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ABSTRACT

Optimizing Flow Path Design (FPD) is a popular research area in transportation system design, but its application
to Overhead Transportation Systems (OTSs) has been limited. This study focuses on optimizing a double-spine
flow path design for OTSs with 10 stations by minimizing the total travel distance for both loaded and empty
flows. We employ transportation methods, specifically the North-West Corner and Stepping-Stone methods, to
determine empty vehicle travel flows. Additionally, the Tabu Search (TS) algorithm is applied to branch the 10
stations into two main layout branches. The results obtained from our proposed method demonstrate a reduction
in the objective function value compared to the initial feasible solution. Furthermore, we explore how changes in the
parameters of the TS algorithm affect the optimal result. We validate the feasibility of our approach by comparing
it with relevant literature and conducting additional tests on layouts with 20 and 30 stations.

KEYWORDS
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1 Introduction

Vehicles or shuttles find common application across various industrial sectors for resolving
internal transportation challenges. In the past, vehicle-based transportation was primarily associated
with facility layouts. However, today, numerous research centers necessitate a zero-footprint approach
to maintain clean rooms, and many facilities boast intricate machinery layouts that require an efficient
materials handling system. Consequently, there is a growing need for OTSs to facilitate the movement
of materials between stations. Numerous research efforts and systems pertain to OTSs, including
Telelift’s transport system, OTSs designed for semiconductor fabrication plants [1-5], multi-station,
multi-container transport systems [6], and others. OTSs are designed to operate independently of
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fleet layout considerations [5], making them ideal for managing materials without disrupting floor
activities. Furthermore, OTSs can alleviate staff shortages by automating material transport, allowing
personnel to focus on their core tasks rather than manual material handling [7].

Although the transport system is known as OTSs, it can still be considered a familiar transporta-
tion system. Consequently, its design can be categorized as a type of Automated Guided Vehicle system
(AGVs). Related research has identified several problems in designing transportation systems [8—
10], including issues such as: (1) facility layout design (FLD); (2) estimating the number of vehicles
required; (3) vehicle scheduling; (4) idle-vehicle positioning; (5) battery management; (6) vehicle
routing; (7) deadlock resolution. Each of these issues plays a vital role in the design and control of the
transportation system, with FLD being of strategic importance. FLD involves choosing the system’s
layout type, pick-up and drop-off points, and Flow Path Design (FPD) [10]. The performance of the
transportation system is profoundly affected by FPD due to its significant influence on routing and
dispatching rules. Conversely, a poorly designed flow path can lead to congestion and deadlock during
deliveries [11].

The concept of Flow Path Design (FPD) was initially introduced in 1987 by Gaskin et al. [12].
This introduction sparked the development of numerous studies aimed at optimizing Flow Path Design
(FPD). From related research, several basic features of how to optimize flow path design have emerged,
including (1) layout; (2) flow path type; (3) optimization problems; (4) performance criteria; (5) input;
and (6) methods to solve the objective function. The three most used layouts for designing flow
paths are the conventional, single loop, and tandem layouts. Additionally, the rectilinear flow layout
holds promise for future expansion of Overhead Transportation Systems (OTSs) [5], while the block
layout format is currently under study [13—16]. Selecting the flow path type involves determining the
direction for each path, which can be unidirectional, bidirectional, or multiple-lane flow path types. It
is worth noting that bidirectional flow paths can reduce the total travel distance of vehicles; however,
it is important to be aware that they may also lead to congestion and operational deadlock during
transportation [8—10]. Most researchers construct objective functions to present the problem, aiming
to optimize one or more criteria related to system operation. The most common method for modeling
these objectives is mathematical programming. Performance criteria used for optimization include
the total distance of both loaded and empty flows; the shortest path; the fixed cost such as path
construction, space cost, and cost of control [17]; the total moving distance between the transfer
points and workstations (tandem type); the total distance of congestion; and more. Optimization
problems typically require two parameters: The facility layout and the from-to chart of material flows.
Finally, methods for solving objective functions can be mathematical, simulation-based, or heuristic.
The following tables (Tables | and 2) below provide summaries of studies employing various methods
related to optimizing Facility Layout Design (FLD), in accordance with the basic features mentioned
above.

Table 1: Differences between the related works about the layouts; the types of flow paths and the
optimization problems

Authors The layouts The types of flow The optimization problems
paths
Suh et al. [4] Rectilinear Spine type Mixed integer linear
programming

(Continued)
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Table 1 (continued)

Authors The layouts The types of flow The optimization problems
paths
Ting et al. [5] Rectilinear Spine type Mixed integer linear
programming
Gaskins et al. [12] Conventional Unidirectional Zero-one integer linear
programming
Nishi et al. [15] Block Unidirectional and Mixed integer linear
bidirectional programming
Hamzheei et al. [16] Block Bidirectional Integer linear
programming
Kim et al. [17] Conventional Unidirectional Mixed integer linear
programming
Guan et al. [18] Conventional Unidirectional Zero-one integer linear
programming
Kaspi et al. [19] Conventional Unidirectional Zero-one integer linear
programming
Kaspi et al. [20] Conventional Unidirectional Mixed integer linear
programming
Seo et al. [21] Conventional Unidirectional Integer linear
programming
Rubaszewskietal.[22] Conventional Unidirectional Zero-one integer linear
programming
Banerjee et al. [23] Single loop Unidirectional Integer linear
programming
Huang [24] Tandem Unidirectional and Integer linear
bidirectional programming
Akiyama et al. [25] Block Bidirectional Mixed Integer linear
programming
Rubaszewskietal.[26] Conventional Unidirectional Integer linear
programming
Xiao et al. [27] Conventional Unidirectional Zero-one integer linear
programming
Shanmugasundaram  Conventional Unidirectional Integer linear
et al. [28] programming
Pourvaziri et al. [29] Aisle structure Bidirectional Mixed integer linear

programming
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Table 2: Differences among related works pertain to performance criteria and solution techniques

Authors

The performance criteria

Solution technique

Suh et al. [4]

Ting et al. [5]
Gaskins et al. [12]
Nishi et al. [15]
Hamzheeietal. [16]
Kim et al. [17]

Guan et al. [18]

Kaspi et al. [19]

Kaspi et al. [20]

Seo et al. [21]

Rubaszewski et al. [22]

Banerjee et al. [23]

Huang [24]

Akiyamaetal.[25]

Rubaszewskietal. [20]

Xiao et al. [27]

The total distance of
congestion

The total travel distance of the
loaded vehicle

The total travel distance of the
loaded vehicle

The total of both fixed and
travel costs

The total length of the flow
path

The total of both fixed and
travel costs

The total travel distance of
both loaded and empty
vehicles

The total travel distance of the
loaded vehicles

The total travel distance of
both loaded and empty
vehicles

The total travel distance of the
loaded vehicles

The total travel distance of
both loaded and empty
vehicles

The total travel distance of the
loaded vehicles

The total moving distance
between the transfer points
and workstations

The total of both fixed and
travel costs

The total travel distance of
both loaded and empty
vehicles

The maximum completion
time of all handling tasks
(makespan)

The genetic algorithm (GA)

The haft-sum method and
optimal allocation solution
Multipurpose Optimization
Systems computer package
The cell-based local search
heuristics

An ant colony-based
algorithm

The branch and bound
procedure

The discrete
electromagnetism-like
mechanism

The branch and bound
procedure

The branch and bound
procedure

The Tabu search algorithm

The genetic algorithm (GA)

The genetic algorithm (GA)

The solution algorithm of the
minimal spanning tree [30]

Sub-tour elimination method

The heuristic methods such as
Iterated Local Search (ILS);
Muli-Start Local Search
(MLS); Bee Algorithm (BA)
and Ant Colony Optimization
(ACO)

A dual-population
collaborative evolutionary
genetic algorithm (CEGA)

(Continued)
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Table 2 (continued)

Authors The performance criteria Solution technique

Shanmugasundaram The total travel distance of The genetic algorithm (GA)

et al. [28] both loaded and unloaded and The branch and bound
vehicles procedures

Pourvazirietal. [29] - The number, position, and An improved branch and cut
width of the aisles algorithm

- The position of the entrance
and exit doors and how to
connect them to the aisles

After conducting a literature review, it becomes evident that there is a wide range of methods
available for optimizing Flow Path Design (FPD). Some commonly used methods to optimize FPD
include exact mathematical analysis models, such as branch and bound, or simulation methods.
However, it can be time-consuming when dealing with scaled-up problems with a large number of
variables [15,18]. On the other hand, most related studies tend to focus solely on optimizing the loaded
travel distance of vehicles, particularly for conventional types with layouts attached to the ground.
However, there are certain critical issues that have not received as much research attention, namely,
(1) optimizing the FPD for OTSs, and (2) minimizing the total travel distance of empty flows. Hence,
this research aims to bridge this gap by proposing a metaheuristic method along with transportation
methods to optimize the FPD for OTSs. The primary objective is to minimize the combined travel
distance of both loaded and empty flows, ensuring efficient cargo delivery from pick-up stations
to delivery stations. This system is designed to allow single-load transportation of vehicles along a
designated flow path. For future expansion considerations, the double-spine layout type has been
chosen. The proposed approach leverages the Tabu Search algorithm, the North-West Corner method,
the Stepping-Stone Method, and the Rectilinear Minisum Location Problem as the appropriate tools
to address these optimization problems.

The organization of this manuscript is as follows. The proposed problem is described in Section 2.
In Section 3, the numerical analysis will be discussed. Then Section 4 will assess the results. The
conclusion of the research will be discussed in Section 5.

2 Problem Description
2.1 Optimize the Double-Spine Type Layout Design

The spine layout is commonly used for systems with future expansion needs, offering two main
forms: Single-spine and double-spine. In the single-spine layout, there is one main branch (which can
be either X-spine or Y-spine), with load ports or stations connecting to the spine as sub-branches.
Similarly, the double-spine layout comprises two perpendicular single main branches (the X-spine and
Y-spine). Each station will only connect to one of the two main spines (not both simultaneously).
Figs. la and 1b below introduce the basic single-spine and double-spine layouts, respectively.
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Figure 1: (a) The single-spine layout (X and Y types), (b) The double spine layout

The spine model is positioned in the layout referred to as the rectilinear layout. In this layout,
the X-spine is positioned at coordinates of x = x,, and the Y-spine is positioned at coordinates y =
¥,. Each station is represented as a point with known coordinates, denoted as P; («;, b;), as shown in
Fig. 1a. The station positions in the coordinate system are illustrated in Fig. 2, which is employed in

this research.
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Figure 2: The 10 stations are arranged in a rectilinear layout
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As mentioned earlier, each point is only connected to one main branch. Therefore, the stations
are divided into two separate sets, respectively:

Sy: The set of points P; associated with the X-spine.
Sy: The set of points P; associated with the Y-spine.

Based on Figs. 1a and 1b, we derive the general formula for the rectilinear distance between two
points P; and P; as follows:

dy = la; — x,| + |b; — b;| + |xy — @;|: When P, and P, associated with the X-spine.

dy = 1b; — yo| + \a,» — aj\ + \yo — b_,.\: When P, and P, associated with the Y-spine.

d; = la;— x| + |b; — yol + ‘xo — a,| + ‘b, — yo}: When P, associated with the X-spine and P;
associated with the Y-spine.

Denoting that the material flows from the P, to P, as f;. Because the empty travel flows (the travel
that the vehicles do not deliver the loads) are considered, we denote e; to represent the empty travel
from P, to P,. The transportation method can be applied to optimal the empty travel [31].

The integer programming model is employed to formulate the objective function for minimizing
the total travel distance among the 10 stations. However, it is essential to divide the objective function
into three parts: (1) the paths that include flows among the points in Sy; (2) the paths that encompass
flows among the points in Sy; and (3) the paths that involve flows among the points in both sets S
and S,.

The objective function aims to minimize the total travel distance of both loaded and empty flows
among the points in Sy:

ZZfijdii + Zzeijdﬁ = Zz i+ e) (la: = xol + [b; = b + |0 — @) (D

i=Sy j=Sy i=Sy j=Sy i=Sy j=Sy

The objective function aims to minimize the total travel distance of both loaded and empty flows
among the points in Sy:

Zzﬁjdlj + Zzeijdij = ZZ i+ ey) (lbi — Yol + ‘ai - aj| + ‘yo - bj‘) (2

i=Sy j=Sy i=Sy j=Sy i=Sy j=Sy

The objective function aims to minimize the total travel distance of both loaded and empty flows
among the points from two sets Sy and Sy:

Z Zfijdu + Z Zfijdij + Z z e;dy + Z z eyd;

i=Sy j=Sy i=Sy j=Sx i=Sy j=Sy i=Sy j=Sx
= ZZ i +ezj/‘) (|ai — Xo| + |b: _yol + {xo - a/‘ + ‘b/ _yo‘)
i=Sy j=Sy
+ D3 (i +e) (la = xol + 1, = yol + |%0 — )| + |b, = w) (3)
i=Sy j=Sx

According to Ting et al. [5] and Tompkins et al. [32], the optimization of x, and y,, as well as the
branching of stations into two sets Sy and S, can be solved separately. Consequently, three distinct
subproblems need to be addressed: Optimizing the x, and y, values, and branching the stations.
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Subproblem 1: Optimize x,—This involves considering the flow between the pointsin Sy as Eq. (1)
and the flow among the points from both sets Sy and Sy as Eq. (3):

Zy =D > (fi+e) (la = xil + |x0 — a)

=Sy j=Sx

+ ZZ i + e;j) (|ai - X0| + |X0 - aj|)
i=Sy j=Sy

+ ZZ (ﬂ, + ei/') (|ai — Xo| + |x0 - al‘)
=Sy j=Sx

=Y i+ )l =l + o — o)

=1 j=1
= z Wi + z) la; — xol 4)
i=1

Subproblem 2: Optimize y,—This involves considering the flow between the pointsin Sy as Eq. (2)
and the flow among the points from both sets Sy and Sy as Eq. (3):

2, =33+ e) (b=l + 1 b))

i=Sy j=Sy

+ D > (fi+e) (16—l + [0 — b))
i=Sy j=Sy

+ Z z i+ e5) (16 = yol + [v0 — by])
i=Sy j=Sx

= ZZ (ﬂ/"‘ei/) (|bz — Yol + ‘yO _b./")

=1 j=1
=Z(Wt+zi)|bi_y0| )
=1

Subproblem 3: Branching the stations—This subproblem involves considering all the flows in
Egs. (1)-(3):

Loy = ZZ (fy + eij) (|ai — Xo| +

b, — bj| + !xo — aj‘)

i=Sy j=Sy
+ ZZ i+ ) (160 = yol + @ — @] + |yo — b))
i=Sy j=Sy
+ 23" (s + ) (I = xol + 1, = yol + |%0 — )| + |b, = 3)
=Sy j=Sy
+ ZZ s eij) (|ai — Xo| + |b; — yol + |xo - aj| + |bj _J’0|) (6)

i=Sy j=Sy
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As mentioned earlier, the objective functions represented by Eqs. (4) and (5) can be solved
independently. The Rectilinear Minisum Location Problem [32] can be applied to optimize these two
values, x, and y,. It is important to note that w; represents the total loaded travel flows to and from
station 7, and z,; represents the total empty travel flows to and from station i. Additionally, because
}a, - aj‘ and |bi — b/‘ are constant, they can be removed from Eqs. (4) and (5) during the analysis.

2.2 The Tabu Search (TS) Algorithm and the Transportation Methods

The TS algorithm is a metaheuristic method that relies on an initial feasible solution. Once
the initial feasible solution is obtained, a search algorithm is employed to identify the admissible
neighborhood and replace the current solution with the best-improving neighborhood. Notably, one
unique feature of TS is its ability to accept non-improving moves [33]. In this study, the TS algorithm
will be characterized by two factors: Short-term memory and long-term memory. The TS algorithm
is applied to handle the objective function represented by Eq. (6).

The function represented by Eq. (6) is converted into a binary integer programming form, as
demonstrated in Eq. (7). In Eq. (7), d; and d; denote the distance between two stations intra X-spine
and Y-spine, while d; and d; represent the distance between two stations inter X-spine and Y-spine.
The formulas for d, d;, d;, d are provided in Eqs. (8) to (11).

ij> Yiis Yijs

Z=>> (fi+e)(d+d+d +d) ™

=1 j=1

Two decision variables x; and y;, where i € {1,2,3,...,10}, correspond to the branches that
connect to X-spine and Y-spine, respectively. When x; = 1, it signifies a branch from station i that
links with the X-spine, and when y;, = 1, it indicates a branch from station i that connects to the Y-
spine, and vice versa. To ensure that each station is exclusively associated with either the X-spine or
Y-spine, a constraint is necessary, as depicted in Eq. (12).

Thus:
di=(xi+x—1) (la,— xo| + |b; = b| + |xe — a]) = 0 ®)
dy = (vi+2,= 1) (1b: = yol + |a; = @] + [y = b]) = 0 9)
d: = (x;+y,— 1) (la,— xol 4+ 1b; = yol + |x0 — @) + |b, — 3|) = 0 (10)
d' = (yi+x—1) (lai = x| + 1b; — pol + X0 — a;| + b — yo]) = 0 (11)
xi+y=1 12)

To execute the TS, an initial solution that represents the existence of associated branches with
a binary string C must be determined. In this binary string, the bit O or 1 signifies the presence of
branches from stations to either the X-spine or Y-spine. A value of 1 indicates that the station is
connected to the X-spine, corresponding to x;, = 1 and y; = 0. Conversely, a value of 0 denotes that
the station is linked to the Y-spine, resultingin x; = 0 and y;, = 1.

Assuming the initial possible solution as the current and the best solution to the problem, the next
stage of TS will involve searching for neighbors by making changes bit-by-bit to the binary string C to
achieve admissible move. In TS, “move” refers to transitioning from the current solution to the best-
improved solution. For all admissible neighbors, the total travel distance is computed using Eq. (7) to
identify the best-improving move, which is then executed a move.
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Since this research considers empty travel flows, it is necessary to determine the empty travel
matrix. According to Muckstadt and Maxwell [34], the net vehicle flow of each station, denoted as
NF (i), is defined as NF (i) = > f,—>_f;- Here, > f; represents the total travel distance of loaded flows

J J J
to station 7, and > f; represents the total travel distance of loaded flows from station i. On the other

J
hand, the supply constraint for each delivery station, denoted as S,,, and the demand constraint for
each pick-up station, denoted as R;, are defined in Eqs. (13) and (14) based on the net flow equation.
In this study, the transportation method is utilized to optimize the empty travel matrix for this system.

| Zl:ﬁm - ZI:/(;HI Zl:f/m - Z]:ﬁnl >0

Sy =1 (13)
0 Zﬁm - mel = 0
L i 1
[ Zﬁm - mel Zﬁm - Zﬁn/ > 0
R — m m m m 14
l 0 Zﬁm - Zﬁnl S 0 ( )

The variable e; denotes the quantity of empty travel flows of the vehicle from station i to station ;.
According to Muckstadt et al. [34], if the net vehicle flow NF (i) is non-negative, then >_ e, = NF (i)

J
and >’ e; = 0. Conversely, if the net vehicle flow NF (i) is negative, then > e; = |[NF (i)|and >_ e, = 0.

J J J
In these equations, > ¢, is the total of empty travel flows from node 7, and D ¢; is the total of empty
J J
travel flows to node i.

The transportation method requires a distance matrix among the 10 stations and the net vehicle
flow for each station. Using this distance matrix and the net vehicle flows, the matrix of empty travel
flows can be calculated using transportation methods. Two methods are applied, namely the North-
West Corner method and the Stepping-Stone Method [31]. The North-West Corner method can be
summarized as follows:

Step 1: At the position (1, 1)—the North-West Corner, allocate as much as possible the flow value.
It depends on the supply constraint—S,,, and the demand constraint—R,. The assignment of supply
and demand constraints of each station is S to S, and R;" to R}".

Step 2: There are 3 cases.

Step 2.a: If S» < R, the value at position (I, 1) is set to S. Consequently, column 1 is
disregarded. Meanwhile, R} becomes (R;” — S%), and position (1, 2) is taken into consideration.

m

Step 2.b: If S > R", the value at position (1, 1) is set to R}". Consequently, the row 1 is
disregarded. Meanwhile, S becomes (Sf,j) — R}"), and position (2, 1) is taken into consideration.

Step 2.c: If SO = R)", the value at position (1, 1) is set to both S and R{". Consequently, both
column 1 and row 1 are disregarded. Next, position (2, 2) is taken into consideration.

Step 3: Continue this process until reaching the position (7, n), which is the South-East Corner.

The initial feasible matrix of empty travel flows can be obtained using the North-West Corner

method. Subsequently, by applying the Stepping-Stone Method, the matrix of empty travel flows with
the minimum total travel distance can be determined. The conditions for using this method are: (1)
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the number of allocations in the initial feasible solution is 2n + 1, where # is the number of stations;
and (2) the allocations are independent. The Stepping-Stone Method can be summarized as follows:

Step 1: Define the initial feasible matrix of empty travel flows using the North-West Corner
method.

Step 2: Examine the conditions mentioned above for the initial feasible matrix. Following that,
evaluate all unoccupied positions and replace them with other occupied positions to achieve a more
optimal solution. The replacement process can be handled as follows:

Step 2.1: Select an unoccupied position.

Step 2.2: Determine a closed loop through at least 3 occupied positions starting from this chosen
position. The direction of the closed loop is not significant as it yields the same solution.

Step 2.3: At each corner of the closed loop, assign either a (+) or (-) sign, beginning with a (+)
for the unoccupied position.

Step 2.4: Each corner of the closed loop corresponds to a cost (distance between the 2 stations).
Calculate the net changes in cost for the closed loop using the assigned signs at each corner. The net
change in cost is given by ¢; — ¢, + ¢; — ¢,, where ¢} is the cost of the unoccupied position.

Step 2.5: Repeat steps 2.1 to 2.4 for all unoccupied positions.

Step 3: The matrix of empty travel is considered optimal if all net changes in cost are greater than
or equal to zero, and the process concludes at this point. Otherwise, proceed to step 4.

Step 4: If there is more than one net change in cost that is negative, select the closed loop with the
most negative value. If multiple net changes in costs have the same negative value, choose the closed
loop that allows for more flow transition at the minimum cost.

Step 5: Within the chosen closed loop, replace the flow of an unoccupied position with a value
from an occupied position, maximizing this replacement as much as possible.

Step 6: Return to step 2 and continue the process until all net change values are greater than or
equal to zero.

As mentioned earlier, we will utilize two fundamental aspects of the TS: Short-term memory and
long-term memory. In this research, static memory with a fixed Tabu tenure 7 is employed for short-
term memory. This implies that if station a has a value b (0 or 1) denoted as [a, b] since the latest
move, then after the next 7 iteration, the value [, b] will not be accepted. Short-term memory is thus
utilized to prevent the solution from getting stuck in local optima and encourages exploration [33].
On the other hand, long-term memory involves counting the frequency of repetition of [a, b], denoted
as F[a, b]. This process of tracking the entire search is known as long-term memory. In the case of
non-improving moves, the values of the objective function Z will increase proportionally with the
repetition frequency F[a, b] and a penalty factor p. This reduces the weight given to checking non-
improving moves in subsequent iterations, promoting diversity in the TS algorithm [33]. The iterative
process continues until the stopping conditions are met. As suggested by Seo et al. [21], these stopping
conditions can include reaching the maximum number of iterations or failing to improve the solution
beyond a certain threshold within a set number of iterations. These two criteria are also applied in this
research. Additionally, an aspiration criterion will be used to accept neighbors in the Tabu list if the
solution is better than the current best solution [33].

The TS algorithm applied for optimizing the FPD can be illustrated as follows:
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Step 1: Find an initial possible solution and assign it to both the current solution and the current
best solution, denoting C,,,, = C., = C,;. Calculate Z,,, based on the value of C,,,, then assign it to
Z,, and Z,,,. Begin the process with an iteration count of 0, denoted as 72,1, = 0 and #n,,,,,,, = 0.

Step 2: Change bit-by-bit of C,,, to generate neighbor solutions. Evaluate all neighbors using short-
term and long-term memory to determine admissible neighbors:

Step 2.1: Calculate Z,,,,,, for each neighbor.

Step 2.2: If the number of iterations since the latest move to the neighbor is less than the Tabu
tenure value 7', and the aspiration criterion is not met (Z,.igwor > Zies), reject the neighbor and return
to the beginning of step 2. Otherwise, include the neighbor in the set of admissible neighbors and
proceed to step 2.3. This step utilizes short-term memory.

Step 2.3: If the Z,ipor — Zpes = 0, 8€t Z,siivor = Zneigivor + p-F [a, b]. This means that for non-
improving moves, the value of the objective function Z will increase proportionally with the repetition
frequency of [a, b] and the penalty factor p. This step involves long-term memory.

Step 3: Among the set of admissible neighbors, select the neighbor with the minimum objective
function Z as the current solution. Update C., = Chimprovencightor AN Z iy = Zpossimprovencignsor- Also, update
Fla,b] = Fla,b] + 1 accordingly. If ZLestimprovencighbor < Lbests assign Z,,, = Zesimprovencighvor AN Cppgy =
G bestimproveneighbor +

Step 4: If 1,1,y < 0and Z,inprovencignoor — Zew < 0, the move is considered an improving moves, and
Poonimpr = Monimpr — 1. E18€ 1f 1,01, > 0 and the Z,,impmovencigipor — Zew > 0, the move is a non-improving
move, and M,y = Huommyr + 1. These actions account for consecutive improving and non-improving
moves. If the move is neither consecutive improving nor consecutive non-improving, set 7,,,,,» = 0.

Step S_CheCking the Stop condition: If Riseration Z Nitel‘ation or nnanimpr =

> Noonimpr» terminate the search
process. Otherwise, set Ziuion = Mueraion + 1 and return to step 2.

3 Calculation and Numerical Analysis for Optimizing the Double-Spine Type Flow Path Design

The from-to chart of material flows matrix is presented in Table 3.

Table 3: The from-to chart of material flows of the layout

Station 1 2 3 4 5 6 7 8 9 10 To
1 20 10 30 45 25 30 10
2 10 20 15 10 5 10

3 30 10 10 25 30 5 5
4 25 10 5 10 15 25 30

5 15 10 5 20 15 5 10
6 20 15 40 30 15 10

7 25 5 10 20 15 30 15
8 15 20 25 30 40 5 20

9 10 30 10 15 35 5 20
10 5 30 25 10 5 40 15

From
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The coordinates of the 10 stations, denoted as (a;, b,), are listed in Table 4. It is important to note
that in Fig. 2, each unit of length corresponds to 10 meters, simplifying calculations by using this unit.

Table 4: The coordinates of each station in the layout

Stations 1 2 3 4 5 6 7 8 9 10
a 1 3 4 6 8 10 13 16 17 18
b, 10 4 8 1 12 11 3 7 2 9

Utilizing the data from Table 3, the net vehicle flow matrix is computed based on the vehicle flows
traveling to and from station 7, as shown in Table 5.

Table 5: The net flow matrix

Stations 1 2 3 4 5 6 7 8 9 10 Total
Total TO 125 130 120 165 110 185 65 105 150 60 1215
Total FROM 170 70 115 120 80 130 120 155 125 130 1215
Net Flow —45 60 5 45 30 55 —55 —-50 25 -70 0

Derived from Table 5, the values for S,, and R, are determined for each station, as depicted in
Table 6.

Table 6: The supply and demand constraints of each station

Stations 1 2 3 4 5 6 7 8 9 10 Total
S, 0 60 5 45 30 55 0 0 25 0 220
R, 45 0 0 0 0 0 55 50 0 70 220

The two objective functions presented in Eqs. (4) and (5) can be addressed using “The Rectilinear
Minisum Location Problem”. This method considers the total weight of both loaded and empty travel
flows. The total weight is calculated as the sum of the flows to and from each station. Consequently,
Table 7 has been generated, which illustrates the total weights of loaded vehicles and the total weight
of empty vehicles at each station, based on the data from Tables 5 and 6.

Table 7: The total weight of loaded flows and the total weight of empty flows at each station

Stations 1 2 3 4 5 6 7 8 9 10
> fi 170 70 115 120 80 130 120 155 125 130
j

>e; 0 60 5 45 30 55 0 0 25 0

j
D lit+2>e 170 130 120 165 110 185 120 155 150 130
j j

(Continued)
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Table 7 (continued)

Stations 1 3 4 5 6 7 8 9 10
> hi 125 130 120 165 110 185 65 105 150 60
i e 45 0 0 0 0 55 50 0 70
Zjlﬁ,—l—Zeﬁ 170 130 120 165 110 185 120 155 150 130
IJ“otal we]ight 340 260 240 330 220 370 240 310 300 260

According to Tompkins et al. [32], for functions like Egs. (4) and (5) with piecewise linear
structures, the optimal value of x, should be such that no more than half of the total weight lies to the
left of x,, and no more than half of the total weight lies to the right of x,. Similarly, the optimal value
of y, should be such that no more than half of the total weight is above y,, and no more than half
of the total weight is below y,. Furthermore, each optimal solution corresponds to the coordinates of
one station among the 10 stations. In other words, x, should be equal to one of the a; values, and y,
should be equal to one of the b, values.

The following tables, Tables 8 and 9, provide the calculations for determining the optimal X,
coordinate and the optimum y, coordinate, respectively.

Table 8: Solving the optimal x, coordinate

Stations (i) Coordinate («;) Total weight (W) Zn: W,
i=1
1 1 340 340
3 3 240 580
2 4 260 840
4 6 330 1170
5 8 220 1390 < 1435
6 10 370 1760 > 1435
7 13 240 240
8 16 310 2310
9 17 300 2610
10 18 260 2870

Table 9: Solving the optimal y, coordinate

Stations (i) Coordinate (b;) Total weight (W) > W
i=1

4 1 330 330

9 300 630

(Continued)
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Table 9 (continued)

Stations (i) Coordinate (b;) Total weight (W) > W
i=1
7 3 240 870
2 4 260 1130 < 1435
8 7 310 1440 > 1435
3 8 240 1680
10 9 260 1940
1 10 340 2280
6 11 370 2650
5 12 220 2870

Table § displays the sum of the weights as 2870 and half of this sum as 1435. Based on these
values, the optimal x, coordinate is determined to be a,, which corresponds to station 6. Similarly,
Table 9 reveals that the optimal y, coordinate is bg, representing station 8. This configuration results
in the placement of the X-spine at station 6 and the Y-spine at station 8, as illustrated in Fig. 3.

X-spine

6

12 Y-spine

>
>

(0] X

Figure 3: The two optimal spines in the rectilinear layout

Once the coordinates of the two spines, x, and y,, have been determined, the next step is to branch
the 8 stations to these two spines in a way that each station is connected to only one spine. To achieve
this, an initial feasible solution is selected for the TS algorithm. The initial feasible solution is presented
as C,; = X19XoXsX7XeXsXsX3X,Xx;. The TS algorithm parameters include a Tabu tenure 7' = 5, a penalty
factor p = 50, a maximum iteration count N,,,...., = 100, and a maximum number of consecutive non-
improving moves N,,..,» = 10. These parameters are determined through a trial-and-error process.
A MATLAB program is used to find the optimal solution of the objective function Eq. (7) using the
TS algorithm. Assure that, the initial feasible solution is set to C,;, = 1101111111. With the C,,
established, the distance matrix among the 10 stations is calculated, as shown in Table 10.

Using the transportation method, the matrix of empty travel flows is optimized based on the
matrix of loaded travel flows and the distance matrix among the 10 stations. As a result, Table 11
illustrates the empty travel flows among the 10 stations for the initial feasible solution C,,;.
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Table 10: The distance matrix among 10 stations based on Ci,;,

Station | 2 3 4 5 6 7 8 9 10
1 0 22 17 22 13 10 19 18 24 18
2 22 0 17 14 17 1 11 16 16 20
3 17 17 0 17 12 9 14 13 19 15
4 22 14 17 0 17 14 9 16 12 20
5 13 17 12 17 0 3 14 13 19 13
6 10 14 9 14 3 0 11 10 16 10
7 19 11 14 9 14 11 0 13 11 17
8 18 16 13 16 13 10 13 0 18 16
9 24 16 19 12 19 16 11 18 0 22
10 18 20 15 20 13 10 17 16 22 0

Table 11: The matrix of empty travel among 10 stations of Ci,;,

Station 1 3 4 5 6 7 8 9 10
1 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 35 0 25
3 0 0 0 0 0 0 0 0 0 5
4 0 0 0 0 0 0 45 0 0 0
5 30 0 0 0 0 0 0 0 0 0
6 15 0 0 0 0 0 0 0 0 40
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 10 15 0 0
10 0 0 0 0 0 0 0 0 0 0

After 33 iterations of the TS algorithm, the optimal solution has been obtained with C,,, =
0000110000 and Z,, = 19360. The empty travel flows for the optimal solution are shown in
Table 12. When compared to the initial feasible solution, the optimal solution, which minimizes
the objective function Eq. (7), represents as an improvement A, = 1590. The flow path layout for
Cherr = 0000110000 is depicted in Fig. 4.
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Table 12: The matrix of empty travel of the vehicles based on C,,,,

Station 1 2 3 4 5 6 7 8 9 10
1 0 0 0 0 0 0 0 0 0 0
2 45 0 0 0 0 0 15 0 0 0
3 0 0 0 0 0 0 5 0 0 0
4 0 0 0 0 0 0 35 10 0 0
5 0 0 0 0 0 0 0 30 0 0
6 0 0 0 0 0 0 0 10 0 45
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 25
10 0 0 0 0 0 0 0 0 0 0
X-spine

6

l 2 Y-spine
7

Figure 4: The optimal flow path after 33 iteration times

4 Evaluate the Numerical Analysis Results

The results obtained from the proposed method indicate a reduction in the objective function
value when compared to the initial feasible solution. This reduction amounts to A, = 1590, which
corresponds to a distance reduction of S,,,, = 15900(m). Fig. 5 below illustrates the graph depicting
the objective function values across 100 iteration times. At the 33" iteration time, the value of the
best objective function remains unchanged. Therefore, the optimal solution, C,.,, = 0000110000, is
achieved at the 33" iteration time, with an objective function value of Z,,,, = 19360.

The number of iterations required to obtain the optimal solution can vary depending on the Tabu
tenure and penalty factor used in the TS algorithm. In Fig. 6, it is shown that with 7" = 4, the optimal
solution is reached after 35 iteration times. Conversely, with 7" = 12, it takes 111 iterations to reach
the optimal solution. Similarly, with 7" = 13, it takes 225 iterations, and with 7' = 14, it still takes after
225 iterations to reach the optimal solution. In Fig. 7, the impact of the penalty factor on the number
of iterations is demonstrated. When p = 100, the optimal solution is achieved after 29 iterations. With
p = 200, it takes 19 iterations to reach the optimal solution. When p = 300, it takes 23 iterations, and
with p = 400, it still takes 23 iterations to reach the optimal solution. Since the number of iterations
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directly affects the running time of the search process, it is important to carefully consider the choice
of Tabu tenure and penalty factor when applying the TS algorithm. Finding an appropriate balance

between these parameters is crucial for efficient optimization.

Tabu tenure = 5, penalty, factor = 50

21200

21000 +

41
20800
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20400
20200 -
20000 —
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19600

The objective function (10 meters)

19400 419360

Current solution line
== The best solution line

19200
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30 40

Iteration times (steps)

50

60

70 80 90 100

Figure 5: The optimal solution by using the TS algorithm
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Figure 6: The optimal solutions when changing the Tabu tenure

To assess the feasibility of the proposed metaheuristic method, it was applied to the layout with
10 stations, whose research was conducted by Ting et al. [5], without considering the empty travel
flows. The algorithm was configured with the following parameters: Tabu tenure 7' = 5, penalty factor
p = 5000, maximum iteration N,.,..,, = 100, and maximum consecutive non-improving move N,,i,,, =
100. The initial feasible solution was set as C,,;, = 1101111111 and the initial objective function value
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was Z,,, = 3825367. After 10 iteration times, the result is C,,,, = 0000100000 and Z,,,, = 3039339. The
result means that all 10 stations only connect with the Y-spine, and the Y-spine is located at station 8.
This result is consistent with the findings of the research conducted by Ting et al. [5], demonstrating
the appropriateness of the proposed method for optimizing spine flow path design. The result is shown
in Fig. 8.
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Figure 7: The optimal solutions when changing the penalty factor
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Figure 8: The optimal solution of the example in research [5]

In addition, two examples of layouts with 20 stations and 30 stations were generated using our
proposed method. First, with the 20-station layout, the algorithm was configured with the following
parameters: Tabu tenure 7 = 5, penalty factor p = 1000, the maximum iteration N, = 100, and
the maximum of the consecutive non-improving move N,,,,,» = 100. The optimal solution, C,,, =
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01111011110001110101, with an objective function value of Z,,, = 645908, was achieved after 74
iterations, starting with C,,, = 11111111111111110111 and Z,,;, = 656150, as shown in Fig. 9. In this
layout, the X-spine and Y-spine are located at station 7 and station 4, respectively.

. Tabu tenure = 5, penalty factor = 1000
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Figure 9: The optimal solution of the example with 20 stations

On the other hand, with the 30 stations layout, the algorithm was configured with the following
parameters: Tabu tenure 7 = 5, penalty factor p = 5000, the maximum iteration N, = 100, and
the maximum of the consecutive non-improving move N,,.,» = 100. The optimal solution, C,,, =
111111110111111101011111011101, with an objective function value of Z,.,, = 2058714, was achieved
after 34 iterations, starting with C,,,, = 111111111111111111111111011111 and Z,,, = 2068350, as
demonstrated in Fig. 10. In this example, the X-spine and Y-spine are located at station 3 and station
6, respectively. The from-to chart of material flows and the coordinates table of the two examples are
shown in Appendix A (Tables 13 to 106).

. Tabu tenure = 5, penalty factor = 5000 ,

Current solution line
2.085x10° ? -+ The best solution line

2.09x10° {—————ttis s

_106_

pa
e
@

2.075x10% RS 5 1Y . 1

<10° ] s i : : b

<10 7 Vi iy i -

]
g =3 i
=3 -] e
@ o =

<10° 12.05871e+06 g : — -

2.055x10% ] -

The objective function (10 meters)

»N
(=]
@

%10/ —— T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Iteration times (steps)

Figure 10: The optimal solution of the example with 30 stations
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5 Conclusions

The primary objective of this research is to explore the design of OTSs, considering various critical
factors outlined in the Introduction section. Among these factors, optimizing the FPD is a strategic
factor that should be considered carefully. Furthermore, since this is an OTSs, the spine layout is
chosen to ensure future scalability. Hence, this study places a specific emphasis on the optimization
of a double-spine flow path design to minimize the total travel distance for both loaded and empty
flows. Additionally, this research takes empty travel flows into account, a factor frequently overlooked
in previous work. To address this, the transportation methods, including the North-West Corner and
the Stepping-Stone Method, are applied to optimize empty travel flows. The Rectilinear Minisum
Location Problem is also utilized to determine the locations of the two main branches, X-spine and
Y-spine. Finally, the problem of branching the 10 stations into the two main branches is resolved using
the TS algorithm. Key elements of this method involve specific coefficients like Tabu tenure, penalty
factor, and stop criteria, which significantly impact its effectiveness.

Based on the optimal results presented in Section 4, it is evident that the suggested methods are
suitable for optimizing the spine flow path design. Furthermore, to validate our methods, comparisons
and examples have been conducted. The results demonstrate that the optimal solution’s value can be
reduced, and the iteration count in the search process can be influenced by adjusting the coefficients
used in the TS algorithm. In this study, the coefficients, including Tabu tenure and penalty factor,
were determined through a trial-and-error method. However, future research could explore methods
for optimizing these coefficients using techniques such as Neural Networks, Genetic Algorithms,
and others. Additionally, practical experiments should be conducted in the near future to assess the
feasibility and effectiveness of the proposed solution in real-world scenarios.
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Appendix A.

The following tables show the from-to chart and the coordinates of the layout with 20 stations

and 30 stations.

Table 13: The from-to chart of material flows of the layout with 20 stations

1 2 3 4 5 6 7 8% 9 10 11 12 13 14 15 16 17 18 19 20

1
2
3

0 21 36 66 4 23 11 33 61 33 60 11 4 24 24 67 56 57 57 93
73 0 75 63 18 62 21 62 & 95 1 76 95 27 O 81 70 72 47 96
91 8 0 17 55 61 6 55 9 22 34 89 44 29 5 54 8 93 4 26
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Table 13 (continued)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

4 63 10 5 0 90 6 81 54 99 40 58 61 72 8 8 31 26 31 9 86
5 1 1 4 99 0 26 8 76 57 40 27 39 10 48 73 36 82 67 75 81
6 20 72 26 0 50 O 13 67 23 27 83 95 76 68 44 68 78 43 18 5
7 14 63 5 29 28 40 0 8 24 30 96 82 48 87 82 49 36 68 15 26
8 43 61 24 6 21 57 3 O 92 79 10 21 15 62 35 71 57 25 36 79
9 25 48 40 36 8 99 1 1 0 18 61 8 19 71 76 29 26 57 6 94
10 41 8 79 82 43 75 37 0 40 0 8 4 6 15 32 18 31 20 41 22
11 61 60 7 3 8 67 54 26 16 68 0 99 83 8 11 14 73 4 77 4
12 84 60 11 4 17 9 42 78 49 24 41 0 9 49 63 19 79 8 32 o4
13 23 17 79 17 9 14 5 13 8 17 8 25 0 99 17 87 21 14 79 57
14 11 16 33 96 6 78 58 77 99 16 73 64 91 0 49 74 13 79 31 96
15 10 11 8 80 98 83 40 79 53 51 1 69 14 28 0 92 93 87 73 81
16 90 25 88 69 97 71 81 36 47 62 28 20 73 16 81 0 4 79 47 66
17 15 49 32 84 20 60 36 46 92 23 95 41 47 37 30 33 0 65 21 93
18 8 69 1 67 67 26 83 44 90 9 71 58 42 61 70 1 25 0 92 96
19 17 0 43 29 20 98 84 47 98 1 14 0 8 33 91 74 45 55 0 34
20 28 96 48 48 61 3 94 80 38 75 65 1 25 37 77 42 3 36 37 0

Table 14: The coordinates of each station in the layout 20 stations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

a 11 8 37 2 35 36 25 3 4 22 26 34 31 25 15 29 21 27 33 6
b, 4 27 3 20 16 29 1 6 35 30 10 28 13 25 11 2 5 26 22 33

Table 15: The from-to chart of material flows of the layout with 30 stations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1 0 7 13 86 82 34 58 96 84 14 70 91 57 36 14 68 69 96 93 63 85 35 68 33 50 71 67 25 71 54
2 6 0 1515 54 69 4 65 71 39 37 95 62 9 49 47 80 50 30 26 91 0 74 76 15 94 39 70 57 51
3 1533 0 50 59 79 67 83 67 34 3 12 90 87 46 42 53 57 9519 70 5 9 93 90 8 98 0O 52 99
4 12 19 50 0 28 73 47 37 27 8 17 80 70 69 14 82 24 97 0 15 66 13 30 96 57 22 16 99 39 59
5 6 38 59 88 0 38 46 4 16 28 32 6 86 8 64 10 9 57 12 90 29 40 44 77 77 9 11 83 94 6
6 84 67 83 65 72 0 28 90 94 85 40 3 65 99 74 45 33 41 25 79 36 2 55 82 67 71 99 46 31 40
7 4237152 7 590 5 5 62 98 38 36 54 59 62 52 11 38 50 89 90 65 99 39 99 6 10 54 93
8 98 96 86 57 10 59 75 0 79 76 75 80 32 36 58 78 79 63 11 38 26 37 36 43 45 9 25 9 59 31
9 8 8 36 20 61 63 16 97 0 84 45 44 77 99 48 37 65 14 88 6 12 20 13 78 13 86 47 93 79 78
10 84 89 92 67 51 97 77 65 21 0 21 44 70 56 26 40 88 16 65 73 58 61 43 7 51 28 33 75 86 62
11 9 29 33 8 85 98 4 57 53 10 0 60 31 80 37 19 10 67 81 12 96 3 47 71 26 39 29 83 96 42
12 84 1 79 51 30 93 14 31 98 33 92 0 84 91 29 26 71 53 16 55 11 67 6 50 99 10 56 94 18 83
13 92 39 33 65 69 59 45 85 46 59 47 18 0 27 4 42 62 32 45 81 70 70 90 17 97 97 46 13 15 34
14 5 79 35 44 24 93 78 90 44 93 86 29 43 0 20 35 56 95 66 7 22 86 51 84 73 66 22 58 85 88
15 59 54 27 99 59 77 32 32 64 93 46 3 38 35 0 75 27 77 15 53 65 63 27 30 29 66 40 22 25 38

(Continued)
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Table 15 (continued)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

16 18 17 4 59 51 6 1 13 57 8 6 35 83 32 16 0 30 19 56 33 38 44 8 55 17 43 70 64 86 29
17 38 57 64 82 8 19 31 53 72 85 57 5 12 25 11 37 0 94 81 84 13 51 62 44 84 28 9 58 51 32
18 22 37 36 19 84 33 75 54 72 55 0 20 90 48 16 34 5 0 22 15 20 10 8 41 82 90 37 85 28 31
19 58 84 86 68 71 51 65 8 41 23 26 7 22 53 9 96 20 62 0 79 3 95 20 75 33 66 48 97 70 1

20 70 55 74 28 28 22 76 98 29 31 57 54 62 37 36 32 58 76 86 0 7 19 66 & 35 56 72 27 0 6

21 43 76 44 65 49 62 81 3 77 19 41 96 72 62 78 87 59 98 46 8 0 43 16 92 96 14 18 39 11 77
22 97 94 80 18 35 24 34 59 3 22 93 66 94 91 39 76 70 48 5 38 44 0 57 16 26 81 43 41 50 14
23 70 22 90 59 82 68 98 42 21 74 29 73 35 60 50 66 8 32 12 80 16 91 0 54 93 16 59 32 7 77
24 18 78 15 12 42 65 38 16 18 24 0 91 84 9 1 73 2 78 92 10 87 53 71 0 7 80 1 38 96 27
25 54 9 66 54 42 77 & 68 27 67 67 14 80 19 91 71 16 81 33 8 43 87 10 71 0 6 62 7 70 42
26 355 99 71 14 98 56 75 14 12 10 3 32 16 16 18 62 43 27 14 32 13 64 51 75 0 48 31 11 26
27 81 96 52 35 5 15 78 70 14 94 8§ 34 10 64 84 58 32 11 99 98 36 36 14 12 48 12 0 92 29 28
28 61 66 70 99 33 17 40 18 0 57 81 48 83 16 0 64 77 24 0 14 6 25 50 80 50 &8 76 0 10 5

29 12 97 10 37 62 54 62 13 99 18 94 94 11 53 44 63 70 39 77 28 87 72 42 87 40 48 13 79 0 53
30 44 80 89 72 75 14 90 44 18 71 5 19 13 83 92 26 42 71 63 47 69 73 5 23 77 35 77 3 820

Table 16: The coordinates of each station in the layout 30 stations

1 23 456 7 8 9 1011121314 151617 18 19 20 21 22 23 24 25 26 27 28 29 30

a; 1952272223391 377 1559 56 3253 18 16 20 12 29 11 31 46 13 28 355 4524 38 8
b;2 3656345331305 381 44333 263942519 3720102932408 18 58 19 60 22
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