the recording medium 113 may be a portable recording medium, and may be used for distribution
of the program and data. Furthermore, the recording medium 113 and the HDD 103 may be sometimes referred to as
computer-readable recording media.
[0102] The NIC 108 is an interface that is connected to a network 60 and communicates with other computers via a
network 60. The NIC 108 is connected to a communication device such as a switch or a router by a cable, for example.
[0103] The optimization device 200 is an accelerator that performs ground state search by, for example, an SA method,
a replica exchange method, or an MCMC method by hardware based on the information of the energy function. The
optimization device 200 may be called Ising machine, Boltzmann machine, or the like. The optimization device 200
includes an FPGA 201 and a RAM 202. The FPGA 201 implements a solution search function for the problem expressed
by the Ising model. The solution search function by the optimization device 200 may be implemented by other types of
integrated circuits such as ASIC and GPU. The RAM 202 is a memory that stores various data used for the solution
search of the FPGA 201. The RAM 202 is, for example, a static RAM (SRAM).
[0104] Note that the optimization device 200 may be hardware that performs the ground state search by a quantum
annealing method. Furthermore, the CPU 101 included in the information processing device 100 or another processor
can implement a function of a search unit that uses, for example, the SA method, replica exchange method, or SQA
method by executing predetermined software, instead of the optimization device 200.
[0105] FIG. 6 is a diagram illustrating a calculation example of cost of a quadratic assignment problem.
[0106] Here, consider a facility placement problem of placing four facilities (A to D) at four positions (I to IV).
[0107] A matrix 401 is a flow matrix A = {aij} representing a flow between facilities. Matrices 402 and 403 are distance
matrices B = {bkl} representing a distance between positions. The matrix 403 is obtained by performing a matrix replace-
ment operation for the matrix 402. Diagonal elements of the matrices 401, 402, and 403 are 0, respectively. Illustration
of 0 is omitted and diagonal lines are illustrated.
[0108] For example, the combination of the matrices 401 and 402 can represent that the facility A is placed at the
position I, the facility B is placed at the position II, the facility C is placed at the position III, and the facility D is placed
at the position IV. The cost in this case is 7 3 4 + 1 3 5 + 2 3 3 + 3 3 1 + 4 3 2 + 5 3 2 = 60.
[0109] Furthermore, the combination of the matrices 401 and 403 can represent that the facility A is placed at the
position II, the facility B is placed at the position III, the facility C is placed at the position IV, and the facility D is placed
at the position I. The cost in this case is 7 3 1 + 1 3 2 + 2 3 4 + 3 3 2 + 4 3 5 + 5 3 3 = 58.
[0110] In this way, it is conceivable to calculate the cost while changing the correspondence between the facility and
the placement destination position by the replacement operation of the matrices, and specify an assignment method
that minimizes the cost. However, as the number of facilities and positions increases, the number of combinations
becomes enormous, and it becomes impossible to obtain a solution in a practical time by solving by such a method.
Therefore, the optimization device 200 is used.
[0111] The optimization device 200 solves the problem obtained by converting the QAP into the Ising model.
[0112] FIG. 7 is a diagram illustrating an expression example of assignment by an Ising model.
[0113] A matrix 404 is a matrix X = {xik} representing the state of the Ising model. xik is a state variable in the equation
(1). In a case where a facility i is placed at a position k, xik = 1. In a case where the facility i is not placed at the position
k, xik = 0. The value of xik may be expressed as in the equation (2).
[0114] (Equation 2)
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[0115] ϕ(i) is a function indicating, in a case where the position to place each facility is expressed by a permutation of
an index i of the facility, the position of the facility i in the permutation. ϕ(i) = k means that the facility i is placed at the
position k.
[0116] For example, the matrix 404 represents that the facility A is placed at the position IV, the facility B is placed at
the position I, the facility C is placed at the position III, and the facility D is placed at the position II.
[0117] In the QAP, constraint conditions that "at one position, one facility is placed" and "one facility is placed at one
position". These constraint conditions correspond to "only one bit exists in one column" and "only one bit exists in one
row" in the matrix 404, respectively.
[0118] Fig. 8 is a diagram illustrating a functional example of the information processing system.
[0119] The information processing device 100 includes a storage unit 120, a control unit 130, and a solution output
unit 140. A storage area of the RAM 102 or the HDD 103 is used as the storage unit 120. The control unit 130 and the
solution output unit 140 are implemented by the CPU 101 executing a program stored in the RAM 102.
[0120] Furthermore, the optimization device 200 has a search unit 210. The search unit 210 is implemented by the
FPGA 201.
[0121] The storage unit 120 stores various data used for formulating the QAP by the control unit 130. For example,
the storage unit 120 stores information of a flow matrix and a distance matrix in the QAP, and a matrix group obtained
by a product of each element value of the flow matrix and the distance matrix.
[0122] The control unit 130 receives an input of the QAP data and formulates the QAP based on the data. In the
formulation, the value of aijbkl in the equation (1) and the values of α and β are determined. The control unit 130 generates
information of the energy function expressing the equation (1) in the QUBO format. The control unit 130 outputs the
generated information of the energy function to the optimization device 200, and causes the optimization device 200 to
search for a solution based on the energy function.
[0123] The control unit 130 acquires the solution obtained by the search of the optimization device 200 and outputs
the acquired solution to the solution output unit 140 when the acquired solution satisfies the constraint and outputs the
final solution. When the acquired solution does not satisfy the constraint, the control unit 130 redetermines values of α
and β, regenerates the energy function, and causes the optimization device 200 to execute the search again by the
energy function.
[0124] The solution output unit 140 acquires the solution obtained by the search of the optimization device 200, and
outputs the acquired solution. For example, the solution output unit 140 may convert the solution obtained from the
optimization device 200 into a solution format for the QAP and display the solution on the display 111, or may transmit
information of the solution to another computer via the network 60.
[0125] The search unit 210 acquires the information of the energy function output by the control unit 130, and searches
for a ground state of the Ising model, that is, an optimum solution, based on the energy function. The search unit 210
outputs the solution obtained by the search to the information processing device 100.
[0126] Here, the energy function of the QAP includes a constraint term representing constraint conditions as described
above. For example, the constraint conditions are "at one position, one facility is placed" and "one facility is placed at
one position" in the above-described facility placement problem. Therefore, the search in the search unit 210 is affected
by the constraint term.
[0127] FIG. 9 is a diagram illustrating an example of state transition in a case where an energy function includes a
constraint term.
[0128] A constraint term 410 is the constraint term of the equation (1). FIG. 9 illustrates four state variables, and
illustrates a constraint violation energy value (constraint violation eg) corresponding to each state in a form of "state:
constraint violation eg" along with a process of state transition in the search. The constraint violation eg is a penalty
value associated with the constraint violation that is added to the cost term and is calculated on the basis of the constraint
term 410. Furthermore, in FIG. 9, it is assumed that a certain state is represented by a number indicating the state.
[0129] For example, the state "1" is {xik} = (x11, x12, x21, x22) = (1, 0, 0, 1). The state "1" does not violate the constraint
condition, that is, a state of constraint OK. Therefore, the constraint violation eg corresponding to the state "1" is "0".
[0130] The state "2" is a state in which the state transition has progressed once from the state "1". The state "2" is
{xik} = (x11, x12, x21, x22) = (1, 0, 0, 0). The state "2" violates the constraint condition. The constraint violation eg corre-
sponding to the state "2" is "α + β".
[0131] The state "3" is a state in which the state transition has progressed once from the state "2". The state "3" is
{xik} = (x11, x12, x21, x22) = (0, 0, 0, 0). The state "3" violates the constraint condition. The constraint violation eg corre-
sponding to the state "3" is "2(α + β)".
[0132] The state "4" is a state in which the state transition has progressed once from the state "3". The state "4" is
{xik} = (x11, x12, x21, x22) = (0, 0, 1, 0). The state "4" violates the constraint condition. The constraint violation eg corre-
sponding to the state "4" is "α + β".
[0133] The state "5" is a state in which the state transition has progressed once from the state "4". The state "5" is
{xik} = (x11, x12, x21, x22) = (0, 1, 1, 0). The state "5" does not violate the constraint condition, that is, a state of the
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constraint OK. Therefore, the constraint violation eg corresponding to the state "5" is "0".
[0134] In this way, it may not be possible to reach another state that satisfies the constraint from one state that satisfies
the constraint without going through a state that violates the constraint. In the state that violates the constraint, the energy
value becomes large due to the penalty value. The state with a large energy value can be a so-called energy barrier
that stagnates the state transition.
[0135] FIG. 10 is graphs illustrating examples of the energy barrier in the search.
[0136] A graph G1 illustrates the energy value for the state of the Ising model. In the graph G1, the state of the Ising
model is expressed in one dimension for convenience. The horizontal axis of the graph G1 represents the state of the
Ising model. The vertical axis of the graph G1 represents the energy value. A series G1a of the graph G1 is a series
illustrating a relationship between the state and the energy value in a case of including the constraint term for a certain
problem. A series G1b is a series illustrating a relationship between the state and the energy value in a case of not
including the constraint term for the certain problem.
[0137] Furthermore, in the graph G1, a local solution X1 and an optimum solution X2 are illustrated for the series G1a.
The local solution X1 is a locally optimum solution in which the energy value has a minimum value. The optimum solution
X2 is a globally optimum solution.
[0138] In the series G1a, an arrow indicates a state of overcoming a relatively large energy value. Such a relatively
large energy value is the energy value in the state that violates the constraint. According to the series G1a, for example,
to reach the optimum solution X2 from the local solution X1, it is necessary to overcome many energy barriers due to
the constraint term.
[0139] At this time, when the energy barrier becomes high due to numerical value data of the problem, a state transition
for overcoming the energy barrier becomes difficult and reaching the optimum solution becomes difficult.
[0140] Therefore, the information processing device 100 relaxes restriction of the state transition due to the energy
barrier and provides a function to enable an efficient search. The information processing device 100 adjusts the cost
value calculated by the flow matrix and the distance matrix.
[0141] FIG. 11 is a diagram illustrating an expansion example by the product of the flow matrix and the distance matrix.
[0142] A matrix 501 represented by F is the flow matrix. A matrix 502 represented by D is the distance matrix. A
submatrix group 600 is a set of submatrices represented by F 3 D. Here, the operation of "x" in F 3 D indicates calculation
of the product of each element value of the flow matrix and the distance matrix. The submatrix group 600 may be
considered as one matrix. In the example of FIG. 11, the matrix 501 has four rows and four columns. In this case, F 3
D is a set of n 3 n = 4 3 4 = 16 submatrices. For example, the submatrix 601 is the product of the element value "1" in
the 1st row and 4th column of the matrix 501 and the matrix 502. The matrix 502 has four rows and four columns.
Therefore, the submatrix has also four rows and four columns. Therefore, the submatrix group 600 contains n2 3 n2 =
42 3 42 = 256 element values.
[0143] The position of a submatrix in the submatrix group 600 is expressed by (row, column) = (i, j) of the matrix 501.
Furthermore, the position of an element value in the submatrix is expressed by (row, column) = (k, l) in the matrix 502.
[0144] The matrices 501 and 502 are symmetric matrices with zero diagonal elements. Therefore, in the submatrix
group 600, all the element values of diagonally located submatrices are 0, and the respective submatrix is symmetric
with respect to the diagonal. Furthermore, the submatrix is a symmetric matrix with 0 diagonal elements.
[0145] Here, consider the optimum solution of the QAP in which the flow matrix and the distance matrix are expressed
by the matrices 501 and 502, respectively.
[0146] FIG. 12 is a diagram illustrating an example of expanding an optimum solution into a column vector.
[0147] A solution 700 is the optimum solution of the QAP in which the flow matrix and the distance matrix are expressed
by the matrices 501 and 502, respectively. One element value of the solution 700 corresponds to the value of the state
variable xik, that is, a bit. A column vector 701 is a vector obtained by expanding the solution 700 into a column. The
elements of the column vector 701 are x11, x21, x31, x41, x21, x22, and the like in order from the top. Similarly, a row vector
(x11, x21, x31, x41, x21, x22,...) obtained by expanding the solution 700 into a row can be obtained, and when the column
vector 701 and the row vector are arranged in a column direction and a row direction according to the element values
of the submatrix group 600, the QAP can be handled as follows.
[0148] FIG. 13 is a diagram illustrating an example of element values selected in the optimum solution.
[0149] A submatrix group 600a is formed by arranging the column vector 701 and the row vector obtained by expanding
the solution 700 in the row direction and the column direction of the submatrix group 600. As described above, the
submatrix group 600 is symmetric with respect to the diagonal, and all the element values of the diagonally located
submatrices are 0. Therefore, for the calculation of the cost value, a part 610 of the submatrix group 600a is simply
considered.
[0150] In the case of calculating the cost value of the optimum solution, an element of the part 610 where a row and
a column with the bit of 1 intersect is selected. Note that, due to the nature of the element value mapping in the submatrix
group 600a, the diagonal elements in each submatrix correspond to the state that violates the constraint, and therefore
are not selected in the optimum solution.
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[0151] According to the submatrix group 600a, the energy value corresponding to the optimum solution is 2 3 (6 + 6
+ 4 + 5 + 6 + 8) = 70.
[0152] Here are two conditions for the obtained solution being an executable solution, that is, a solution that satisfies
the constraint.
[0153] The first condition is that one element value is selected from each submatrix.
[0154] The second condition is that one element value located at the same position is selected from each of different
submatrices.
[0155] Manipulating numerical value data for the submatrix group 600 based on the above first and second conditions
without changing the optimum solution, that is, without changing ranking of the energy values of the optimum solution.
For example, specific description is as follows.
[0156] FIG. 14 is a diagram illustrating a correction example of element values (No. 1).
[0157] For example, the control unit 130 subtracts 8 from each element value of a submatrix 611 of the submatrix
group 600. A submatrix 611a represents after correction by the subtraction. Even if the element values are corrected in
this way, the optimum solution does not change according to the above-described first condition. Note that the element
values to be corrected may be only off-diagonal elements of the submatrix 611. This is because the diagonal elements
correspond to the state that violates the constraint and may not be selected in the optimum solution.
[0158] Here, it can be said that the submatrix 611 is a group of element values corresponding to the element value of
the 4th row and the 3rd column of the matrix 501, of the submatrix group 600. There are some cases where the group
of element values corresponding to one element value of the matrix 501, that is, the group of element values enclosed
by one submatrix, of the submatrix group 600, is referred to as an "in-submatrix group".
[0159] The correction of the element values for the in-submatrix group is "in-submatrix operation". The in-submatrix
operation is correction to add or subtract a same value to or from element values other than the diagonal elements in
the appropriate submatrix, that is, element values of off-diagonal elements.
[0160] FIG. 15 is a diagram illustrating a correction example of element values (No. 2).
[0161] For example, the control unit 130 subtracts 2 from the element value of the 1st row and 3rd column of each
submatrix in the part 610 of the submatrix group 600. In this case, element values to be corrected are as follows, where
the element value of the matrix 501 is fij and the element value of the matrix 502 is dkl. That is, {fijdkl} = {f21d13, f31d13,
f41d13, f32d13, f42d13, f43d13}. Even if the element values are corrected in this way, the optimum solution does not change
according to the above-described second condition.
[0162] Here, it can be said that the above-descriibed element value {fijdkl} = {fijd13} to be corrected is a group of element
values corresponding to the element value d13 of the 1st row and the 3rd column of the matrix 502, of the submatrix
group 600. There are some cases where the group of element values corresponding to one element value of the matrix
502, of the submatrix group 600, is referred to as a "submatrix crossing group". The submatrix crossing group is a group
of element values located at positions other than the diagonal elements of each submatrix.
[0163] The correction of the element values for the submatrix crossing group is "submatrix crossing operation". The
submatrix crossing operation is correction to add or subtract a same value to or from the element value at the same
position of a different submatrix.
[0164] The control unit 130 can use one of or both of the in-submatrix operation and the submatrix crossing operation.
[0165] By the correction for the submatrix group 600 by at least one of the in-submatrix operation or the submatrix
crossing operation, the cost value and the energy value in the solution space can be smoothed. The correction to smooth
the cost value and the energy value in the solution space in this way is called "modulation". A method of the modulation
is called "modulation pattern". The following examples are conceivable as the modulation pattern. Note that the element
values to be corrected in the following modulation pattern are element values other than the diagonal elements. It is not
necessary to consider the diagonal elements even in the case of calculating the average value or statistical value of the
element values in a group. That is, it may be considered that the diagonal elements are excluded from the group.
[0166] A first modulation pattern is correction to adjust a minimum value of the element values of each group to a
predetermined value. As the predetermined value, for example, 0 is conceivable. Alternatively, the predetermined value
may be another value such as the minimum value among the minimum values of the element values of each group.
[0167] A second modulation pattern is correction to make the difference in the average value of the element values
of each group small. The second modulation pattern may be correction to adjust the average value of the element values
of each group to the same value.
[0168] A third modulation pattern is correction to add or subtract a value based on the distribution or range of element
values among groups. For example, in the third modulation pattern, the value to be added or subtracted with respect to
the element values of the group to be corrected may be determined based on a statistical value such as a variance of
the element values of each group, and correction may be performed such that a difference in values that the element
values of each group can take is reduced. In this case, for example, correction to adjust a predetermined percentile
value such as a median value (50th percentile value) or a 30th percentile value of the element values of each group to
the same value is conceivable.
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[0169] FIG. 16 is a diagram illustrating an example of a submatrix group after conversion.
[0170] For example, the control unit 130 generates a submatrix group 800 by correcting the submatrix group 600. The
submatrix group 800 is a result obtained by performing the in-submatrix operation with the first modulation pattern for
the part 610 of the submatrix group 600, and adjusting the minimum value of the element values of each submatrix
included in the part 610 to 0.
[0171] FIG. 17 is a diagram illustrating an example of smoothing of a search space.
[0172] Groups g1, g2, g3, and g4 are an in-submatrix group or a submatrix crossing group in a certain submatrix
group. In FIG. 17, ranges of values that the element values of the groups g1, g2, g3, and g4 can take are illustrated as
a bar graph.
[0173] The group g1 includes elements e1_1, e1_2, e1_3, and e1_4. The magnitude relationship among the values
of the elements e1_1, e1_2, e1_3, and e1_4, that is, the element values is 0 < e1_1 < e1_2 < e1_3 < e1_4. A value
mean1 is an average value of the element values of the group g1.
[0174] The group g2 includes elements e2_1, e2_2, e2_3, and e2_4. The magnitude relationship among the values
of the elements e2_1, e2_2, e2_3, and e2_4, that is, the element values is 0 < e2_1 < e2_2 < e2_3 < e2_4. A value
mean2 is an average value of the element values of the group g2.
[0175] The group g3 includes elements e3_1, e3_2, e3_3, and e3_4. The magnitude relationship among the values
of the elements e3_1, e3_2, e3_3, and e3_4, that is, the element values is 0 < e3_1 < e3_2 < e3_3 < e3_4. A value
mean3 is an average value of the element values of the group g3.
[0176] The group g4 includes elements e4_1, e4_2, e4_3, and e4_4. The magnitude relationship among the values
of the elements e4_1, e4_2, e4_3, and e4_4, that is, the element values is 0 < e4_1 < e4_2 < e4_3 < e4_4. A value
mean4 is an average value of the element values of the group g4.
[0177] FIG. 17(A) illustrates a graph 80. The graph 80 illustrates a relationship between the element values of the
groups g1, g2, g3, and g4 and the penalty value in the case of non-modulation. FIG. 17(B) illustrates a graph 81. The
graph 81 illustrates a relationship between the element values of the groups g1, g2, g3, and g4 and the penalty value
in the case of performing correction using the first modulation pattern. FIG. 17(C) illustrates a graph 82. The graph 82
illustrates a relationship between the element values of the groups g1, g2, g3, and g4 and the penalty value in the case
of performing correction using the second modulation pattern. The horizontal axis of the graphs 80, 81, and 82 represents
the groups, and the vertical axis represents the energy value.
[0178] Furthermore, a bar graph illustrating the penalty term and the penalty value by the penalty term is inserted
between two groups of the graphs 80, 81, and 82. The bar graph corresponding to the penalty term represents the
energy barrier that must be overcome in order to transition from one state that satisfies the constraint to another state
that satisfies the constraint via the state of constraint violation. In the examples of the graphs 80, 81, and 82, state
transitions are illustrated as changes in the selection of element values for calculating the energy values across groups.
[0179] In the example of the graph 80, the difference in the range of the element values of the groups g1, g2, g3, and
g4 is large. For example, the penalty value is determined with reference to the group g4 in which the values that the
element values can take are large. Therefore, the penalty value is relatively large with respect to the element values of
the group g3 in which the values that the element values can take are small, for example. Therefore, for example, for a
certain bit, a relatively high energy barrier must be overcome in order to transition from a state where one element value
in the group g3 is selected to a state where another element value in the group g4 is selected, and the state transition
is less likely to occur.
[0180] In contrast, by correcting the element values of the groups g1, g2, g3, and g4 by the first modulation pattern,
the solution space can be smoothed as illustrated in the graph 81. In the first modulation pattern, for example, the
correction to subtract a value from the element values other than the diagonal elements to adjust the minimum value of
the element values of each group to 0 is performed. Thereby, the difference in the value range among the groups g1,
g2, g3, and g4 becomes smaller than that in the case of non-modulation. Therefore, for example, the penalty value for
the element values of the group g3 in which the values that the element values can take are small becomes relatively
smaller than that in the case of non-modulation. Therefore, for example, for a certain bit, the relative height of the energy
barrier for transitioning from the state where one element value in the group g3 is selected to the state where another
element value in the group g4 is selected can be made lower than that in the case of non-modulation. Therefore,
transitions between states across the energy barrier are facilitated.
[0181] Furthermore, by correcting the element values of the groups g1, g2, g3, and g4 by the second modulation
pattern, the solution space can be smoothed as illustrated in the graph 82. In the second modulation pattern, for example,
the correction to add or subtract a value to the element values other than the diagonal elements to make the difference
in the average value of the element values of each group small is performed. Thereby, the difference in the value range
among the groups g1, g2, g3, and g4 becomes smaller than that in the case of non-modulation. Therefore, for example,
the penalty value for the element values of the group g3 in which the values that the element values can take are small
becomes relatively smaller than that in the case of non-modulation. Therefore, for example, for a certain bit, the relative
height of the energy barrier for transitioning from the state where one element value in the group g3 is selected to the
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state where another element value in the group g4 is selected can be made lower than that in the case of non-modulation.
Therefore, transitions between states across the energy barrier are facilitated.
[0182] Next, a processing procedure of the information processing system 50 will be described.
[0183] FIG. 18 is a flowchart illustrating a processing example of the information processing system.
[0184] (S1) The control unit 130 acquires the flow matrix and the distance matrix from the QAP data input by a user.
[0185] (S2) The control unit 130 performs matrix expansion. That is, the control unit 130 expands the flow matrix and
the distance matrix into a submatrix group.
[0186] (S3) The control unit 130 determines the modulation pattern to be used. For example, the control unit 130 may
determine the modulation pattern specified in advance by the user as the modulation pattern to be used. Alternatively,
the control unit 130 may determine the modulation pattern to be used on the basis of an analysis of the submatrix group
obtained in step S2. For example, the following method can be considered for determining the modulation pattern.
[0187] First, the control unit 130 determines the type of group operation.
[0188] For example, when a relatively large value is included in a submatrix of correction candidate submatrices, and
the index (for example, the magnitude of the distribution, value range, or the like) representing the range of distribution
of the element values in the submatrix is smaller than a first threshold value, the control unit 130 sets an element value
group included in the appropriate submatrix as the in-submatrix group. In this case, the type of group operation is the
in-submatrix operation.
[0189] Meanwhile, when a relatively large value is included in a submatrix of the correction candidate submatrices,
and the index representing the range of distribution of the element values in the submatrix is equal to or larger than the
first threshold value, there is a possibility that smoothing of the value range of the cost term becomes insufficient only
with the in-submatrix group. In such a case, the control unit 130 applies the submatrix crossing group instead of or in
addition to the in-submatrix group. For example, when a relatively large value is included in a submatrix crossing group
of correction candidate submatrix crossing groups, and the index representing the range of distribution of the element
values in the submatrix crossing group is smaller than the first threshold value, the control unit 130 may determine to
perform the submatrix crossing operation for the submatrix crossing group. Alternatively, in a case where the index
representing the range of distribution of the element values in the submatrix crossing group is equal to or larger than
the first threshold value, the control unit 130 may determine to perform both the in-submatrix operation and the submatrix
crossing operation.
[0190] Next, the control unit 130 determines the modulation pattern.
[0191] For example, the control unit 130 determines to use the first modulation pattern in a case where the difference
in the indexes indicating the range of distribution of the element values between groups is smaller than a second threshold
value for all combinations of groups. Furthermore, the control unit 130 determines to use the second modulation pattern
in a case where the difference in the indexes indicating the range of distribution of the element values between groups
is equal to or larger than the second threshold value for any combination of groups.
[0192] (S4) The control unit 130 modulates the cost value. That is, the control unit 130 corrects the element values in
the submatrix group obtained in step S2 by using the modulation pattern determined in step S3. As a result, aijbkl of the
equation (1) is determined.
[0193] (S5) The control unit 130 sets the penalty coefficients (α, β). The control unit 130 sets the penalty coefficients
α and β to be values larger than values that the aijbkl can take in some degree. However, by modulating the cost value,
the values of the penalty coefficients α and β (penalty value) with respect to the cost value can be set to be relatively
smaller than in the case of non-modulation. The control unit 130 sets relatively small values as the initial values of the
penalty coefficients α and β. For example, it is conceivable that the control unit 130 sets values similar to the maximum
value in the range of the cost value or values larger than the maximum value by a predetermined ratio of the maximum
value as the initial values of the penalty coefficients α and β.
[0194] (S6) The control unit 130 generates the information of the energy function expressing the equation (1) in the
QUBO format.
[0195] (S7) The control unit 130 sets the information of the energy function generated in step S6 in the search unit 210.
[0196] (S8) The search unit 210 executes the combinatorial optimization operation on the basis of the set information
of the energy function. The search unit 210 searches for the solution of the QAP by the operation.
[0197] (S9) The search unit 210 outputs the solution obtained by the search to the control unit 130.
[0198] (S10) The control unit 130 acquires a solution from the search unit 210, and determines whether the acquired
solution satisfies the constraint condition. In the case where the acquired solution satisfies the constraint condition, the
control unit 130 outputs the solution as the final solution for the QAP to the outside via the solution output unit 140, and
terminates the processing. In the case where the acquired solution does not satisfy the constraint condition, the control
unit 130 proceeds to step S11.
[0199] (S11) The control unit 130 updates the penalty coefficients (α, β). That is, the control unit 130 increases the
penalty coefficients (α, β) by a predetermined value. Note that the control unit 130 may update both α and β at the same
time, or may update either α or β at a time. For example, as a method of updating either α or β, it is conceivable that
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the control unit 130 alternately updates α and β each time step S11 is executed. Then, the control unit 130 advances
the process to step S6.
[0200] Here, in step S3, an example of determining the modulation pattern to be used from the modulation pattern
candidates has been described, but the control unit 130 may use a plurality of modulation patterns in combination. For
example, the control unit 130 may perform correction with the first modulation pattern and then correction with the second
modulation pattern for the group to be corrected. Furthermore, the control unit 130 may perform correction with the
second modulation pattern and then correction with the first modulation pattern for the group to be corrected.
[0201] FIG. 19 is a diagram illustrating an example of a combination of the type of group operation and the modulation
pattern.
[0202] There are six combinations of the type of group operation and the modulation pattern used by the control unit
130 to correct the cost value. Table 90 illustrates the six combinations.
[0203] Example 1 is a combination of the in-submatrix operation and the first modulation pattern.
[0204] Example 2 is a combination of the submatrix crossing operation and the first modulation pattern.
[0205] Example 3 is a combination of (the in-submatrix operation + the submatrix crossing operation) and the first
modulation pattern. Here, (the in-submatrix operation + the submatrix crossing operation) indicates that both the in-
submatrix operation and the submatrix crossing operation are used.
[0206] Example 4 is a combination of the in-submatrix operation and the second modulation pattern.
[0207] Example 5 is a combination of the submatrix crossing operation and the second modulation pattern.
[0208] Example 6 is a combination of (the in-submatrix operation + the submatrix crossing operation) and the second
modulation pattern.
[0209] The target in-submatrix group for the in-submatrix operation may be all the submatrices that can be correction
candidates of the submatrix group or may be a part of the submatrices. Furthermore, the target submatrix crossing group
for the submatrix crossing operation may be all of groups of the element values of the submatrix group corresponding
to all the element values of the distance matrix or may be a part of the groups.
[0210] Table 91 illustrates experimental results of the solution search by the search unit 210 in a case of using the
examples of combinations illustrated in Table 90 for the QAP for which the optimum solution is known. The replica
exchange method, which is one of the MCMC methods, is used as the search method in the search unit 210. The number
of replicas in the search unit 210 is 100. Furthermore, the number of trials of the state transition in each replica, that is,
the number of iterations, is 109.
[0211] A column in Table 91 illustrates an example of the combination of the type of group operation and the modulation
pattern used for correction, including the case of non-modulation. In the row direction of Table 91, items of a numerical
value data range, the number of optimum solution reaching replicas, the number of executable solution replicas, and
the number of constraint violation replicas are illustrated. The numerical value data range is the range of the element
values included in the submatrix group. The number of optimum solution reaching replicas is the number of replicas that
has finally reached the optimum solution. The number of executable solution replicas is the number of replicas that has
finally reached a solution that is not the optimum solution but satisfies the constraint. The number of constraint violation
replicas is the number of replicas that has finally reached the solution that violates the constraint.
[0212] According to Table 91, the range of the numerical value data range is narrower than that in the case of non-
modulation in any combination. In particular, by using Example 3 or Example 6, the numerical value data range can be
narrowed and the energy value in the solution space can be further smoothed. Furthermore, according to Table 91, it
is found that there is a tendency that a more favorable result can be obtained by performing both the in-submatrix
operation and the submatrix crossing operation than by performing only one of the in-submatrix operation or the submatrix
crossing operation.
[0213] As described above, according to the information processing system 50, the cost value can be appropriately
adjusted.
[0214] Here, when correcting parameters included in the energy function, an influence on the optimum solution be-
comes a problem. This is because there is a possibility that the optimum solution changes.
[0215] In contrast, the element value is not duplicately used from the above-described in-submatrix group and submatrix
crossing group in the calculation of the cost value for the optimum solution. Therefore, even if the correction to add or
subtract the first value to or from at least one of the in-submatrix group or the submatrix crossing group is performed,
the optimum solution for the energy function in a case of not performing correction becomes the optimum solution that
gives the minimum value to the energy function in a case of performing the correction. Therefore, the control unit 130
can adjust the value range of the cost term in the energy function without changing the optimum solution both in the
case of not performing correction and in the case of performing correction by performing the correction by the in-submatrix
operation or the submatrix crossing operation.
[0216] For example, the control unit 130 can make the value range of the cost term by the first modulation pattern or
the second modulation pattern small, and can make the relative difference between the penalty coefficients α and β and
each cost value in the equation (1) small. Then, transition to another state across the energy barrier based on the penalty
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coefficient becomes easy even from a state where the value of the energy function is relatively small, and the reachability
to the optimum solution can be enhanced.
[0217] As illustrated, the control unit 130 may cause the search unit 210 to search for a solution, staring the penalty
coefficients α and β with small values, and cause the search unit 210 to search for a solution with large values α and β
in a case where the solution output from the search unit 210 does not satisfy the constraint condition. In a case where
the solution output from the search unit 210 satisfies the constraint condition, the control unit 130 adopts the solution
as the final solution. By controlling the penalty coefficients α and β to be increased in stages from relatively small values
in this way, transition from one state to another state across the energy barrier based on α and β is facilitated, and the
solution that satisfies the constraint condition can be efficiently searched. In this way, solution performance of the
information processing system 50 can be improved.
[0218] Summarizing the above, the information processing system 50 of the second embodiment performs the following
processing, for example.
[0219] The information processing system 50 solves the QAP, that is, the quadratic assignment problem by replacing
the QAP with the energy function of the Ising model.
[0220] The control unit 130 acquires a plurality of matrices each obtained by the product of each of the plurality of
element values of the first matrix and the second matrix. The submatrix group 600 is an example of the plurality of
matrices. The control unit 130 performs, for the plurality of matrices, the correction to add or subtract the first value to
or from at least one of the first group of element values corresponding to the first element value of the first matrix or the
second group of element values corresponding to the second element value of the second matrix. The in-submatrix
group is an example of the first group. The submatrix crossing group is an example of the second group. The control
unit 130 outputs the information of the energy function obtained by formulating the QAP on the basis of the plurality of
matrices after correction. The search unit 210 searches for the ground state of the Ising model on the basis of the output
information of the energy function.
[0221] Therefore, the cost value can be appropriately adjusted so as not to change the optimum solution.
[0222] For example, the plurality of matrices includes a third group of element values corresponding to a third element
value of the first matrix. The control unit 130 makes the difference between the reference value in the element values
included in the first group and another reference value in the element values included in the third group small by the
above correction. As a result, the energy value of the solution space can be smoothed.
[0223] Alternatively, the plurality of matrices includes a fourth group of element values corresponding to a fourth
element value of the second matrix. The control unit 130 makes the difference between the reference value in the element
values included in the second group and another reference value in the element values included in the fourth group
small by the above correction. As a result, the energy value of the solution space can be smoothed.
[0224] The reference value and the another reference value may be the minimum value of the element values other
than the diagonal elements of the above-described plurality of matrices included in the group to be corrected. For
example, the control unit 130 may adjust the minimum value to a predetermined value by correction. Thereby, the
correction to smooth the energy value of the solution space can be performed with a relatively small amount of calculation.
[0225] For example, the predetermined value may be set to zero. As a result, the energy value of the solution space
can be set to a relatively small value.
[0226] Furthermore, the above-described reference value and the another reference value may be the average value
of the element values included in the group to be corrected. For example, in a case where the energy value of the solution
space is not able to be sufficiently smoothed only by adjusting the minimum value of the element values included in the
group to be corrected to the predetermined value, it is conceivable to perform smoothing using the average value as
the reference value. Note that the average value referred to here may be the average value of the element values other
than the diagonal elements of the appropriate matrix. Furthermore, the diagonal elements may be excluded from the
target for the correction. That is, it may be considered that the diagonal elements are excluded from the appropriate group.
[0227] For example, the control unit 130 may determine the type of the reference value and the another reference
value on the basis of a difference between an index representing a range of distribution of the element values included
in the first group and an index representing a range of distribution of the element values included in the third group.
Thereby, the modulation pattern can be appropriately determined on the basis of the element values included in the first
group and the third group.
[0228] Examples of the type of the reference value and the another reference value include the above-described
minimum value, average value, percentile value, and the like. For example, the control unit 130 may determine which
the minimum value of the element values included in the first group and the minimum value of the element values included
in the third group, or the average value of the element values included in the first group and the average value of the
element values included in the third group, as the type of the reference value and the another reference value on the
basis of the difference between the index representing the range of distribution of the element values included in the
first group and the index representing the range of distribution of the element values included in the third group.
[0229] More specifically, it is conceivable that the control unit 130 reduces the amount of calculation for the correction
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by using the minimum values as the reference values in the case where the difference is smaller than the threshold
value, and preferentially achieves the smoothing by using the average values as the reference values instead of using
the minimum values in the case where the difference is equal to or larger than the threshold value.
[0230] Furthermore, the control unit 130 may determine the type of the reference value and the another reference
value on the basis of a difference between an index representing a range of distribution of the element values included
in the second group and an index representing a range of distribution of the element values included in the fourth group.
Thereby, the modulation pattern can be appropriately determined on the basis of the element values included in the
second group and the fourth group.
[0231] Examples of the type of the reference value and the another reference value include the above-described
minimum value, average value, percentile value, and the like. For example, the control unit 130 may determine which
the minimum value of the element values included in the second group and the minimum value of the element values
included in the fourth group, or the average value of the element values included in the second group and the average
value of the element values included in the fourth group, as the type of the reference value and the another reference
value on the basis of the difference between the index representing the range of distribution of the element values
included in the second group and the index representing the range of distribution of the element values included in the
fourth group.
[0232] More specifically, it is conceivable that the control unit 130 reduces the amount of calculation for the correction
by using the minimum values as the reference values in the case where the difference is smaller than the threshold
value, and preferentially achieves the smoothing by using the average values as the reference values instead of using
the minimum values in the case where the difference is equal to or larger than the threshold value.
[0233] Furthermore, the control unit 130 may determine whether the target for the correction is the first group, the
second group, or both the first group and the second group on the basis of the element values included in each of the
plurality of matrices. The solution performance tends to be improved when both the first group and the second group
are used for the correction, rather than when either one of the first group or the second group is used. However, it may
also be favorable that the amount of calculation for the correction for the original problem is small.
[0234] Therefore, it is conceivable that the control unit 130 performs the correction, narrowing the groups into the first
group corresponding to the matrix, in the case where a relatively large value is included in a matrix of the correction
candidate matrices, and the index representing the range of distribution of the element values in the matrix is smaller
than the threshold value. Alternatively, there is a possibility that smoothing of the cost value becomes insufficient only
by the correction for the first group in the case where a relatively large value is included in a matrix of the plurality of
matrices, and the index representing the range of distribution of the element values in the matrix is equal to or larger
than the threshold value. In such a case, it is conceivable that the control unit 130 performs correction for the second
group instead of or in addition to the correction for the first group. As a result, the energy value in the solution space can
be efficiently smoothed.
[0235] Furthermore, the control unit 130 may decrease a difference between a reference value of a first type in the
element values of the first group and another reference value of the first type in the element values of the third group
by first-stage correction, and decreases a difference between a reference value of a second type in the element values
of the first group and another reference value of the second type in the element values of the third group by another
correction (second-stage correction) to add or subtract a second value to or from the first group after the first-stage
correction. In this case, in the first-stage and second-stage corrections, the correction to add or subtract the value to or
from the third group can also be performed.
[0236] More specifically, the control unit 130 may cause the minimum value of the element values included in the first
group to match a predetermined value by correction, and decrease the difference between the average value of the
element values included in the first group and the average value of the element values included in the third group by
another correction to add or subtract a second value to or from the first group after correction. Alternatively, the control
unit 130 may decrease a difference between the average value of the element values included in the first group and the
average value of the element values included in the third group by correction, and cause the minimum value of the
element values included in the first group to match a predetermined value by another correction to add or subtract the
second value to or from the first group after correction. In the latter case, the predetermined value may be determined
on the basis of the element values included in the first group or the element values included in the third group after the
first-stage correction. In this way, by performing the two-stage corrections for the first group, it is possible to smooth the
energy value near the predetermined value, for example.
[0237] Furthermore, the control unit 130 may decrease a difference between a reference value of a first type in the
element values of the second group and another reference value of the first type in the element values of the fourth
group by first-stage correction, and decreases a difference between a reference value of a second type in the element
values of the second group and another reference value of the second type in the element values of the fourth group
by another correction (second-stage correction) to add or subtract a third value to or from the second group after the
first-stage correction. In this case, in the first-stage and second-stage corrections, the correction to add or subtract the
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value to or from the fourth group can also be performed.
[0238] More specifically, the control unit 130 may cause the minimum value of the element values included in the
second group to match a predetermined value by correction, and decrease the difference between the average value
of the element values included in the second group and the average value of the element values included in the fourth
group by another correction to add or subtract a third value to or from the second group after correction. Alternatively,
the control unit 130 may decrease a difference between the average value of the element values included in the second
group and the average value of the element values included in the fourth group by correction, and cause the minimum
value of the element values included in the second group to match a predetermined value by another correction to add
or subtract the third value to or from the second group or the fourth group after correction. In the latter case, the
predetermined value may be determined on the basis of the element values included in the second group and the element
values included in the fourth group after the first-stage correction. In this way, by performing the two-stage corrections
for the second group, it is possible to smooth the energy value near the predetermined value, for example.
[0239] Furthermore, the energy function includes the term representing the penalty value to be added for the constraint
violation, that is, the penalty term. The control unit 130 acquires the solution obtained by the search unit 210 on the
basis of the energy function, and determines whether the acquired solution violates the constraint. In the case where
the acquired solution violates the constraint, the control unit 130 outputs information of another energy function with an
increased penalty value to the search unit 210. Furthermore, in the case where the solution acquired from the search
unit 210 does not violate the constraint, the control unit 130 outputs the acquired solution as the solution of the quadratic
assignment problem.
[0240] By increasing the penalty value in stages in this way, the control unit 130 can efficiently search for the solution
that satisfies the constraint while suppressing stagnation of the state transition due to the energy barrier by the penalty
value. In addition, by promoting the state transition, the possibility of obtaining the ground state, that is, the optimum
solution within a certain period of time increases. In this way, the solution performance can be improved.
[0241] Furthermore, the control unit 130 calculates the product of each of the plurality of elements included in the first
matrix and the second matrix, and outputs the information of the energy function obtained by formulating the QAP based
on the product. Regarding the product of the first element value of the plurality of elements included in the first matrix
and the second matrix, the control unit 130 may calculate the product of the first element value and the second matrix
after performing the correction to add or subtract the first value to or from each of the plurality of second element values
of the second matrix. Even by such a method, the cost value can be adjusted without changing the optimum solution.
[0242] Note that the information processing according to the first embodiment may be achieved by causing the process-
ing unit 12 to execute the program. Furthermore, the information processing of the second embodiment can be imple-
mented by causing the CPU 101 to execute the program. The program can be recorded in the computer-readable
recording medium 113.
[0243] For example, the program can be distributed by distributing the recording medium 113 in which the program
is recorded. Alternatively, the program may be stored in another computer and distributed via a network. For example,
a computer may store (install) the program, which is recorded in the recording medium 113 or received from another
computer, in a storage device such as the RAM 102 or the HDD 103, read the program from the storage device, and
execute the program.

Claims

1. An information processing system that solves a quadratic assignment problem in which a first matrix and a second
matrix are used to calculate a cost value based on an energy function of an Ising model, the information processing
system comprising:

a processing unit configured to acquire a plurality of matrices each obtained by a product of each of a plurality
of element values of the first matrix and the second matrix, perform, for the plurality of matrices, correction to
add or subtract a first value to or from at least one of a first group of element values that corresponds to a first
element value of the first matrix or a second group of element values that corresponds to a second element
value of the second matrix, and output information of the energy function obtained by formulating the quadratic
assignment problem based on the plurality of matrices after the correction; and
a search unit configured to search for a ground state of the Ising model based on the output information of the
energy function.

2. The information processing system according to claim 1, wherein

the plurality of matrices includes a third group of element values that corresponds a third element value of the
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first matrix, and
the processing unit makes a difference between a reference value in the element values included in the first
group and another reference value in the element values included in the third group small by the correction.

3. The information processing system according to claim 1, wherein

the plurality of matrices includes a fourth group of element values that corresponds a fourth element value of
the second matrix, and
the processing unit makes a difference between a reference value in the element values included in the second
group and another reference value in the element values included in the fourth group small by the correction.

4. The information processing system according to claim 2 or 3, wherein the reference value and the another reference
value are a minimum value of element values other than a diagonal element of the plurality of matrices included in
a target group for the correction.

5. The information processing system according to claim 4, wherein the processing unit causes the minimum value to
match a predetermined value by the correction.

6. The information processing system according to claim 5, wherein the predetermined value is zero.

7. The information processing system according to claim 2 or 3, wherein the reference value and the another reference
value are an average value of element values included in a target group for the correction.

8. The information processing system according to claim 2, wherein
the processing unit determines a type of the reference value and the another reference value based on a difference
between an index that represents a range of distribution of the element values included in the first group and an
index that represents a range of distribution of the element values included in the third group.

9. The information processing system according to claim 3, wherein
the processing unit determines a type of the reference value and the another reference value based on a difference
between an index that represents a range of distribution of the element values included in the second group and
an index that represents a range of distribution of the element values included in the fourth group.

10. The information processing system according to claim 1, wherein the processing unit determines whether the target
for the correction is the first group, the second group, or both the first group and the second group on the basis of
the element values included in each of the plurality of matrices.

11. The information processing system according to claim 2, wherein the processing unit decreases a difference between
a reference value of a first type in the element values of the first group and another reference value of the first type
in the element values of the third group by the correction, and decreases a difference between a reference value
of a second type in the element values of the first group and another reference value of the second type in the
element values of the third group by another correction to add or subtract a second value to or from the first group
after the correction.

12. The information processing system according to claim 3, wherein the processing unit decreases a difference between
a reference value of a first type in the element values of the second group and another reference value of the first
type in the element values of the fourth group by the correction, and decreases a difference between a reference
value of a second type in the element values of the second group and another reference value of the second type
in the element values of the fourth group by another correction to add or subtract a third value to or from the second
group after the correction.

13. The information processing system according to claim 1, wherein

the energy function includes a term that represents a penalty value to be added for constraint violation, and
the processing unit acquires a solution that the search unit has obtained based on the energy function, outputs
information of another energy function with the increased penalty value to the search unit in a case where the
acquired solution violates a constraint, and outputs the solution as a solution for the quadratic assignment
problem in a case where the acquired solution does not violate the constraint.
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14. An information processing method that solves a quadratic assignment problem in which a first matrix and a second
matrix are used to calculate a cost value based on an energy function of an Ising model, the information processing
system comprising:

acquiring a plurality of matrices each obtained by a product of each of a plurality of element values of the first
matrix and the second matrix;
performing, for the plurality of matrices, correction to add or subtract a first value to or from at least one of a
first group of element values that corresponds to a first element value of the first matrix or a second group of
element values that corresponds to a second element value of the second matrix; and
searching for a ground state of the Ising model based on the information of the energy function obtained by
formulating the quadratic assignment problem based on the plurality of matrices after the correction.

15. A program in which a computer included in an information processing system that solves a quadratic assignment
problem in which a first matrix and a second matrix are used to calculate a cost value based on an energy function
of an Ising model performs processing of:

acquiring a plurality of matrices each obtained by a product of each of a plurality of element values of the first
matrix and the second matrix;
performing, for the plurality of matrices, correction to add or subtract a first value to or from at least one of a
first group of element values that corresponds to a first element value of the first matrix or a second group of
element values that corresponds to a second element value of the second matrix; and
outputting information of the energy function obtained by formulating the quadratic assignment problem based
on the plurality of matrices after the correction.
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