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ABSTRACT. The most important thing in the Spin Glass Theory is that it theoretically ex-
plains the phenomenon called the spin glass effect. The spin glass effect is a phenomenon
in which the optical properties of an object change when it is rotated, such as reflecting
or transmitting light. First, our focus was on the fact that Edwards-Anderson model can
be utilized to link the work time required by workers in each process to the time taken
over to the mext process in the production process. Ferromagnetic order is an order in
which spins align in the same direction, and magnetization is the order parameter that
defines it. We analyze the production density flowing through the production process in
relation to order variables. As a mathematical model, an advection-diffusion equation is
introduced. Therefore, we consider that ferromagnetic order corresponds to production
density. The average value for the free energy of Edwards-Anderson model corresponds
to considering the interaction between adjacent processes on a process-by-process basis.
Keywords: Spin Glass Theory, Spin glass order parameter, Free-energy Landscape,
Gaussian distribution, Production processes

1. Introduction. A motive that the present writers and the like started to promote such
kind of research during many years of experience of manufacturing operations of control
equipment for general industrial machines is as follows. In our previous studies, all angles
reported that schemes with superior rates of return were better synchronous processes than
asynchronous processes. As a major contribution, we have proposed measures to improve
the efficiency of production systems, backed by mathematical models of deterministic
which is the advection-type diffusion equation, and stochastic systems which is lognormal-
type stochastic differential equation [1, 2, 3, 4]. There are reports based on analytical
mechanics, arguments in Riemannian space and general relativity to demonstrate the
superiority of synchronous production processes [5, 6, 7, 8, 9]. The process that concretely
realizes the synchronous production system is called the production flow system. The
production flow system is presented with real data in all the papers we have proposed.
Also, the previous research applying fluid mechanics to the trial production of a new
concept vertical take-off and landing rotorcraft of flexible kite wing attached multicopter
is very interesting [11].
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In Spin Glass Theory, the spins of atomic and molecular particles are the focus. Spin
glasses are a group of materials that exhibit behavior different from that of normal magnets
due to the inhomogeneity of interactions caused by impurities in the alloy. In this case,
spin is thought to represent the natural behavior of particles [12, 13, 14]. In this case, we
consider the critical state due to phase transition when economic factors particles with
irregular interactions, which are assumed to have spin and impurities, are considered
using the Spin Glass Theory for complex systems such as those mentioned above. Here,
it is assumed that there is no translational symmetry in the field and that there are
many candidates for order in the potential. Here, translational symmetry means that it
is symmetric with respect to translational operation (parallel movement). For example,
from a capitalist perspective, it may contain socialist elements or self-sufficient elements
that are considered impurities. Similarly, it can be thought to have the same meaning as
containing capitalist free market elements that are considered impurities within socialism.

In our previous research, we proposed that the most effective way to improve produc-
tivity in production processes is to use a synchronous production process that minimizes
variability. We present this using the Spin Glass Theory to demonstrate the superiority
of the synchronous production process. Finally, based on real data, the superiority of
the synchronous production process utilizing the Spin Glass Theory is presented. Our
focus is on the irregular interactions of a spin-bearing particle ensemble in an impure
particle-mixed field.

Impurities can be thought of as elements that determine the unnatural characteristics
of particles. For example, from a capitalist perspective, elements of socialism or self-
sufficiency that may be seen as impurities may be included [12, 13, 14]. Similarly, it can be
thought that there may be elements of capitalism, such as a free market, within socialism
that may be seen as impurities. When considering phase transitions and critical states due
to spin glasses with irregular interactions, assuming that economic factor particles with
spins have impurities and are subject to complex systems as mentioned above, we assume
that there is no translational symmetry in the field and that there are many candidates
for order in the potential. Here, translational symmetry means that it is symmetric with
respect to translational operations (parallel movement).

The most important contribution made by Spin Glass Theory academically is the the-
oretical explanation of the phenomenon known as the spin glass effect. The spin glass
effect is the phenomenon in which the optical properties of an object change when it
is rotated, such as reflecting or transmitting light. In the theory of spin glasses, there
exists something called a state function. This state function is a function that represents
the state of the system and cannot be calculated. Trotter-Suzuki approximation is used
as an approximation. The Trotter-Suzuki approximation divides the state function and
calculates it.

The flow of the entire paper is as follows.

e Section 2 describes as follows. The outline of the Spin Glass Theory is described.
Five realistic assumptions are also made in utilizing Spin Glass Theory. These as-
sumptions are necessary to apply the theory to production processes.

e Section 3 is the formation of the order parameter and free energy for the application of
Spin Glass Theory to the production process. This will lead to the application of Spin
Glass Theory to production processes in the next section. Specifically, the Ising model
is introduced in order to make the target system more understandable. The spin-spin
interaction is specified by the exchange interaction called the RKKY (Ruderman-
Kittel-Kasuya-Yosida) interaction. This is the formulation on which RKKY bases
its application of Spin Glass Theory to the production process. We simulate the



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.20, NO.2, 2024 413

formulation of magnetic susceptibility, order parameters, and free energy landscapes.
Here we introduce the mean-field approximation. The mean-field approximation,
including order parameters and free energies, is used in the analysis.

e Section 4 describes that the order parameter and the entropy represent the numerical
analysis by using the Gaussian integral. Specifically, calculate order parameter and
entropy values based on the average and volatility values of the asynchronous pro-
duction system (Testrunl) and the synchronous production system (Testrun2). The
results show that the synchronous production system is superior to the asynchronous
production system in terms of production efficiency.

e Section 5 describes the production system in manufacturing equipment industry
studied in this paper. This is not a special system, but “Make-to-order system with
version control”. The production flow system is also a production system that we
have created based on the know-how we have accumulated over the years.

e Section 6 summarizes the whole paper and indicates the future research.

See Appendix B and Appendix C for an overview of the graphs and equations in the
manuscript except those in Appendix A.

2. Outline of the Spin Glass Theory. The outline of the Spin Glass Theory is a theory
that explains the behavior of magnetic materials that have randomness in their magnetic
properties. It is based on the concept of spin glass, which is a type of disordered magnetic
material. The theory describes the behavior of these materials in terms of their energy
states, and how they interact with each other. It also explains the effects of temperature
and external magnetic fields on the behavior of these materials.

Assumptions for utilizing Spin Glass Theory are as follows [12, 13, 14].

e There are sites that include “impurities” as one of the components of the relationship.

e The interaction between sites is irregular and follows a Gaussian distribution.

e The magnetization of ferromagnetic materials has a nonlinear characteristics to tem-
perature.

e The equilibrium state is equivalent to the ordered phase having Free-energy Land-
scape with respect to J;; as a variation of free energy.

e Replica method is a method of representing n spin glass order phases obtained as
Free-energy Landscape as one system by preparing replicas (copies) for each of them
and expressing the partition function as Z".

Based on the discussion up to this point, the particles in an economic field are connected
to each other and interact with each other. Therefore, we assume a system in which
these particles have “spins” and contain impurities, and these are distributed irregularly.
According to Bloch’s Impurity Principle, impurities present in a ferromagnetic material
can alter its magnetic properties. According to Hogeeson, in complex systems, due to the
high diversity, it is impossible to manage with only pure particles [15].

Figure 1 shows the model diagram representing the binding and spin of each particle,
which can be discussed using the Spin Glass Theory. The circles of ¢, j represent economic
factor particles with spin. There is an irregular mutual interaction between ¢ and j. Figure
2 shows that randomly oriented spins cause antiferromagnetic interactions. The black
dots indicate impurities. We consider this using the Spin Glass Theory. It is thought that
spin represents the natural characteristics of the particle’s behavior. Therefore, here we
consider the interaction of spins in a field with impurities in the particles, which reflects
the probabilistic and irregular nature of the particle’s behavior. At this time, impurities
are considered to be those that determine the unnatural characteristics of particles. For
example, from a capitalist perspective, it may contain socialist elements or self-sufficient
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FIGURE 1. State of spin coordination FIGURE 2. Spin table

elements that are considered impurities. Similarly, it can be thought to have the same
meaning as containing capitalist free market elements that may be considered impurities
within socialism.

Assuming that there are economic factor particles with irregular interactions that have
spins and impurities are present, using the Spin Glass Theory, we consider the critical state
due to phase transition in complex systems such as those mentioned above. However, it is
known that there is no translational symmetry in the field and there are many candidates
for order in the potential. “Parallel symmetry” means that it is symmetrical with respect
to parallel operations.

Figure 3 is an example of a spin configuration in a ferromagnetic material. Therefore,
in Section 3, we consider the density (physical quantity) averaged at each site (magnetic
field point) in the Ising model. Figure 4 shows a Free-energy Landscape. The m!, m?
and m” indicate multiple ordered states, where the vertical axis is the free energy and
the horizontal axis is the reaction coordinate [12, 13, 14].

3. Ising Model.

3.1. Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. Consider the Ising
spin model in which spins with positive or negative directions are placed on a 3D cu-
bic lattice. The microscopic state of the system consisting of N spins can be specified
by the set S = (51,5, ...,Sn), where the Ising variable S; = +1 represents the sign of
the orientation of the lattice point 7. In a system where spins are distributed irregular-
ly, the spin-spin interaction J;; takes different values depending on the distance between
spins. The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is a type of exchange
interaction obtained as a spin-spin interaction [12, 13, 14].

Ty~ — (1)

where, the distance between site 7 and site j is represented by 7;;, and kr is the Fermi wave
number. J;; is assumed to have a Gaussian distribution, yielding the following equation.
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This type of spin model is called the Edwards-Anderson model. The probability distri-
bution at this point is the Gaussian distribution as follows. Equation (1) can be used to
link the time required by the workers in each process of the production process with the
time for transferring the work to the next process. Therefore, Equation (1) is an impor-
tant relation for the application of production process analysis. The RKKY interaction
is a relatively long-range interaction that is inversely proportional to the cube of the dis-
tance, but without taking account of such effects, only the nearest-neighbor interaction is
considered. Hamiltonian H of this status is

H=-Y J;SiS; (2)

{id}
where S refers to atoms or molecules, and currently 1,2,..., N of them are assumed.
S = (51, 52,...,SyN) represents the microscopic state of the entire system consisting of N

spins [12, 13, 14].

The model in which J;; takes irregular values is called the Edwards-Anderson model.
It is common to take J;; to be a Gaussian distribution with a probability of positive and
negative values +.J. By making use of the statistical nature of the Hamiltonian, we consid-
ered calculating thermodynamic functions. Many thermodynamic functions are expressed
as an average density with respect to sites. This approach is also used in production pro-
cesses.

1 N
=N;fi (3)

where f; is the function of an N-element system, related to each element of the system.
f is the average of f; [12, 13, 14].
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Since J;; takes different values depending on the site, the mean for the site can be
considered as the mean for an irregular variable [12, 13, 14]. By utilizing the statistical
nature of the Hamiltonian, the thermodynamic functions are calculating the average den-
sity quantity with respect to the sites, that is,

f= [fi]av <4>
where [f;].o represents the average of f;.

Figure 3 represents frustration in an irregular system such as an antiferromagnetic
lattice. The arrows on the lattice points represent the direction of the spins (£1), and
Ji; represents the sign of the interaction. The right side of Equation (4) represents an
average operation related to random numbers. This equation is called the self-averaging
property. By considering [f]., instead of f, theoretical analysis becomes possible. This
average operation is an important concept to be utilized when evaluating the efficiency
of a production process.

Strong magnetic order is an order in which spins align in the same direction, and mag-
netization is the order parameter that characterizes it. We are analyzing the production
density flowing through the production process by corresponding it to the order parame-
ter. As a mathematical model, we introduce the convection-diffusion equation. Therefore,
we are considering that the ferromagnetic order corresponds to the production density.
Table 1 shows a part of the data for Testrunl in the production flow system. “S17-“S6”
are the working processes. “K17-“K9” are the workers. “WS” is the standard working
time (min) for each process “S17-“S6”, and “Total” is the total working time of “WS”
and “S17-“S6”. S; and S; correspond to S1-S6, and they are adjacent processes. WS is
data obtained mainly as a result of accumulated experience over the course of many years
in the production business. It corresponds to the order of the production process and is
a variable that leads to the evaluation of work efficiency. The distance between sites r;;
is proportional to the waiting time 7;;, where v;; is the speed of movement between sites
and 7;; is the waiting time. Therefore, 7;; o< 7;;. The waiting time corresponds to the
idle-time given in Appendix A.

TABLE 1. Testrunl

WS | S1|S2|S3 |54 S5 | 56
K1 | 15 |20 | 20 | 25 | 20 | 20 | 20
K2 |20 22|21 22|21 |19 20
K3 | 10 | 20 | 26 | 25 | 22 | 22 | 26
K4 | 20 | 17 | 15 | 19 | 18 | 16 | 18
Kb | 15 | 15 | 20 | 18 | 16 | 15 | 15
K6 | 15 | 15 | 16 | 15 | 15 | 15 | 15
K7 | 15 120 | 20 | 30 | 20 | 21 | 20
K8 |20 (29|33 |30 |29 |32 33
K9 | 156 |14 | 14 | 15 | 14 | 14 | 14

Total | 145 | 172 | 184 | 199 | 175 | 174 | 181

The physical quantity of spin magnetization per spin m is calculated as the average
value of this probability in thermal equilibrium. In the Ising model, the order parameter
is related to the magnetization m [12, 13].

Definition 3.1. Magnetization density

m= 080 = () (5)

2
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where m is the magnetization density. If the system is uniform, it shows that the magne-
tization value does not change regardless of where it is.

If the magnetization is defined as in Equation (5), the magnetization will be averaged
to zero, making it indistinguishable from the paramagnetic state. Therefore, by taking
the square mean of the right side of Equation (5), the magnetization will not be zero
(12, 13].

av

N
1
a=~ > (507 = [(5?] (6)
where ¢ is the spin glass order parameter.

3.2. Magnetization rate. The Spin Glass Theory is the theoretical elucidation of the
irregularity of magnetization. The free energy of a ferromagnet is determined by the mag-
netic interactions. Therefore, the free energy of a ferromagnet increases as the magnetic
interactions become stronger. We concluded that the measurement of the magnetization
rate can be applied to the analysis of the production process.

The magnetization of the Ising model is given by the following equation [12, 13].

N | N
xzﬁz(l—w):5(1—NZ<SZ->2>=5<1—q> (7)
i=1 i=1
where x is the magnetization rate. [ is the parameter to determine whether the system
is in thermodynamic equilibrium.

Since the spin glass order parameter ¢ is between 0 and 1, the magnetization does not
diverge. The reason why the magnetization does not diverge is because the direction of the
magnetic field and the direction of the spin are not aligned. Magnetization is a measure
of the ease of response of spins to an applied magnetic field. While the field is assumed
to be in a constant direction, the order arising from the resulting interactions is different.

Nonlinear magnetization is the magnetization of a material when the local magnetiza-
tion is finite. It is also known as the spin-glass magnetization [12, 13, 14].

B
Xsa = N Z <SZSj> (8>
i,7=1
where Y s is the spin-glass susceptibility.
The spin glass order phase of spin glasses is in a state where spin inversion symmetry is
broken. Therefore, there exists a small magnetic field coordination that breaks it. Here,
the local magnetization is

m; =Y Pami (9)

Figure 5 shows the local magnetization situation. m{ and mf are the replica local mag-
netizations, P, is the probability of taking the local magnetization o, and Pgs is the
probability of taking the local magnetization 8. Figure 6 shows the change in the magne-
tization x at the transition point 7T,.. The spin glass order parameter corresponds to the
transition point at 7. Furthermore, for the analysis of the production process, the finite
region from T, to T} is limited [12, 13]. Therefore, the spin glass order parameter ¢ is

N

1
q:NZ

i=1

> Pa%m?mf] (10)

a?/B

av
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3.3. Order parameter and Free-energy Landscape of free energy. In production
processes, the same state occurs. The production density varies depending on the process
as the production flows. However, the average working time is adopted as a corresponding
element of the production density. In the Ising model of strong magnetism, there were
only two pure states, but in the case of the spin glass, there are an infinite number of states
in which the spins are randomly frozen. This makes a big difference in the thermodynamic
properties of the system. If there are an infinite number of pure states, it is appropriate
to process them statistically. A pure state refers to a state in which the magnetic state is
completely fixed in Spin Glass Theory. In production processes, the working time is not
necessarily fixed and irregular. It is viewed as a thermodynamically similar phenomenon.
Therefore, the following distribution function is introduced [13, 14].

¢ww:bjm%5e—%§)Wmﬁ] (11)
a,f i=1

av

The order parameter for a spin glass is represented by the mean, so the following
equation is obtained [13, 14].

= [P = 3 3 [SPpio] 12

i=1 Lap av

Taking the average over J;; eliminates the site dependence, and it agrees with Equation
(7).

Given the J;j, it is almost impossible to calculate the distribution function and the
free energy due to the irregular values of the spin-spin interaction J;;. Therefore, we self-
adjust by taking the average of each, that is, the self-averaging of the free energy density.
Considering the average of .J;; with respect to the production process corresponds to
considering the interaction between adjacent processes at the process level [13, 14]. The
average free energy is

vm:—§#mmw (13)
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The average free energy Z can be calculated by using the following relation to make it
easier to handle analytically [13, 14]:
2

Z":e"mZ:l—l—nan—i—%(an)—l—--- (14)
Then,
" —1
InZ = lim (15)
n—0 n

The mean free energy can be obtained by calculating the average of the nth power of the
partition function, where n is a natural number [13, 14]. Therefore,

[Zn]av _ [Tre—ﬁ So_ H(SY) (16)
where n is a natural number. The distribution function of the Hamiltonian can be obtained
by the replica method. The replica method is a way of determining the state of each part
of the system in order to determine the state of the entire system.

3.4. Mean-field approximation. Rewrite Equation (16) using the replica method and
mean-field approximation to calculate the mean of Z".

(2", = |Trexp | B Ty > S80Sy , B= 1 (17)
where the Boltzmann constant kg and the temperature T' are given. The J;; is assumed
to be a Gaussian distribution, so the average of .J;; is [Jij]a0 = 0, [ij}av = J2.

By performing the mean operation on Equation (17), i.e., setting the volatility of the
Gaussian distribution to J?, and due to the interaction between replicas generated by the
mean operation, we obtain the following equation:

[Z"],, = Trexp 62 S > (zn: S“S“) (18)

(ij) \a=1

We assume independence for the site regarding the spin-pairing distribution function
[13, 14]. When a # b,

Assumption 3.1.
5887 = qa + 0 (S757) (19)
where qqp 1S the Free-energy Landscape order parameter.
The second term on the right side represents the deviation from the mean . If the

second order term is ignored with respect to the deviation, the following equation is
obtained. Refer to the reference for the transformation of the equation [13, 14].

Nnj3%J?

Z"),, = Trexp | 827 Z > SISIS)S) + —

a,b=1(a>b) (ij)
Nnzf3%J?

~ Trexp{ g?J? Z Z [qzb + 2qab(Sfo’ — qab)} + 1

a,b=1(a>b) (ij)

n

n N
Nz Nnz 2J2
= Trexp —752J2 Z ng + ZB2J2 Z ZQabeS? + 5 (20>

4
a,b=1 a,b=1(a>b) i=1
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where, a > b and N represents the number of atoms that make up the bonds in the
molecule, and z represents the coordination number of the atoms. ¢, is the canonical
average of the mean-field effective Hamiltonian between a and b [13, 14].

N

1
Gob = 57 D_(SI50) (21)

i=1
where ¢, is the order parameter of Free-energy Landscape. <~>eﬁ is the canonical average
of the mean-field effective Hamiltonian.

Equation (20) represents the mean value of the system’s overall state, which is described
by the mean-field effective Hamiltonian.

3.5. Replica-symmetry. In the Spin Glass Theory, the index dependence of the self-
consistent variable ¢, is assumed to be the same for all replicas, and the solution is
a replica-symmetric ¢, = q. By verifying the replica-symmetric solutions, the range of
application of the Spin Glass Theory to the production process can be clearly defined.
The self-consistent variable equation is written as follows with g, = ¢ [13, 14]:

L3 TeseShexp (B2 0 SO, 557
Trexp (820220 Y0, T, 505¢)

272 2
TrSS° exp [W (szzl SC) }
= A ¢>d (22)
Tr exp {% (ZZd:1 SC) }

Equation (22) is not obvious since there are n types of spins. Let us use an auxiliary
variable u to solve this problem by using Gauss integral [13, 14].

[ DuTrS*S exp (8] /Zqu Y., 5°)
1= [ DuTrexp (8J\/zquy_._, 5°)

/Du(---):/::%e_%(---) (24)

Take the spin sum in Equation (23), and take n — 0 [13, 14].
[ Du (66J\/ﬁu _ 6—5Jmu)2 (6ﬁJ\/mu + e—ﬁJ\/au)(n—%
7= [ Du (e#/VZan 4 e=B7vzau)"

(23)

where,

— /Du (65J\/ﬁu . 6—ﬁJ\/ﬁu)2 (eﬁJ\/ﬁu + e_ﬁj\/ﬁu)—2

o0 u2
(n — 0  denominator : /Du = / e zdu=1— denominator = 1)

eBJ\/ﬁu o e—BJ\/ﬁu 2
n — 0 numerator : /Du (eﬁJ\/ﬁu T e—BJMU)
, oBIVEI _ p—BJ\/Zqu
— /Dutanh (BJ+\/zqu) , <65J\/ﬁ“+e—ﬁ=7\/mu :tanhﬂJw/zqu)

Equation (25) is the Free-energy Landscape equation for the spin glass order parameter.
Equation (25) always has the solution of ¢ = 0. This represents a normal magnetic state.

(25)
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Figure 7 shows a numerical solution of the Free-energy Landscape equation. Expand the
right-hand side of Equation (25).

¢ = (BIVZ) q—2(BIVz)" ¢+
(7 [ ()

q

FIGURE 7. Relationship between ¢ and 7T'/T.

The next transfer temperature 7, is obtained.

T, = Jyz (27)

At temperatures below the critical temperature T,, the order parameter ¢ is finite. As
the temperature is lowered, ¢ increases and reaches 1 at T' = 0. To gain insight into the

behavior near absolute zero, the self-consistent variable equation is transformed as follows
(13, 14]:

T [ dx P [2T2 }
cosh? (22/qu) T. J_o /27 cosh® (Va )
In the second equation of Equation (28), a variable conversion of u = i Lz is performed.
It can be seen that T"= 0 will be ¢ = 1. Calculate the integral to examine the correction
section. Perform integration on Equation (28).

o dx T\/?
~1— Y 29
/ \/27r coshx T.V (29)

where ¢ is the order parameter.

By assuming the replica symmetry solution, the existence of spin glass phase transition
was indicated. It is necessary to consider an appropriate region for its application to the
production process. Equation (29) is illustrated in Figure 7.

The next thing to verify is that the obtained solution has a non-negative entropy,
assuming the replica-symmetric solution in Equation (17) [13, 14].

. 2 72 N n 2 2 72
Z"] = Trexp _Nn(n 1)52J2zq2+ﬁ J ZQZ <ZSS) B NnB*J?zq

4 2 i=1 a=1 2
Nnp%J?z
+
Nnp2J%z ) ) L
= exp T[(l—q) —ng*] + N InTre (30)



422 K. SHIRAI, Y. AMANO, A. ANDO AND T. UDA

The last term of Equation (30) was set as follows:

2
22 -

Trel = Trexp P 5 q <ZS“> (31)
a=1

Proceed in the same way as when taking the spin sum for Equation (25). Then, n — 0,
Tret = /DuTr exp (@A/EUZ S“)
a=1
= /Du (eﬁ‘]\/ﬁ“ + e‘ﬁ‘]m“)n

~1+n / Duln (eP/VZIn 4 e=F7vzm) (32)

Substitute Equation (32) into the expression of the distribution function Equation (13)
to calculate the free energy [13, 14].

[f]av _ _ﬁ{fz(l B q)2 _ %/Du In (eﬁJ\/ﬁu + e—BJ\/ﬁu) (33)
Therefore, the entropy is
2
Sk = 555 o
— _Bzf (1—q)— /Duﬂ]@utanb(ﬂ]\/ﬁu)
+ /Du In (e/VZ0" 4 e~ FIvEaY) (34)

Further, the second term on the right side of Equation (34) can be manipulated as follows

13, 14]:
[ Dunit) = - [ st = [ Dok s .

We obtain as follows [13, 14]:

ﬁ2j2
[S]aw = — 1 (1—q)2=B21%Zq(1 - q) + / Duln (66J\/Z_qu n 6—BJ\/Z_qu)
2 2Z
=L ;]1 (1 —q)(1+3q) + /Du In (eﬁJ\/Tqu 4 e—ﬁJVTqu> (36)

The last term of Equation (36) can be ignored when 7' is small. The main contribution
is from the first term of Equation (36). The first term on the right-hand side of Equation
(36) is

T? T, |2

[S]cw ~ 4T2(1 - Q)(l + BQ) ~ _T ; (37>

Substitute the order parameter ¢ of Equation (29) to Equation (37) and Equation (37) is
obtained by ignoring the constant below zero.

Entropy has a negative value at low temperatures and diverges to zero as T' — 0. In
production processes, this would lead to a state of production stoppage.

T. |2
—?\/j + / Duln (eﬁJ\/Z_q“ + 6_5‘]\/2_"“) >0 (38)
T
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When the integral term is sufficiently small, [S] < 0. Further analyze the second term of
Equation (36) [13, 14].

r(u) ~ /Du In (" +e™™), k=pJyzq (39)

For entropy to be non-negative, the following equation must be satisfied.

T. /2 2
—\/j<r—>Tc<r\/iT, T.=J\z (40)
TV T

4. Application of Spin Glass Theory to Production Fields.

4.1. Numerical analysis of the order parameter and the Gaussian integral.
When the order parameter ¢ is n — 0, it becomes Equation (25). On the other hand, the
entropy [S]a, becomes the left side of Equation (38). Represent the above equation again
as follows:

qg= / Dutanh®(ku), k= 3J\/zq (41)

[S]aw = —%\/g+/pu In(e"+e™), k=pBJ\zq (42)

In Figure 8, each number represents the following function. Also, in Figure 9, as the
volatility o decreases, the order parameter ¢ increases, indicating that the system ap-
proaches a strong ferromagnetic phase. In other words, it shows that there is a large
effective energy present.

:wl—wae‘%(“%)z, @=F(u-u), @=tah’hu, @=hu+tm  (43)

where, when calculating the order parameter ¢, k = 1, m = 0.5; when calculating the
entropy [S]aw, k% = 0.1.

@ q
@ ~
4o (small)
®
—®
| do(large)
N .
T
0 |
Oa ﬂ Ta(small) To’(la'r‘ge)
FiGURE 8. A function in a FI1GURE 9. Relationship be-
finite domain tween temparature and order
parameters

Approximate Equation (41) and Equation (42) in the following way.
tanh?(ku) =~ ku +m (44)
/Du In (e + ™) ~ k*u? (45)
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We do not think it is possible to approximate the function tanh?(ku) by a linear approx-
imation, but we judged it to be good for understanding the trend. Therefore,

B 1(u)?
q= / \/21_ e2(3) . (ku 4+ m)du (46)
o o
mae_ﬁ(%) - (K2u?) (47)
At this time, [S],, is as follows:
1. |2
Slow = () — 22/ (a9

From Table 2 and Figure 9, it can be seen that when o — small, ¢ — large. Therefore,
when ¢ — large, T./T — large, which indicates that there is a large effective energy when
o is small, i.e., at low temperatures. However, from Table 2, we can read the numerical
trends, although the [S],, value of u = 0.1, 0 = 0.05 (56.277) is larger than that of u = 0.4,
o = 0.05 (55.086) due to the error of approximation. Table 2 shows the values in the range
from 0 to 3, which is a positive value close to 0. It indicates the values of the right half of
the integral value. The smaller the o, the closer it is to the ferromagnetic phase, which is
equivalent to the irregularity of the spin interaction being small and the spins being in the
same direction. If fitted into the production process, ¢ — large corresponds to Testrunl,
and o — small corresponds to Testrun2. Figure 10 shows that if the volatility ¢ > 0.4,
there is an unsatisfactory part. As k? increases, r(u) will naturally become larger. r(u)
is less than 400 and is a positive finite value. Figure 11 shows the variation of f(u) and
g(u) with the change of o and k2.

Flu) = ——e ) g(u) = k22 (49)

TABLE 2. Compare Testrunl with Testrun2

<Testrunl>, 0 = 0.27 | <Testrun2>, o = 0.05
p q [S]aw q [
0.8 | 25.073 53.731 23.6 58.807
0.4 | 27.119 49.082 27.8 55.086
0.1 | 8.898 47.182 9.7 56.277

As shown in Figure 12, S; and S; represent the spin states, and J;; is the interaction
between S; and \S;, which is only between adjacent spins. The working time data is shown
in Table 6 (Testrunl) or Table 8 (Testrun2) in Appendlx A.

) > —\/7:>T \/jr( )T (50)

Apply the values in Table 3. Then,

1. |2 2
T(].Og > @\/; = OOO5TC\/;
2 2

= 0.0097,

. 51
107 (51)
This means that the higher the temperature, the higher the energy. Therefore, Tpo3 >
To.02. Compared to o = 0.23, 0 = 0.02 has a larger effective energy for the same T,.. From
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Figure 13, the magnitude of magnetization is ¢gg2 > qo.23, and the strength of the magnet
pole is stronger for ¢ = 0.02 than for 0 = 0.23. The strength of the magnet pole can be
thought of as the strength of the economic field (production field).

12
3.3

r(u)

Larger

ol B
i E 0! !
e -
failure | @ B
FIGURE 10. Value of r(u) FIGURE 11. Value of f(u), g(u)
q
Process worker
g Ji; do.o2
s | G
:E: qdo.23
res Tc
S T
1
0 T0.02 To.23
F1GURE 12. Classification by type FIGURE 13. Strength of
magnetization

TABLE 3. Spin glass phase

oc=002k*=1]r
c=023k*=1]|r(u)=

4.2. Assumption of a limited domain.

¢ = / Du [tanh2 (ﬁJJ?quﬂ

[s]avz—%\/g " / Du [ln (" + e=*v)] | / Dufe] = / ’ — ),
k=BJ\Zq (52)

Now, Maclaurin expansion of tanh x is as follows:

1 1
tanhz = x — gxg +0 () mx— gzz?’ (53)
In the first-order approximation of tanh x, it is expressed as tanh x ~ kx + m, and in the

third-order approximation, it is expressed as tanhx ~ k (:)3 — %:53)



426 K. SHIRAI, Y. AMANO, A. ANDO AND T. UDA

In Figure 8, ¢ : g(u) = 2u + 0.2 is an appropriate approximation for the left half area

of the @ function, and r(u) > %, where T, and T are constants. That is, T" > T(T;) \/g,

[S]aw > 0 and r(u) — %\ﬁ > 0.

From the above calculation, it can be seen that when o is small, ¢ becomes larger.
Therefore, when ¢ is larger, T//T, becomes larger, which means that in a system with a
small o, there is a large effective energy due to the temperature. As mentioned above, the
smaller the o, the closer the phase is to the ferromagnetic phase, which means that the
irregularity of the spin interaction is small and the spins are assumed to be in the same
direction.

Regarding the integral fab g(x)f(x)dx, if f(z) is the probability density function of a
normal distribution and g(x) is a first or second order equation in x, especially in the case
of a first order equation, let the integral value be denoted as G(x), such as Figure 14.

G(z) = (pu+ d)® (%) — (pp+d)® (%)

—rafe () -0 (221)) (54)

Let k = L/U, and when the calculation is performed, if £ < 1, then pu < 1, which
gives the figure in the text and the calculated value. However, this is only the case when
i > 0 and p < 1, which is the case for the ferromagnetic phase [16]. Figure 15 shows
the transition with respect to the variable u of the order parameter ¢ as an example. The
setting parameters are o = 0.27, i = 0.8 in Table 2. Figure 16 shows the transition with
respect to a certain range of variation of the entropy S,, as an example. The setting
parameters are 0 = 0.27, 4 = 0.8 in Table 2. Table 4 is a correspondence table between
the strength of magnetism in Spin Glass Theory and the synchronism of production flow
systems.

G(x)

f(=)
g(z) =pz +d

1 N
0 L |2 U xr

FIGURE 14. Function in a finite domain

5. Production Business of a Small-to-Midsize Firm.

5.1. Production systems in the production equipment industry. We refer to the
production system in manufacturing equipment industry studied in this paper. This is not
a special system, but “Make-to-order system with version control”. Make-to-order system
is a system which allows necessary manufacturing after taking orders from clients, resulting
in “volatility” according to its delivery date and lead time. In addition, “volatility” occurs
in lead time depending on the contents of make-to-order products (production equipment).
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TABLE 4. Correspondence between Spin Glass Theory and production method

Spin Glass Theory Production method
Ferromagnetic material | Synchronous production method
Weakly magnetic body | Asynchronous production method

However, effective utilization of the production forecast information on the orders may
suppress certain amount of “variation”, but the complete suppression of variation will be
difficult. In other words, “volatility” in monthly cash flow occurs and of course influences
a rate of return in these companies. Production management system, suitable for the
separate make-to-order system which is managed by numbers assigned to each product
upon order, is called as “product number management system” and is widely used. All
productions are controlled with numbered products and instructions are given for each
numbered product.

Thus, ordering design, logistics and suppliers are conducted for each manufacturer’s
serial numbers in most cases except for semifinished products (unit incorporated into the
final product) and strategic stocks. Therefore, careful management of the lead time or
production date may not suppress “volatility” in manufacturing (production). The com-
pany in this study is the “supplier” in Figure 17 and “factory” here. In Figure 17(A),
the “Customer side” refers to an ordering company and “Supplier (D)” means the target
company in this paper. The product manufacturer, which is the source of the ordered
production equipment presents an order that takes account of the market price. In Figure
17(B), the market development department at the customer’s factory receives the order
through the sale contract based on the predetermined strategy. This is the data actu-
ally measured by Customer and Manufacturer (to be researched) shown in Figure 17. It
presents the production process data that received an order for a particular customer out
of several existing customers. The client is a major semiconductor manufacturer. We
have a long history of producing equipment.

5.2. Production flow system. A manufacturing process that is termed as a production
flow process is shown in Figure 18. The production flow process, which manufactures low
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volumes of a wide variety of products, is produced through several stages in the production
process. In Figure 18, the processes consist of six stages. The adjacent processes S; and
S; in the production flow system correspond to the spin-spin glass order J;; in Equation
(1). r;; in Equation (1) is the adjacent working interval when moving from adjacent
process S; to S;. In each step S1-S6 of the manufacturing process, materials are being
produced by one worker of each step S1 through S6. S1-S6, which are given by Tables
6 and 8 in Appendix A, correspond to the process in Figure 18. The throughput will
vary greatly depending on the proficiency level of the worker (Testrunl and Testrun2
in Appendix A). Testrunl and Testrun2 are an asynchronous process and a synchronous
process, respectively. The direction of the arrow represents the direction of the production
flow. In this system, production materials are supplied from the inlet and the end product
will be shipped from the outlet.

Assumption 5.1. The production structure is nonlinear.

Assumption 5.2. The production structure is a closed structure; that is, the production
is driven by a cyclic system (production flow system,).

e Reasonability of Assumption 5.1. Assumption 5.1 indicates that the determination of
the production structure is considered a major factor, which includes the generation
value of production or the rate of return generation structure in a stochastic manu-
facturing process (hereafter called the manufacturing field). Because such a structure
is at least dependent on the demand, it is considered to have a nonlinear structure.
Because the value of such a product depends on the rate of return, its production
structure is nonlinear. Therefore, Assumption 5.1 reflects the realistic production
structure and is somewhat valid.

e Reasonability of Assumption 5.2. Assumption 5.2 is completed in each step and
flows from the next step until stage S6 is completed. Assumption 5.2 is reasonable
because new production starts from S1. A more detailed analysis, please refer to our
Appendix A.
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6. Conclusion. In the Spin Glass Theory, the irregularity of spins is assumed to be
small and the spins at each site are assumed to be in the same direction, which means
approaching the ferromagnetic phase. This ferromagnetic phase is represented by the effi-
cient synchronous production method, Testrun2. Specifically, by calculating the spin glass
order parameter and entropy in Spin Glass Theory, it was concluded that the synchro-
nous production system is the best production system in the production flow systems.
For future research, we are considering the relationship between phase transitions in spin
glass space and phase transitions in production systems.
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Appendix A: Analysis of Actual Data in the Production Flow System. For
many years, we have been involved in the manufacture of a certain major semiconductor
manufacturing equipment in Kyoto. Fortunately, we have been able to create our cur-
rent production process by continuing to manufacture advanced equipment. We have also
manufactured optimal temperature control equipment for plastic greenhouses.

Regarding with Testrunl (Table 6) and Testrun2 (Table 8), the production process
starts at S1 and ends at S6, as shown in Figure 18. This process is repeated to complete
the production unit, where K1 to K9 represent the workers involved in the production.
The data in Table 6 and Table 8, except for WS, represent the work time (min) involved
in the manufacture of a particular device.

Based on the control equipment, the product can be manufactured in one cycle. The
rate of return required to maintain 6 pieces of equipment/day is as follows.

e (Testrunl): Because the throughput of each process (S1-S6) is asynchronous, the
overall process throughput is asynchronous. In Table 5, we list the manufacturing
time (min) of each process. In Table 7, we list the volatility in each process performed
by the workers. Finally, Table 6 lists the target times. The theoretical throughput is
obtained as 3 x 19942 x 15 = 627 (min). In addition, the total working time in stage
S3 is 199 (min), which causes a bottleneck. In Figure 19, we plot the measurement
data listed in Table 6, which represents the total working time of each worker (K1-
K9). In Figure 20, we plot the data contained in Table 6, which represents the
volatility of the working times.

TABLE 5. Correspondence between the table labels and the Testrun number

nrgffﬁir Production process W&ﬁéng Volatility
Testrunl| Table 6 Asynchronous process 627 (min) | 0.29
Testrun2| Table 8 Synchronous process 500 (min) | 0.06
Testrun3|| Table 10 [“Synchronization with preprocess” method} [400 (min)] 0.03

TABLE 6. Testrunl TABLE 7. Volatility of Table 6
WS|S1|S2|S3|54|S5|56 S11S21S3|S4|S5]S6
K1 [15/20]20|25]20]20]20 K1|1.67|1.67|3.33|1.67|1.67|1.67
K2 120(22|21]22]21{19|20 K2|2.33| 2 (2.33] 2 |1.33|1.67
K3 |10 ]20]26|25|22]|22|26 K3|1.67|3.67|3.33|2.33|2.33|3.67
K4 120171519 |18 |16 | 18 K4]0.67) 0 |1.33] 1 ]0.33| 1
K5 [ 1515120 |18 |16 | 15|15 K5/ 0 [1.67] 1 [0.33] 0 | O
K6 [ 15 15|15 |15 | 15| 15|15 K6l olo]o]lOoO]O]oO
K7 [ 15120120 |30]20]|21]20 K7/1.67|1.67| 5 |1.67| 2 |1.67
K8 |20129]33]30|29]|32|33 K8|4.67| 6 | 5 |4.67|5.67| 6
K9 |15 14|14 |15 |14 |14 | 14 K9|0.33|0.33| 0 {0.33]0.33]0.33
Total|145]172|184|199|175(174|181




INT. J. INNOV. COMPUT. INF. CONTROL, VOL.20, NO.2, 2024 431

Production Flow System 9
205 ’ 1
£ 200 7
\% 195 /\ © 6 /\
E 190 / \ L: / \
= / ©
o Y S z [\
S 180 7 \ - =
g 175 4 — ‘;c“) 3 N / \
5 170
E 2 \\/ \/\\
160
155 : : : : : 1 ‘ ‘ ‘ ‘ ‘\-
S1 S2 S3 S4 S5 S6 0

S1

S2

S3

sa

S5

S6

Manufacturing stage name Manufacturing stage name

FIGURE 19. Total work time for
each stage (S1-S6) in Table 6

Ficure 20. Volatility data for
each stage (S1-S6) in Table 6

e (Testrun2): Set to synchronously process the throughput. The target time listed in
Table 8 is 500 (min), and the theoretical throughput (not including the synchroniza-
tion idle time) is 400 (min). Table 9 presents the volatility of each working process
(S1-S6) for each worker (K1-K9).

TABLE 8. Testrun2

TABLE 9. Volatility of Table 8

WS| S1 |52 (S3|S4|S5|56 S1 | S2 | S3 |S4| SH |S6
K1 |20 (2024|2020 20|20 K1 0 (1.33] 0 |O| O |O
K2 120 (202020202220 K2 0| 0| 0 [0]0.67|0
K3 |20 20]20|20|20]20]20 K3 0| 0| 0|0] 010
K4 120 25]25(20 (202020 K4(1.67{1.67 0 {0]| O |O
K5 120 (20]20 2020|2020 K5 0| 0| 0|0] 01O
K6 |20 (202020202020 K6 0| 0| 00| 01O
K7 120 120]20|2020]20]20 K710 000|010
K8 | 20|27 |27 |22{23]20]|20 K8|2.33|2.33|0.67{ 1| 0 |0
K9 |20 (202020202020 K9 0o | 0| 0|0] 01O
Total|180{192]196|182{183|182|180

o (Testrun3): Introduce a preprocess stage. The process throughput is performed syn-

chronously with the reclassification of the process. As shown in Table 10, the theo-
retical throughput (not including the synchronization idle time) is 400 (min). Table
11 presents the volatility of each working process (S1-S6) for each worker (K1-K9).
On the basis of these results, the idle time must be set to 100 (min). Moreover, the
theoretical target throughput (7,") can be obtained using the “Synchronization with
preprocess” method. This goal is as follows:

T ~ 20 x 6 (First cycle) + 17 x 6 (Second cycle)
+20 x 6 (Third cycle) + 20 (Previous process) + 8 (Idle-time)
~ 370 (min) (55)
The full synchronous throughput in one stage (20 min) is

T, = 3 x 120 + 40 = 400 (min) (56)
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This real data (Testrun3) is an example of manufacturing one product in three cycles:
First cycle is 20 x 6 (min), Second cycle is 17 x 6 (min), and Third cycle is 20 x 6
(min). Previous process means a process that can be processed in advance before
being put into the production flow process. Idle-time is the waiting time of 8 (min)
for the process that occurred throughout the three cycles. The total is 370 (min).
This total work time is 10% more efficient than Testrun2 (400 min).

TABLE 10. Total manufactur- TABLE 11. Volatility of Table
ing time at each stage for each 10, K5(*): Preprocess
worker, K5(*): Preprocess

S1 | S2 |83 |54 |8S5|S6
WS| S1 |52 (S3|S5S4|S5|56 K1/0.67/0.33|0.67|0.67{0.67|0.67
K1 |20 (1819|1818 18|18 K2]0.67(0.67|0.67]0.67|0.67(0.67
K2 1201818 |18 |18 |18 |18 K3|0.33(0.33{0.33|0.33{0.33|0.33
K3 1202121212121 |21 K4, 1 (167|167 1 | 1 | 1
K4 |16 (1311|1113 13|13 K| * | * | * | * | * | *
Kb [ 16 | * | * | * | * | *]* K6(0.67/0.67|0.67|0.67{0.67|0.67
K6 |16 |18 |18 |18 |18 | 18|18 K70.67(0.67| 1 [0.67{0.67| 1
K7 |16 (14 |14 |13 |14 | 14| 13 K8]0.67(0.67|0.67]0.67|0.67(0.67
K8 |20 (222222222222 K9y 0| 0]0]0]0]O0
K9 |20]20(20|20|2020]20
Total|148|144(143|141|144|144|143

Using the “Synchronization with preprocess” method, the throughput is reduced
by approximately 10%. Therefore, we showed that our proposed “Synchronization
with preprocess” method is realistic and can be applied in production flow systems.
Below, we represent for a description of the “Synchronization with preprocess”.

Next, we manufactured one piece of equipment in three cycles. To maintain a
throughput of six units/day, the production throughput must be as follows:

(60x8-28) X ! ~ 25 (min) (57)
3 6
where the throughput of the preprocess is set to 20 (min). In Equation (57), the value
28 represents the throughput of the preprocess plus the idle-time for synchronization.
Similarly, the number of processes is 8 and the total number of processes is 9 (8 plus
the preprocess). The value of 60 is obtained as 20 (min) x 3 (cycles).

The results are as follows. Here, the trend coefficient, which is the actual number of

pieces of equipment/the target number of equipment, represents a factor that indicates
the degree of the number of pieces of manufacturing equipment.
Testrunl: 4.4 (pieces of equipment)/6 (pieces of equipment) = 0.73,
Testrun2: 5.5 (pieces of equipment)/6 (pieces of equipment) = 0.92,
Testrun3: 5.7 (pieces of equipment)/6 (pieces of equipment) = 0.95.
Volatility data represent the average value of each Testrun.
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Appendix B: Table to Summarize Figures in This Paper except for Appendix

A.

TABLE 12. Title of figures

Figure number

Title name of figure

Figure 1 State of spin coordination

Figure 2 Spin table

Figure 3 An example of a spin arrangement in a ferromagnetic material

Figure 4 Free-energy Landscape

Figure 5 Magnetic field

Figure 6 Relationship between temperature and magnetization rate
and spin glass order parameter

Figure 7 Relationship between ¢ and T'/T,

Figure 8 A function in a finite domain

Figure 9 Relationship between temparature and order parameters

Figure 10 Value of r(u)

Figure 11 Value of f(u), g(u)

Figure 12 Classification by type

Figure 13 Strength of magnetization

Figure 14 Function in a finite domain

Figure 15 Order parameter (Normal Distribution), o = 0.27, u = 0.8

Figure 16 Loss of opportunity (Entropy Value), o = 0.27, u = 0.8

Figure 17 Business structure of the target company

Figure 18

Production flow process
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K. SHIRAI, Y. AMANO, A. ANDO AND T. UDA

TABLE 13. Title of equations

Equation number

Title name of equation

Equation (1)

Spin-spin interaction

Hamiltonian H of the nearest-neighbor interaction

Thermodynamic function as the average density with respect to sites

Thermodynamic function as the mean for the site

Magnetization density

Spin glass order parameter

Magnetization of the Ising model

Spin-glass magnetization

Local magnetization

Equation (10 Spin glass order parameter

Equation (11 Distribution function

Equation (12 Order parameter for a spin glass represented by the mean
Equation (13 Thermodynamic function

Equation (14 Average free energy

Equation (15 Average free energy Z

Equation (16 Mean free energy

Equation (17 Rewrite Equation (16)

Equation (18 Mean value on Equation (17)
Equation (19 Assuming equation of independence for the site
Equation (20 Average free energy Z

Canonical average of the mean-field effective Hamiltonian

Self-consistent variable equation

Equation (23 Equation for the auxiliary variable u to solve this problem by using Gauss integral
Equation (24 Gauss integral equation

Equation (25 Spin glass order parameter

Equation (26 Expand the right-hand side of Equation (25)

Equation (27 Transfer temperature

Equation (28 The self-consistent variable equation that is transformed from Equation (26)
Equation (29 Performing integration on Equation (28)

Equation (30 Replica-symmetric solution in Equation (17)

Last term of Equation (30)

Spin sum for Equation (25)

Equation (33 Calculation equation from Equation (32) and Equation (13)
Equation (34 Entropy equation

Equation (35 Second term on the right side of Equation (34)
Equation (36 Entropy equation same as Equation (34)

First term on the right-hand side of Equation (36)

Entropy equation

r(u) equation

Entropy equation to be non-negative

Spin glass order parameter

Entropy equation

Example of each function in Figure 8

Function tanh?(ku) by a linear approximation

Approximation of [ Duln (ek“ + e’k“)

Function tanh?(ku) by a linear approximation

Equation r(u)

Equation [S]aw

Equation f(u)

Inequality of r(u)

Inequality of Tp.02 and Tp.23

Approximation of Equation [S]qv

Approximation of function tanh x

Calculation equation of G(x)
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