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ABSTRACT. We have pointed out that process synchronization is essential to the produc-
tion processes of small and medium-sized enterprises. This paper reports the measures to
secure the synchronization zone of the production process based on the general theory of
relativity. All that is needed to perform the synchronization is to increase the deviation
value of the production field. It is the production mass which greatly affects this devia-
tion value. In the application of relativity, the mass is introduced as a parameter derived
from mean and volatility. That mass is the value of the production system. We chose Rie-
mannian space as a suitable space for calculating this mass. As numerical examples, we
provide two examples of the production flow process (PFP) system and one-dimensional
asymmetric simple exclusion process (ASEP) system.

Keywords: Synchronization zone, Theory of relativity, Normal distribution, Riemann-
ian space

1. Introduction. The authors have reported mathematical modeling of production pro-
cesses, estimation of the production status of each process, optimal control problems, and
flow analysis in small and medium scale [1, 2, 3, 4, 5, 6]. We have constructed the state in
which the production density of each process corresponds to the physical propagation of
heat [2, 7]. Using this approach, we have shown that the diffusion equation dominates the
manufacturing process. In other words, when minimizing the potential of the production
field (stochastic field), the equation, which is defined by the production density function
and the boundary conditions, is described using the diffusion equation with advection to
move in transportation speed. The boundary conditions mean the closed system in the
production field. The adiabatic state in thermodynamics represents the same state [2, 7.

Regarding the optimal production capacity, we have reported that the quantity pro-
duced is proportional to the rate of return, which aids corporate development and limits
production capacity. Therefore, we have employed the Hamilton-Jacobi-Bellman equa-
tion to calculate optimal production capacity and determine optimal parameters of the
quadratic form evaluation function based on the optimal production capacity [8]. Then,
we have investigated a method for optimal control of production processes that include
lead-time delays. We have proposed the model that expresses lead-time lag in a strict
mathematical model and the model with lead-time delay based on the average regression
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process, which is the Ornstein-Uhlenbeck process model that is used in mathematical
finance. Optimal control is obtained using each state equation [9]. Also, the previous re-
search 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 [10].

This is of interest that to reduce the frequency of information exchange between the
controller and the system, a unique event-triggered mechanism is employed to guarantee
that the criterion of exponential synchronization holds. The design of the system can be
designed quite simply by the introduction of the concept of exponential synchronization
[11]. Regarding the throughput model for a production flow system, we have introduced
the Riemannian manifold, which is easier to implement than stochastic modeling meth-
ods [4, 5]. This model is derived from the stochastic throughput model for producing the
propagation necessary to measure synchronization. We have also introduced the Fisher
information matrix to specify volatility. To validate the new method and clarify the syn-
chronization processes, we perform a dynamic simulation of the production system. We
have also presented the real synchronous and asynchronous data obtained from the pro-
duction flow process. No other research has introduced Riemannian manifold to demon-
strate the superiority of synchronous production systems. Furthermore, we have clarified
that the geometric structure of the production space, which consists of production steps
and workers, should be described. Then the discussion went on about the production
space like the Riemannian space.

As far as applying general relativity is concerned, there are few reports. GPS (Global
Positioning System) uses satellite position and time information to calculate your loca-
tion. If the satellite time information is different from 1 microsecond, it will cause an
error of 300 m on the ground, so accurate information is required [12]. Naturally, numer-
ous reports have been produced in the field of physics. We have challenged this task in
the production processes. By defining the production mass, it was found that if the syn-
chronous eigenmas increase, the process improvement can be performed to calculate the
asynchronous boundary parameters according to the improvement process. This means
improving performance by improving the process. Generally, the speed of light is invariant
in the theory of relativity, but in the production system, the target is the target point,
and it is not impossible even if the requirements of the production system change [13].

In this study, to secure the synchronization zone of the production process based on
the general theory of relativity, it is necessary to improve the deviation value of the pro-
duction field, and the measures are reported. We present the superiority of a synchronic
production system based on the general theory of relativity. The mean value is the pro-
ductivity trend, and one of the volatilities is the interest rate for government bonds in
the economy, that is, the safe interest rate rate. These statistical parameters allow to
calculate the throughput. In the application of relativity, the center of mass is introduced
as a parameter derived from the mean value and volatility. Therefore, the central mass
is defined within the Riemannian space. We regard the quantum field as equivalent to a
production field, and the probability distribution of the throughput of a production field
with an arbitrary region is assumed to have zero potential in the Schrodinger equation.
We got a normal distribution around the original. If this is the case, the polar coordi-
nates are constructed at an arbitrary point by rotating it at an angle around the origin.
To conclude, in the one-dimensional space-time of Minkowski in the production system,
the production volume increases linearly with the throughput. Usually, in the theory of
relativity, the speed of light is invariant, but in a production system, the throughput
corresponding to the speed of light is variable. The target point that depends on that
throughput can be modified by changing the conditions of the production system.
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Regarding the numerical examples, we use the ASEP to improve the efficiency of the
production process [14, 15]. When applied as a model of a lot production system, the ASEP
is fundamentally a nonlinear system represented by Burgers equation. This indicates that
the process transition probability plays an important role. From the experience of three
test runs of PFP, we make the processes of each process identical and choose the appropri-
ate value. We arrange the workers in each process appropriately. From the aforementioned
procedure, a highly linear system is obtained that approaches a stationary system. Mine-
mura and Nishinari proposed the ASEP model and the result of theoretical solution was
consistent with the simulation result [15]. The validity of the theoretical solution was con-
firmed. We apply the ASEP model to the actual production process, and also we represent
the actual data compared with the production flow process (PFP). Comparing actual data
on ASEP and PFP production efficiencies, ASEP was able to double the throughput and
reduce production costs by 20%.

We are introducing a field of relativist production. This field of production is defined in
Riemannian space. The production density is modeled by a stochastic differential equation.
This has already been reported in a previous study. Its stochastic solution has a normal
probability density function. We also present the formulation of a dynamic system for the
yield potential of the production domain. In addition, a spherical symmetrical coordinate
system is introduced. We are looking for solutions for production densities within the
polar co-ordination system. This solution is similar to that offered by Schwarzschild. The
following three points are conditions for relativist arguments.

e In 3D, the production site is in a polar coordination system.

e The potential of production site is not dependent on time.

e Infinitely (beyond the capacity of the production site), the Minkowski metric is
used. Finally, it is possible to increase the output field deviation value by reducing
the central potential. In other words, it becomes possible to enlarge the area in which
the synchronisation of the production process can be reached.

The flow of the entire paper is as follows.

e Introduce the deviation of the distance from the synchronization point and the de-
viation of the phase in the production field in Riemannian space.

e By introducing both parameters, we present that the production density that goes
through the production process has a normal probability distribution.

e The throughput function of the production process forms a standard normal distri-
bution, and this function is considered as the synchronous potential. Here, we map
it to the dynamic field. In the dynamic field, it forms a potential.

e Mention the effects of distance and phase deviations on the production mass of the
production field. The production mass metric tensor was achieved using the metric
tensor. To maximize the potential, the mass of production must be minimized. In
other words, we conclude that this leads to the realization of the synchronization.

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

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

2.1. 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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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
company in this study is the “supplier” in Figure 1 and “factory” here. In Figure 1(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
1(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 actually
measured by Customer and Manufacturer (to be researched) shown in Figure 1. 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.

2.2. Production flow system. A manufacturing process that is termed as a production
flow process is shown in Figure 2. The production flow process, which manufactures
low volumes of a wide variety of products, is produced through several stages in the
production process. In Figure 2, the processes consist of six stages. In each step S1-S6
of the manufacturing process, materials are being produced by one worker of each step

1 Customer side |

Market (A)
(Original equipment
manufacturing orders)

1 AN
/ Market \ @
Development
Division (B)
l l Manufacturer T l

R O ©.

(D)

/ Inlet
/’ :>

Outlet

Manufacturing
sector (C)

FIGURE 1. Business structure FIGURE 2. Production flow process
of the target company



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.1, 2023 105

S1 through S6. S1-S6, which are given by Tables 6 and 8 in Appendix A, correspond to
the process in Figure 2. 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 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 2.1. The production structure is nonlinear.

Assumption 2.2. The production structure is a closed structure; that is, the production
is driven by a cyclic system (production flow system).

e Reasonability of Assumption 2.1. Assumption 2.1 indicates that the determination
of the production structure is considered a major factor, which includes the gener-
ation value of production or the rate of return generation structure in a stochastic
manufacturing 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 2.1 reflects the realistic
production structure and is somewhat valid.

e Reasonability of Assumption 2.2. Assumption 2.2 is completed in each step and
flows from the next step until stage S6 is completed. Assumption 2.2 is reasonable
because new production starts from S1. For a more detailed analysis, please refer to
our Appendix A.

2.3. Mathematical model for ASEP production processes. The ASEP is a non-
equilibrium statistical mechanics model that is referred to as an exclusive process. It is a
simple model in which numerous particles diffuse under the volume-exclusion interaction
on a one-dimensional lattice. Figure 3 shows a one-lot-flowing model in ASEP. The terms
a and [ denote the input and output rates, respectively, and p denotes the transition
probability from one stage to another.

Figure 4 shows that the flow volume () in the steady state changes its behavior in
accordance with the magnitude relation of «, 3, and p. It is determined as shown in
Figure 4. In Figure 4, the flow volume is defined as follows [15]:

—«
Q:ap—z, in A

p—«
p—pB
Q=p——-, i B
p—
1—y1-—
Q= Tp, in C
According to our previous study, we obtain the Burgers equation as follows [16]:
0S(t, ) oS(t,z)  0*S(t,x)
— + S(t, ) e D 52 (1)

where S(t,x) is a production density.

Equation (1) denotes the phenomenon of turbulence in fluid dynamics. If we apply it
to a production process, in the asynchronous state, the dynamic characteristics of the
potential (production density) in the process are strictly nonlinear [16].
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We obtain the following after executing the Cole-Hopf transformation for Equation (1)
[16]:

dp(t,&)  0%p(t,€)
ot =D 0€2 2)

where ¢(t,&) < 1 and ¢(t, &) denotes a new production density function with synchronous
states and D denotes a production flow coefficient.
We obtain the solution S(¢,x) as follows [17]:

— a -1 > (I — x,)2 1 v " " /
S(t,z) = —2D%1n [(47rDt) / exp {_W - E/o S(0,2")dx }dx] (3)

—00

where the initial value S(0,z) is assumed to be given, ' and x” are first derivative and
second derivative, respectively.
From Equation (2), ¢(t, &) is derived at infinity as follows [17]:

o1, €) = exp (— / S(t,@dé) (4)

Equation (4) represents the fact that the spatial elements or components of the nonlin-
ear function S(t,£) are summed and that they decay exponentially. From the perspective
of production processes, Equation (4) linearizes the nonlinear characteristics of workers
and aligns them according to the production processes, linearize and synchronize by pro-
cess improvement. In other words, Equation (4) converts a nonlinear function into a
probability distribution with an exponential family of linear functions.

Section 2 reviews using actual data. Actual data were obtained in production flow
system and ASEP models. In our previous research, we have pointed out that the syn-
chronous production process produces maximum efficiency in the production process of
small and medium-sized companies. Section 3 presents the theoretical development of the
application of general relativity to the productive process. Ultimately, it will signal that
the area of the production field that reaches synchronization will increase.

3. General Relativity and Production Process. Einstein’s equation is given by

1 G

Rmp - _gmpR = F

: 1,, o)
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where T, is the energy momentum tensor of the body that is the source of gravity [18].
R is a Ricci scalar representing the space-time geometry. R, is a Ricci tensor. G is a
gravity. C'is the speed of light.

Using a tensor space with contravariant and covariant vectors, the relativistic produc-
tion field {S;;} is given by the following equation.

S’ij = szez ®fj7 1,] = 17273 (6>

Moreover, in our previous research, the throughput model in a stochastic field (time and
space variables) is given by the following equation [3].

0S = L£,50t + cOW (7)

where L, is a diffusion operator. W is a winner process.
Here, we make the following assumptions. This assumption looks at the production
process as linear [19].

St x) = s(t)e() (8)
where s(%) is the throughput function with respect to time t. ¢(z) is a distribution function.
Also, the throughput function s(t) is given by the stochastic differential equation below.

ds(t) = pdt + odW 9)

where p and o are a trend parameter and volatility, respectively.
Here, the general theory of relativity and the production process in the production field
are described. The following parameters are defined within the production field {S}.

Definition 3.1. M: Total number of processes in the production field; D: The number
of synchronous processes in the total number of processes in the production field; P: The

number of asynchronous processes in the total number of processes in the production field,
Relationship between M, D and P: M = D + P.

The stochastic model for throughput A is given by [20]

D P
ds(t) = pdt + odW, p= w T (10)

where ;1 and o are an average and a volatility respectively. h is the probability density

function as follows:
1 1 /fx—p
h = e —— 11
(@) 2mo Xp{ 2< o )} ()

According to Appendix A, the actual data for Testrunl and Testrun2 of the assembly
line production system are shown in Table 1 as follows. The throughput function in Figure
5 is given as follows.

f(x):\/%exp{—%ﬁ}, A<z<B, xz[% (12)

where A== P=M,B=P=Mand (C= P=0.

TABLE 1. Actual data of Testrunl and Testrun2

M|D|P| u o
Testrunl | 54 | 38 | 16 | 0.73 | 0.29
Testrun2 | 54 | 47| 7 | 0.92 | 0.06
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The following are the content of the main variables and parameters used in the paper.

So: Production mass (relative cost)

p(og): Production density

m: Production efficiency coefficient

0o: Entire production field

og: Spatial distance of production field

G': Potential conversion factor

e S5;;: Production tensor

e 0: Deviation from the synchronization point (distance)

e : Deviation from synchronization point (phase)

e {: Deviation from synchronization point o h

e h¢o: In general relativity, it has to do with the speed of light. In the production field,
it represents the throughput (production speed) that cannot be exceeded, and it is
assumed that he exists.

f(x) is the throughput potential in the production process. Current potential is referred to
as synchronous potential. Generally, the potential is originally expressed in the dynamic
domain in the case given in Figure 6 as follows. Here, S;; is a production tensor in Figure
6.

f(o)

Stochastic
field

@
ng) o
0\
os
Potential
A 0 B field
FIGURE 5. Potential (V') and FIGURE 6. Stochastic field
throughput function (f(z)) and potential field
Definition 3.2. Potential hg at the origin
hg = _GM (13)

g

In Figure 7, when h(o) revolved around the centerline, a sphere with a radius o’ is
obtained in (a) cross-section. At this time, if (a) the cross section is moved up and down
and fixed at an arbitrary position, a sphere having a radius ¢’ can be obtained in the
same manner. Generally, it is considered equivalent to the productive field in the quantum
field. It is assumed that the probability distribution of the throughput of the production
field with an arbitrary region has zero potential in the Schrodinger equation. Under this
assumption, if you have a standard normal distribution around the origin, you can form
a polar coordinate system at an arbitrary point (volatility o) by rotating it at an angular
velocity around the origin. Therefore, if the production tensor on polar coordinates is set
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to S, it can be defined as S = S(0, 0, ) in Figure 8 in case of three dimensions. Therefore,
if the potential at the origin is set at hy, the following equation can be defined. From Figure
8, the metric tensor is given by the following equation.

dS* = dz’” + dy”* + d2" (14)
where 2/, /, 2’ are given as follows:
2 =osinfcosp, 1y =osinfsing, 2 =ocosh (15)

The total derivatives of 2/, /, 2’ are given by the following equations.

dx’ = sin 0 cos pdo + o cos 0 cos pdf — o sin 0 sin pdyp (16)
dy' = sin @ sin pdo + o cos 0 sin pdf + o sin 0 cos pdp (17)
dz' = cosfdo — o sin0df (18)

Equation (19) is obtained by substituting Equations (16), (17) and (18) into Equation
(14).

dS? = do* + 0?df? + o sin 6 dy? (19)
where the terms dodf, dfdy and dodp are set to zero.

4. Gravity Field Equations for Production Processes.

4.1. Sample application on a batch production field. In a batch production field, it
is assumed that production mass cost is the only one in the center. In addition, the model
of co-ordinates of the production field is based on a system of spherically symmetrical co-
ordinates. The tensor space requirements are outlined below.

e In three dimensions, the production field is a system of spherically symmetrical co-
ordinates.

e The potential of the production field must not depend on time.

e At the point to infinity, that is beyond the power of the production plant, this is
Minkowski weights.
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The linear system is given by the following equation by Minkowski space-time and spher-
ically symmetric coordinates [18]. Please refer to the Appendix B for the meaning of
Equation (20).

dS? = —exp(v(0))dt* + exp(\(o))do? + o*dH* + o sin #*dip? (20)

where v (v < C) and o are the advection speed and the process size respectively. C' is
the speed of light.
The solution to Equation (20) is provided by [18, 21]

2 1
ds* = — (1 = Tm) v + ( - ) do® + 0*d6? + o sin 6%d? (21)
v2o =
where the term ( — 32—7”0) is the trend factor for ¢t and . v* < C?. v is the advection
velocity.

In the case of a batch production system, a mass (cost) exists at the centre. Here, og
is given as follows.

_ 2Gplo)m . ploo)m

T (p(co)m/T)

(22)

\es

0
\\ Horizon of O
\ Tab
o
e
- ®
/7 e \ e
/’ Production wave (
." oo ~0
FIGURE 9. Mass (cost) exist- FIGURE 10. Potential func-
ing at the centre in a batch tion h, in the production field

production system

For the moment, the deviation from the synchronization point (distance) og can be
changed as follows.

Ts 2G
gg — —

, > o5 E, p(oo)m = Constant, M, D, P : Constant (23)
vs  p(oo)m Vs

where vg and Tg are the advection speed and the total lead time in production field,
respectively.

Increasing the gradient of advection velocity with respect to lead time decreases rg.
This means that increased throughput reduces the marginal cost. That is, in physics,
the part where o < oy is called a black hole. Therefore, in the area of production, mass
(cost) cannot exceed the maginal cost of simultaneously completing this part (Black hole
conditions at the production field). However, this is the only case where the production
does not exist in the field. As a result, it does not apply to production field where every
production mass (cost) is organically combined.
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Here, o is set by the following equation.

() o

v \ p(oo)m
So, if the metric tensor is considered as Equation (20), the above analysis stands. The
Schwartzschild solution (the solution of the Einstein equation) is as follows. However, it
is spherically symmetric and is an exact solution in a vacuum [21].

2p(oo)m

2
0c0

1
dS? = — (1 -G ) ondt? + T Team dr® + o*df* + o*sin 0*dp*  (25)

2
O'CO'

4.2. Analysis of the production field with metric tensioners. From Equation (25),
we obtain the following solution in the polar coordinates.

1 2G
dS? = —(1 — D)o2dt? + ———do® + 02df?, D = M (26)
1-D o¢ 0
Equation (26) (solution) is similar to Schwarzschild’s solution under special conditions in
the general theory of relativity [22].

Currently, if o = 1, the following equation is available.

2 1
dSQ:—(l—M>dt2+<T
1 — 2Gploo)m

o (o0)m

> do? + o*db? (27)

We get the following values by presenting a numerical example in Equation (27).

My
=|l1——| =10 (My=0 28
m=(1-37) =10 (=0 (28)
G =05 (oc=1.0, m=1.0, p(og) = 1.0) (29)
From Equations (28) and (29), the following equation is obtained:
2
o = 2Gp(ao)m, & (1 - M) —0 (30)
o

In this case, o diverges to infinity. ¢ = og is known to match the horizon of a radial
symmetric static black hole and is called the Schwartzschild radius [18, 21].

5. Numerical Examples. The fundamental principle of our numerical calculation is
that we can accurately reflect dynamic systems. Many existing reports deal with static
mathematical models. Real dynamic behaviour can be verified without comparison, and
system optimization and efficiency can be proposed according to reality. We present the
numeric values of the production method presented in Section 5. The final products of
PFP and ASEP are respectively 6 and 12, and the theoretical throughput is 400 (min)
and 400 (min) respectively [14]. Regarding with the final products of PFP and ASEP,
please refer to the advance research for details [14].
Next, we set the value of m to identify og.

M,
os =2Gp(og)m =2 x 0.5 x 1.0 x m, = MO =07= m=03, =05=03 (31)
5.1. Evaluation of numerical examples. p(og) and m (= 1 — My/M) shown in the
numerical example represent the mass density and the process mass, respectively. p(og)
includes fixed cost. If p(0p) and m fall, o falls. In other words, the volatility is linked not
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TABLE 2. Value of My and M related PFP and ASEP

Testrun number | Production process | My | M
Testrunl Asynchronous process | 16 | 54
Testrun2 Synchronous process | 7 | 54

Testrunl (ASEP) | Asynchronous process | 16 | 60

Testrun2 (ASEP) | Synchronous process | 17 | 60

Testrun3 (ASEP) | Synchronous process | 20 | 60

TABLE 3. Evaluation value of og of PFP and ASEP

Production method | Test method | og
PFP Testrunl 0.29
PFP Testrun2 0.12
ASEP Testrunl 0.26
ASEP Testrun2 | 0.28
ASEP Testrun3 0.33

only to the capacity of the process, but also to the density of the production mass. In
addition, p(oy) is defined as the following function.

Definition 5.1. Production efficiency function p(og)
p(UO) = p(O’g, «, 5) (32)

where gy, «, § are the process lead time volatility, the cost rate and the labor cost rate
respectively. Figure 11 shows that g(og) shifts to the left and right to the center of ~y
depending on the ratio of 7. So the global model is Equation (38) that takes the ratio
into account. Figure 12 shows the provability density function (), which is expressed
by the following equation.

p(6) = zlm exp (—% <§ - M)2> (33)

Here, g(oy) is given by the following equation.

9(00) = /0 T pral©)dE 4 (1— ) /0 (e (34)

where ¢, and ¢_, are as follows:

Pra = \/%O_O exp (—% (W)j (35)

Consequently, if the intrinsic density is set at m(og), we define p(og) as the following
equation.

p(o0) = (1 = g(a9))m(e) (37)
where m(e) is the intrinsic mass density.
In reality, the rate of decrease in (1 — g(0g)) can be expected (assuming m(e) = 1.0).



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.1, 2023 113

9(ao) »()
Small(y) /\ Big(v)
o | o
| 7e ol ¢

vy — Y+ a — Y «a

v [B]  w=vza
Ficure 11. Probability dis- FI1GURE 12. Probability den-
tribution function sity function

In this case, if we rewrite g(og), we get the following equation.

o) = 1= {50 (I22) -0 (1221} (39)

where ®(e) is the standard normal distribution density function [3].
The graphics created from Equation (38) are Figure 13 and Figure 14.
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Regarding the maximum production point reduction rate, these values in Figures 13
and 14 are 0.8333 and 0.7881 relatively. In Figure 13, the average value (7) of production
efficiency is 0.5, which is a 10% decrease. In Figure 14, the average value () production
efficiency is 0.5, which is a 20% decrease. We aim to produce at a 10% reduction rate.

TABLE 4. Parameter values of Figures 13 and 14

Figure number | M | D | P | Average value (7)

Volatility («)

Figure 13 54 [ 47| 7 0.8704

0.1296

Figure 14 54 | 38 | 16 0.7037

0.2963
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|hol

FIGURE 15. Deviation value of standard normal distribution

The magnitude of oy can be regarded as the difference in the synchronization of the
product, that is, the value of deviation of the synchronization. When o takes a large
value, the drift value of the synchronization approach becomes low.

In Figure 15, the value of the deflection of point A (¢4 = 0,1) is 63, and the value of
the deflection of point B (o5 =0, 3) is 55.

On the basis of the aforementioned results, the following equation is obtained.

os = 2Gp(00){1 — g(o0)ym/ot, m = <1 — %) (39)
where g(0g) is given as Equation (38). o¢ is a limit value of synchronization deviation
value.

Now, when o = 0.5 and o¢ = 1.0, g(0¢) = 0.9. Therefore, if og is positioned as shown
in the next equation, it is similar to the Schwarzschild solution.

oc is set to 1.0 because it is set to a standardized value. oy is set to a value as close to
zero as possible. This setting results in og ranging from 0.29 < o < 0.33.

o5 = fo C M= ploo){1 - gloo)bm (40)

M is then called the mass of production. Furthermore, p(og) is known as production
density. og is the value at the maximum potential of the product when p(oy) = 1.0
and m = 1.0. Furthermore, since M can be reduced by improving the efficiency of the
production field, oy (< og) can be carried out as shown in Figure 15. In other words,
it means that the zone of the production field where the synchronization is performed
becomes large. og is called a synchronous safety line. Consequently, by reducing the
central potential (improving efficiency), the deflection value of the production field can
be increased.

6. Conclusion. We reported the measures to secure the synchronization zone of the pro-
duction process based on the general theory of relativity. We have already reported that
synchronization is achieved to improve production efficiency. In this paper, it is possible
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to increase the deviation value of production efficiency by reducing the production mass.
In other words, the synchronization zone of the production field can be increased. As a
result, it was found that it leads to the realization of improvement in production efficiency.
Next time, we will report that the fact that the throughput has a standard normal distri-
bution can be obtained approximately by the Schrodinger equation in quantum mechanics
when the potential of the production field is set to zero.
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Appendix A. Analysis of Actual Data in the Production Flow System. 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 time. 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 16, we plot the measurement
data listed in Table 6, which represents the total working time of each worker (K1-
K9). In Figure 17, we plot the data contained in Table 6, which represents the
volatility of the working time.

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

Table number | Production process | Working time | Volatility
Testrunl Table 6 Asynchronous process | 627 (min) 0.29
Testrun2 Table 8 Synchronous process | 500 (min) 0.06
TABLE 6. Testrunl TABLE 7. Volatility of Table 6
WS | S1|S2|S3|S4/| S5 S6 S1 | S2 | S3 | S4 | S5 | S6
K1 15 120 | 20 | 25 | 20 | 20 | 20 K1|1.67|1.67|3.33|1.67|1.67|1.67
K2 |20 22|21 22|21 ] 19| 20 K2|233| 2 |233] 2 |1.33|1.67
K3 10 | 20 | 26 | 25 | 22 | 22 | 26 K3|1.67]3.67|3.33]233]233]3.67
K4 | 20 | 17 | 156 | 19 | 18 | 16 | 18 K4|067| 0 |133] 1 (033 1
K5 15 | 156 | 20 | 18 | 16 | 15 | 15 Ks| 0 |167| 1 [033| O 0
K6 | 15 | 16 | 15 | 15 | 15 | 15 | 15 K6| 0 0 0 0 0 0
K7 | 15 | 20 | 20 | 30 | 20 | 21 | 20 K7|167|167| 5 |1.67] 2 |1.67
K8 | 2029 |33 30|29 | 32] 33 K8 |4.67| 6 5 |4.67]567| 6
K9 | 15 | 14 | 14 | 15 | 14 | 14 | 14 K9(1033|1033| 0 |0.33]0.33]0.33
Total | 145 | 172 | 184 | 199 | 175 | 174 | 181

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). On the basis of these results, the idle time must be
set to 100 (min). Moreover, the theoretical target throughput (77) 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) 4+ 20 (Previous process) + 8 (Idle-time)
~ 370 (min) (41)
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each stage (S1-S6) in Table 6 each stage (S1-S6) in Table 6
TABLE 8. Testrun2 TABLE 9. Volatility of Table 8
WS | S1|S2|S3|S4 | S5 | S6 S1 | S2 | S3 |S4] S5 |S6
K1 20 | 20 | 24 | 20 | 20 | 20 | 20 Ki|l 0 1.33] 0 0 0 0
K2 20 | 20 | 20 | 20 | 20 | 22 | 20 K21 0 0 0 010670
K3 20 | 20 | 20 | 20 | 20 | 20 | 20 K3 0 0 0 0 0 0
K4 | 20 | 25 | 25 | 20 | 20 | 20 | 20 Ka|167]167] 0 0 0 0
K5 20 | 20 | 20 | 20 | 20 | 20 | 20 K5] 0 0 0 0 0 0
K6 20 | 20 | 20 | 20 | 20 | 20 | 20 K6 0 0 0 0 0 0
K7 20 | 20 | 20 | 20 | 20 | 20 | 20 K7 0 0 0 0 0 0
K8 20 | 27 | 27 | 22 | 23 | 20 | 20 K8|233|1233]067]| 1 0 0
K9 20 | 20 | 20 | 20 | 20 | 20 | 20 K9| 0 0 0 0 0 0
Total | 180 | 192 | 196 | 182 | 183 | 182 | 180
The full synchronous throughput in one stage (20 min) is
T/ =3 x 120 + 40 = 400 (min) (42)

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 flow production 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:
(60 x 8 —28) 1

— ~ 25
3 “ 6

where the throughput of the preprocess is set to 20 (min). In Equation (43), 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).

(43)

(min)

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
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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,
Volatility data represent the average value of each Testrun.

Appendix B. Table to Summarize Figures and Formulas in This Paper except
for Appendix. Additional information on statistics parameters in Riemannian spaces.

§={&.&, - &} (44)

where &, = {t,,0,}, t, and o, are time and volatility, respectively.
The typical monitoring parameters are as follows.

{on(tn), 0n(0n)} = {0, 0} (45)
o=A{01,09,...,0,}, 0={61,0,,...,0,} (46)

where o and 6 are volatility and trend parameters, respectively.

L
0 AS(t, Ao, AG) S

FIGURE 18. Polar space of production mass

TABLE 10. Title of figures

Figure Title name of figure No.
number
Figure 1 Business structure of the target company
Figure 2 Production flow process
Figure 3 One-lot-flowing model in ASEP
Figure 4 Phase diagram
Figure 5 Potential (V') and throughput function (f(x))
Figure 6 Stochastic field and potential field
Figure 7 Standard normal distribution probability density function
Figure 8 Spherical coordinate system
Figure 9 Mass (cost) existing at the centre in a batch production system
Figure 10 Potential function hg in the production field
Figure 11 Probability distribution function
Figure 12 Probability density function
Figure 13 | Value of the function of reducing production costs (M =54, D =47, P =17)
Figure 14 | Value of the function of reducing production costs (M = 54, D = 38, P = 16)
Figure 15 Deviation value of standard normal distribution
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TABLE 11. Title of notations

Notation number

Title name of notation No.

Equation (1)

Phenomenon of turbulence in fluid dynamics

Equation (2)

Cole-Hopf transformation equation for Equation (1)

Equation (3)

Solution of Equation (1)

Equation (4)

Linearization of S(t,z) with the nonlinear characteristics

Equation (5)

Einstein’s equation

Equation (6)

Relativistic production field Sj;

Equation (7)

Throughput model in a stochastic field

Equation (8)

Assumption looks at the production process as linear

Equation (9)

Throughput function s(t)

Equation (10) Stochastic model for throughput A
Equation (11) Probability density function h(z)
Equation (12) Throughput function in Figure 5
Equation (13) Definition of the potential hy at the origin
Equation (14) Metric tensor in Figure 8

Equation (15) Polar coordinates transformation of z’, ¢’ and 2’
Equation (16) Term 2’ of Equation (14)

Equation (17) Term y' of Equation (14)

Equation (18) Term 2’ of Equation (14)

Equation (19) This is obtained by substituting Equations (16),

(17) and (18) into Equation (14)

Equation (20

Linear system under Minkowski space-time
and spherically symmetric coordinates

Equation (21

Solution to Equation (20)

Equation (22

In the case of a batch production system, og equation

Equation (23

Deviation from the synchronization point (distance) og

Equation (24

Deviation from the synchronization point (distance) o

Equation (25

Metric tensor dS? equation

Equation (26

Solution of dS? in the polar coordinates under three dimensions

Equation (27

dS? in case of oo = 1

Equation (28

Numerical example in Equation (27)

Equation (29

Same as Equation (27)

Calculation of o

Equation (31

Value of m to identify og

Equation (32

Definition of p(oy)

Equation (33

Provability density function ¢(&)

Equation (34

Probability distribution function g(og)

Equation (35

Provability density function ¢, and ¢_, respectively

Equation (36

Same as Equation (35)

Equation (37

Production efficiency function p(og)

Equation (38

Probability distribution function g(og)

Equation (39

Value at the maximum potential of the product when p(op) = 1.0
and m = 1.0

(
(
(
(
(
(
(
(
(
(
Equation (30
(
(
(
(
(
(
(
(
(
(

~— ~— ~ — | | — | — [ — [T | = | — [ — | — | — | ~— ~—

Equation (40

Same as Equation (39)
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As far as A and B are concerned from Figure 15, the metric tensor of S is given by [18]

dS? = gyedodf (47)
where g, is the Riemannian metric under S [18].
1 0
o — 1 48
9oo 0 — (48)
o

Therefore, the metric tensor on S(t, 0, 0) is given by
dS* = —¢(o)dt? + r(o)do® + o>do” (49)

In other words, the spatial setting related to dt is o, which is also related to do. 6
depends on the magnitude of o. In Equation (49), by setting (o) = exp(v(o)) and
r(o) = exp(A(0)) to simplify the following calculation, we get Equation (20).
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