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Highlights

Please indicate how your work links to systems science via your contributions to systems
practice, theory, and/or methodology.

e  SOMOS provides an event-driven systems framework that couples semiconductor
production execution with OHT transportation, allowing transport outcomes to prop-
agate into subsequent manufacturing operations.

e  SEVD introduces an execution-level spatial control mechanism that integrates re-
alized production state and schedule-derived demand information while retaining
conventional request assignment.

What are the main findings and/or the implications of the main findings?

e  Proactive idle-vehicle repositioning reduces the post-assignment empty-approach
travel and upper-tail pickup waiting time relative to conventional HUNGARIAN
assignment while maintaining competitive production-level performance.

e  Ablation and temporal-window analyses show that the clearest benefit arises from
pre-request spatial repositioning itself rather than from precise temporal schedule
prediction or any single demand component.

Abstract

Overhead hoist transport (OHT) performance affects the execution of semiconductor pro-
duction schedules because transport delays postpone subsequent operations. This study
develops the Scheduler and OHT Allocation Monitoring Simulator (SOMOS), an event-
driven environment that integrates machine processing, transport request generation,
OHT movement, and subsequent production execution. Based on SOMOS, we propose
Schedule-informed Empty-Vehicle Dispatching (SEVD), which repositions idle OHT vehi-
cles before pickup requests occur using immediate pickup demand, remaining processing
information, and a schedule-derived spatial demand prior. SEVD retains the conventional
HUNGARIAN assignment procedure for actual requests. Experiments compare SEVD
with six benchmark dispatching methods over 20 paired seeds. Relative to HUNGARIAN
assignment, SEVD reduces the mean post-assignment empty-approach travel from 96.82 s
to 71.23 s and source wait p90 from 428.74 s to 399.34 s while maintaining production-
level performance comparable to the strongest benchmarks. These gains are obtained by
redistributing vehicle movement toward proactive repositioning, with total empty travel
increasing by 17.8% and total travel distance by 6.8%. Fleet size and ablation experiments
further show that the clearest benefit is associated with proactive spatial repositioning
rather than precise temporal prediction. These results support interpreting SEVD as a
framework for the proactive spatial repositioning of idle vehicles, while the incremen-
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tal contribution of schedule-derived information was not statistically detectable in the
present testbed.

Keywords: overhead hoist transport; empty-vehicle dispatching; semiconductor fabrication
simulation

1. Introduction

Overhead hoist transport (OHT) is an automated material-handling system that trans-
ports lots between production machines along ceiling-mounted rails in semiconductor
fabrication facilities [1-3]. In a semiconductor FAB with a complex re-entrant process flow,
each lot must be transferred to its next assigned machine after completing the current oper-
ation [4,5]. A machine schedule determines the processing sequence and assigned machine
for each lot, but it does not guarantee arrival at the next machine at the planned time [6,7].
If an empty OHT vehicle reaches the source machine late after processing is completed,
the lot remains waiting for pickup and the subsequent operation is delayed [7,8]. Such
transport delays contribute to machine idle time and deviations between actual production
progress and the planned schedule [7-9]. Empty-vehicle dispatching is therefore closely
related to the execution of the production schedule [7,8].

The performance of empty-vehicle dispatching depends not only on the number of
OHT vehicles but also on their spatial dispatching within the FAB [3,10,11]. Even under the
same fleet size, transport performance differs when idle vehicles are unevenly distributed
across bays or production areas [3]. A pickup request generated in an area with limited
idle-vehicle availability requires a longer empty trip before transportation begins [3,12].
This issue is particularly relevant in semiconductor manufacturing because transport
requests arise from the progress and completion of machine operations [7,8]. The spatial
availability of idle vehicles therefore affects the response to transport demand generated by
the production flow [3,13].

Previous studies on OHT and AGV systems have investigated vehicle dispatching,
routing, and idle-vehicle management using rule-based, optimization-based, and learning-
based approaches [14-16]. Semiconductor scheduling studies have further shown that
transportation delay and AMHS capability interact with machine utilization and produc-
tion performance under re-entrant and uncertain production conditions [8], while related
studies have examined production scheduling, lot dispatching, release control, machine
allocation, cycle time, and WIP [4,17-21]. Discrete-event simulation has also been widely
adopted to evaluate semiconductor AMHS under different layouts, fleet sizes, and opera-
tional policies [22-26]. However, relatively limited attention has been given to the use of
production information for managing the spatial availability of idle OHT vehicles before
transport requests are generated [3,27-30]. Transportation performance and its subsequent
effect on production execution are also often considered at different decision levels [7,8,22].

Evaluating this relationship requires a simulation environment that explicitly links
production operations with OHT transportation [2,7,8,22]. Machine completion generates
transport demand, while transportation determines when the subsequent operation can
begin [7,8]. Processing-time variation further changes the timing of transport requests
and subsequent operations [8,31], so production execution and OHT transportation evolve
through an interacting event-driven process [7,22]. To represent this interaction, this
study develops the Scheduler and OHT Allocation Monitoring Simulator (SOMOS), which
integrates re-entrant production execution, processing-time variation, transport request
generation, vehicle assignment, OHT movement, and subsequent machine operations
within a common simulation environment. SOMOS therefore enables OHT operating
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strategies to be evaluated under identical production conditions using both transportation-
level and production-level performance measures.

Based on SOMOS, this study evaluates representative rule-based dispatching methods,
HUNGARIAN:-based vehicle assignment [15,32], and the proposed Schedule-informed
Empty-Vehicle Dispatching (SEVD). SEVD retains the HUNGARIAN assignment procedure
for actual transport requests while additionally managing the spatial distribution of idle
vehicles before subsequent requests occur. SEVD neither predicts the exact occurrence
time of individual future pickup requests nor reserves specific vehicles for future tasks.
Instead, SEVD combines the current production state with spatial demand information
derived from the production schedule. Here, the remaining processing time provides
a short-term signal from realized production execution, whereas the schedule-derived
term serves as an auxiliary spatial prior rather than a predictor of exact request timing.
Immediate pickup demand, operations approaching completion, and the planned spatial
distribution of transport demand are integrated to estimate transport demand across the
FAB. Idle vehicles are then repositioned toward areas with higher estimated demand while
remaining available for normal vehicle assignment.

This study makes three main contributions. First, SOMOS provides an event-driven
simulation environment that explicitly connects realized machine processing, transport re-
quest generation, OHT dispatching and movement, and the start of subsequent production
operations. This structure enables transportation decisions to be evaluated according to
their effects on actual production execution rather than through an isolated transport model.
Second, SEVD provides a production-informed framework for proactive idle-vehicle repo-
sitioning that combines immediate pickup demand, realized processing progress, and a
schedule-derived spatial prior while retaining the conventional HUNGARIAN assignment
procedure for actual requests. The empirical contribution demonstrated in this study is the
transportation-level benefit of adding pre-request repositioning to request-level assignment.
The present study does not claim that the specific SEVD demand formulation is superior to
alternative proactive repositioning strategies. Third, the proposed framework is evaluated
through paired multi-seed experiments using both transportation- and production-level
measures. The experiments examine the effects of SEVD on empty travel and pickup wait-
ing, the variation in these effects across OHT fleet sizes, and the contribution of individual
SEVD components through ablation analysis.

The organization of this paper is as follows: Section 2 reviews the related literature.
The SOMOS and the event-driven interaction between semiconductor production execution
and OHT transportation are discussed in Section 3. Section 4 presents the proposed SEVD,
including spatial transport demand estimation and idle-vehicle dispatching. Section 5
describes the experimental settings and evaluates the proposed approach through compar-
ative experiments, fleet size analysis, and ablation studies. Finally, the conclusions of this
study and suggestions for future research are summarized in Section 6.

2. Literature Review

Vehicle dispatching, routing, and idle-vehicle positioning constitute major operational
decisions in automated transport systems [1,2,33]. General AGV research distinguishes
vehicle scheduling and dispatching, path planning, and traffic control as related but sepa-
rate control problems [33]. Semiconductor-specific studies similarly identify dispatching,
routing, vehicle allocation, and idle-vehicle management as important determinants of
wafer-transport performance [1,2]. Early OHT dispatching studies mainly focused on
request-level vehicle selection [13,33]. Dispatching rules were developed to reduce delivery
time and vehicle interference by considering not only pickup distance but also interactions
among vehicles [34]. Other studies extended this perspective to dynamic vehicle allocation,
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adjusting the number or dispatching of available vehicles according to changing transport
demand across the FAB [11,13,35]. These approaches differ from conventional dispatching
in that they regulate vehicle availability at an area level rather than selecting a vehicle
only after an individual request occurs [3,13,36]. More recent studies have incorporated
real-time traffic information and learning-based methods [16,37,38]. Q-learning has been
applied to joint vehicle assighment and route guidance [16], while Q(A)-learning and graph-
based prediction models have been used for dynamic routing under congestion [37,38].
Recent studies have further extended OHT research through learning-based control and
simulation-based system analysis. Chou et al. applied multiagent reinforcement learning to
dynamic OHT dispatching under varying transport demand, while Sung et al. developed a
discrete-event simulation framework to evaluate OHT system configurations and semicon-
ductor logistics performance [39,40]. Li and Jin proposed a learning-based multi-objective
dispatching framework for inter-bay AMHS that jointly considers transportation and pro-
duction efficiency, while Koo et al. developed a reinforcement-learning-based dynamic link
weight control method to alleviate OHT congestion in semiconductor FABs [41,42]. Overall,
the literature has progressed from distance- or rule-based vehicle selection toward dynamic
and traffic-responsive control. However, most approaches primarily rely on current trans-
port requests, vehicle states, or network traffic conditions, whereas the spatial positioning
of idle vehicles based on upcoming production demand has received comparatively less
attention [3,12,27-30].

Production scheduling and material handling are strongly coupled because trans-
portation determines when a completed lot becomes available for its subsequent opera-
tion [7,8,17]. Integrated scheduling studies have increasingly considered transportation
operations together with production decisions [7]. Driefsel and Moénch integrate machine
scheduling and AMHS transport operations within an extended shifting bottleneck frame-
work, so material-handling decisions are incorporated into the production scheduling
process [7]. In contrast, SEVD takes the production schedule as given and operates at the
execution level by repositioning idle vehicles without modifying the production schedule
or the assignment procedure for actual transport requests. In semiconductor manufac-
turing, Kim et al. [8] incorporated AMHS capability into dynamic machine targeting and
modeled re-entrant process flows together with processing and transportation time varia-
tions. Semiconductor scheduling studies likewise identify lot dispatching, release control,
batching, and machine allocation as interdependent shop-floor decisions [17,43]. This
interaction becomes particularly important in semiconductor FABs because of re-entrant
flows and highly variable operating conditions [4,8,31]. Fluctuation-smoothing approaches
seek to control competition among lots and reduce cycle-time variability [19], while other
semiconductor scheduling studies show that local resource decisions can propagate de-
lays throughout re-entrant production systems [4,20]. Transportation delay can similarly
affect downstream machine availability because delayed movement changes the arrival
time of lots at subsequent resources [7,8]. Production-control policies also influence the
workload presented to the material-handling system [25]. Semiconductor workload-control
studies examine dispatching and order release as mechanisms for regulating WIP and cycle
time [18], while comparisons of push-and-pull systems emphasize the importance of WIP
control in determining system behavior [21]. Thus, existing studies demonstrate substantial
interaction between production control and material handling, although the two have often
been optimized or evaluated at different decision levels [7,8].

Discrete event simulation is widely used to evaluate semiconductor AMHSs because
production flow, vehicle movement, routing, blocking, and dispatching interact dynami-
cally [22,23,25]. Full-FAB simulation models have incorporated manufacturing tools and
material-handling constraints within a common environment [22]. Two-step simulation
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has also been proposed to reduce computational effort while preserving the influence of
manufacturing flow on AMHS performance [25]. Other studies have used metamodel-
ing and simulation experiments to evaluate material handling performance with lower
computational cost [11,24,26]. Reviews of a 300 mm semiconductor AMHS also identify
simulation as a major method for evaluating layout, fleet size, dispatching, routing, and
overall transport performance [2,23]. These studies demonstrate the importance of simula-
tion for examining interactions that are difficult to isolate analytically. Wan and Shin use the
expected arrival times of future jobs and the expected release times of occupied vehicles to
support predictive vehicle assignment [27]. Benzoni et al. similarly incorporate estimated
upcoming transport arrivals and vehicle availability into a look-ahead assignment frame-
work [28]. In contrast, SEVD does not predict or reserve individual future transport requests.
Instead, it uses production-side information to redistribute idle vehicles spatially before
requests occur, while actual transport requests are still assigned through the conventional
HUNGARIAN procedure. Previous studies have also examined this interaction from the
perspective of manufacturing automation. Tyan et al. integrated tool and vehicle dispatch-
ing in a fully automated semiconductor FAB, while Koo et al. incorporated production-side
bottleneck information into vehicle dispatching decisions. More broadly, simulation has
been recognized as an important technology for evaluating alternative product, process,
and manufacturing-system configurations in digital manufacturing [44-46].

Table 1 compares the related research streams in terms of pre-request vehicle po-
sitioning, the use of production-schedule information, and production-level evaluation.
Previous studies have addressed these aspects from different perspectives, including
request-level dispatching, dynamic vehicle allocation, predictive vehicle management,
production-transport integration, and AMHS simulation. However, the combination of
production-schedule information with pre-request idle-vehicle positioning and subsequent
production-level evaluation remains comparatively limited. This study addresses this gap
by using SEVD to adjust idle-vehicle dispatching before request generation and SOMOS to
evaluate its effects on both transportation and production execution.

Table 1. Overview of previous research related to OHT.

Research Stream Ref Main Pre-Request  Production  Production-Level
Information Positioning Schedule Evaluation
Dynamic Yehlcle [3,11,13,35,36] Regional v A A
allocation workload
Prodgchon—tl.ransport [7,8,17] Production state - v v
integration
Request-level Request; vehicle
dispatching [14,15,34,35] state B B B
Learning-based Vehicle; traffic
control [16,57,38] state B B B
. . Layout; fleet;
AMHS simulation [22-26] A A v
transport state
Pred¥ctlve /look-ahead [27-30] Fu'ture tran§port v A A
vehicle management information
This study SOMOS + SEvD ~ Production state; v v v

schedule demand

v, explicitly considered; A, partially considered or dependent on the study; —, not a primary focus.

3. Scheduler and OHT Allocation Monitoring Simulator

To evaluate the interaction between semiconductor production execution and OHT
transportation, this study develops the SOMOS. SOMOS integrates machine processing,
transport request generation, OHT dispatching, vehicle movement, and subsequent ma-
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chine operations within a common event-driven simulation environment. The key role of
SOMOS is to propagate realized transportation outcomes into production execution. A
transport request is generated when an operation is actually completed, and the subsequent
operation starts only after the lot is delivered to its assigned machine. Transportation delay
therefore changes the realized production trajectory rather than being treated as a fixed
inter-operation delay. Let the set of manufacturing machines be denoted by Equation (1):

M=mq,my, ..., m; (@)
the set of OHT vehicles defined as Equation (2):
V=010 ..., (2)
and the set of bays by Equation (3):
B=by,by, ... b 3

The semiconductor fabrication schedule specifies the processing sequence, assigned
machine, and planned timing of each lot. For lot /, its sequence of manufacturing operations
is represented as Equation (4):

O = (05,1/ 002/ -/ Oe,w) (4)

where each operation is associated with its assigned machine and scheduled processing
information. The OHT simulation represents the rail network, machine locations, bay
configuration, and the state and position of each OHT vehicle.

3.1. Integrated Simulation Architecture

Figure 1 presents the overall architecture of SOMOS, in which semiconductor pro-
duction execution and OHT transportation are integrated within a common simulation
environment. The production model determines the processing sequence and realized
operation timing of wafer lots, while the OHT model represents the rail network, vehicle
states, and physical transportation between consecutive operations. By connecting these
two components, SOMOS allows transportation outcomes to directly affect the subsequent
execution of the production schedule rather than treating transportation as a predetermined
inter-operation delay.

The production model of SOMOS was developed with reference to the semiconductor
FAB testbed reported by Kim et al. [8]. Their testbed consists of 100 production machines
belonging to six machine types and represents a re-entrant production structure in which
wafer lots repeatedly revisit machine types across multiple process layers. The testbed
also incorporates processing-time variability through truncated normal distributions. SO-
MOS uses this production structure as the manufacturing backbone and integrates it with
explicit OHT vehicle movement and dispatching. The production schedule provides the
planned sequence of operations, assigned machines, and corresponding processing infor-
mation, whereas the OHT model determines the actual transportation required between
consecutive operations.

Processing times during simulation are not restricted to their nominal scheduled
values. Let p’lg, l:m denote the planned processing time of operation r for lot /, and let plrffl

denote its realized processing time generated by the processing-time variation model.

real
Lr

deviate from its planned completion time. This distinction is important because an OHT

Because p/** varies during simulation, the actual completion time of an operation can
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transport request is generated according to the actual completion event, rather than the
originally planned completion time.

—I Scheduler and OHT allocation MOnitoring Simulator I—

OHT state Process configuration by bay

Workstation Buffer

CONWIP

A - 1 Ll i l
— Semiconductor FAB schedule | R N OHT simulation =
Y Arrival time of Lot; |
m, | T T I BN —)
| I T W Ineraction
ms| I DT T | s
by by | ... b
Processing Transporting 1
time time e
m b
X
- -
Time Bay-to-bay
transporting time matrix
1
Tasklir N ! P Bay 3
miiem b Lmd L P
Ty |myy| my || 20 | 1 = -lMl" )
T, | 2 —
2 |M7|Msof-- I Empty Assigned Loading / METRO x 3
i Unloading
1
T | Mas| M77|...| 1440 : > D D> CEED %
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1
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1
1
1
1
1
1
1
1
1
1
1

FAB process S pwork Fab-out

Figure 1. Overall architecture of SOMOS integrating semiconductor FAB scheduling and
OHT simulation.

When operation r of lot | is completed at machine M; and the subsequent operation
is assigned to machine M;, the corresponding transport request is defined by the source
machine M;, the destination machine M;, and the request-generation time determined by the
realized completion event. The OHT dispatching module then assigns an eligible vehicle
according to the configured dispatching method. SOMOS continuously maintains the
dynamic state of the transportation system, including vehicle locations and operating states
such as idle, empty travel, loading, loaded travel, unloading, and waiting. Through this
architecture, the planned production schedule provides the reference production sequence,
while realized processing and transportation determine the actual execution trajectory. The
event-driven interaction among these components is described in Section 3.2.

3.2. Event-Driven Interaction Between Production and OHT Operations

Figure 2 illustrates the event-driven interaction between production execution and
OHT transportation in SOMOS. Each operation first undergoes realized processing ac-
cording to the processing-time variation described in Section 3.1. When the operation is
completed, a pickup request is generated for transporting the lot to the machine assigned
to its subsequent operation. The OHT dispatching module then selects an eligible empty
vehicle according to the configured dispatching method. The assigned vehicle travels to the
source machine, loads the lot, and transports it to the destination machine. The subsequent
production operation starts only after transportation is completed and the lot becomes
available at the destination. This sequence is repeated throughout the simulation as lots
progress through their manufacturing routes.
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Production-OHT interaction process
Actual processing | R Pickup request
with variation generation
: :
: Transport :
{ request |
{ g
Production Empty vehicle
performance update assignment
| : Dispatching
: : decision
|
| |
: |
Next operation start [«—————- Pickup and delivery

Figure 2. Event-driven interaction between production operations and OHT transportation
in SOMOS.

This event structure creates a direct interaction between production variability and
OHT operation. A change in realized processing time shifts the occurrence time of the cor-
responding transport request. The transportation state at that time, including vehicle location
and availability, subsequently determines the pickup and delivery process experienced by the
completed lot. Any resulting transportation delay changes the time at which the lot becomes
available for its next operation and therefore propagates into the subsequent production
trajectory. SOMOS consequently records transportation and production performance from the
same sequence of simulation events rather than evaluating transportation as an independent
post-processing step. In particular, the simulator records the empty travel required to reach a
source machine and the time for which a completed lot remains at its source while waiting for
pickup, which are used as transportation performance measures in Section 5.

Figure 3 presents the integrated visualization interface of SOMOS for observing this inter-
action during simulation. The OHT rail network and machine Gantt chart are synchronized
according to the same simulation clock. The rail view displays the locations and movement
states of OHT vehicles, while the Gantt chart represents the corresponding execution state of
production operations. System indicators such as executed operations, completed lots, and active
OHT movements are updated on the same time basis. The interface therefore enables the spatial
state of OHT transportation and the progress of production execution to be examined at the
same simulation time, providing a system-level view of how the two processes evolve together.
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Figure 3. Integrated visualization interface of SOMOS for synchronized OHT transportation and
production-schedule monitoring.

A more detailed relationship between an individual OHT operation and its associated
production job is provided in Figure 4. For a selected vehicle, SOMOS records the assigned
transport job, source and destination information, travel route, and empty or loaded
movement state. The corresponding production job is simultaneously identified in the
machine Gantt chart. This enables a transport operation to be followed from vehicle
assignment and movement to the production operation associated with the transported
lot. Figures 3 and 4 therefore provide complementary levels of observation. Figure 3
represents the system-wide evolution of OHT transportation and production execution,
whereas Figure 4 supports detailed tracing of individual vehicle and job trajectories.

SOMOS OHT Trace Replay
-
@iav. s Sps 20 v - g
| 113,358.33 5 | 825.04s | 246 /33,510 227/979 I-zo OHT I 7.543.14 5 I Partial run I HUNGARIAN

OHT simulation replay e

Figure 4. Detailed OHT and production job trace interface in SOMOS.

Together, the event-driven simulation and visualization functions of SOMOS provide
a common environment for examining how OHT decisions are associated with subsequent
production execution. The visualization functions are used for monitoring and trace
analysis and do not modify the dispatching decisions or production logic executed during
simulation. A demonstration of the synchronized OHT movement, vehicle state tracking,
and production schedule visualization in SOMOS is available online (https://youtu.be/
esarSOvoKZ8 (accessed on 29 June 2026)).

To verify the internal consistency of SOMOS, the simulator was examined at both the
production and transportation event levels. The production-side configuration follows

https://doi.org/10.3390/systems14111336
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the re-entrant semiconductor FAB testbed described in Section 3.1, including its machine
structure and processing-time variation. Event traces were also checked to confirm that
transport requests are generated upon realized operation completion, that pickup and
delivery are completed before the subsequent operation starts, and that transportation
delays are propagated to the realized production trajectory. These checks constitute model
verification of the internal simulation logic and event consistency, rather than external
validation against industrial production or OHT data.

4. Proposed Method

Figure 5 illustrates the overall procedure of the proposed SEVD. SEVD uses the current
production state and production-schedule information obtained from SOMOS to estimate
the spatial distribution of transport demand. Based on the estimated demand, idle OHT
vehicles are repositioned toward spatial cells requiring greater vehicle availability. SEVD
does not assign a specific vehicle to a future pickup request or predict the exact occurrence
time of that request. Instead, it adjusts the spatial distribution of idle vehicles before
subsequent requests occur. When an actual pickup request is generated, vehicle assignment
is performed using the conventional HUNGARIAN procedure. SEVD therefore operates
as an idle-vehicle positioning mechanism that precedes request-based vehicle assignment.
Unlike the predictive and look-ahead approaches of Wan and Shin and Benzoni et al., which
incorporate estimated future transport arrivals and vehicle availability into the assignment
decision, SEVD does not predict or reserve individual future transport requests [27,28].
Instead, it performs pre-request spatial repositioning of idle vehicles, while actual request
assignment remains unchanged. Accordingly, SEVD is designed to improve transportation
responsiveness through idle-vehicle positioning rather than to optimize lot-level production
priorities such as due-date urgency, tardiness, slack, or downstream criticality.

4| Proposed I—

Schedule-informed spatial transport demand
— SOMOS — | , | [
— Semiconductor FAB schedule | :
s
m | T T I BN |
m | 1T BN "Event | Event 2 Pvont e
m| I T O | \
T Future pickup
| I T e .
Processing . Transporting :
Yl time time !
m; - :
Time '
Schedule-informed
empty vehicle
repositioning
I
— OHT simulation | I
I
I
I
P e e i I
‘

1 Hungarian algorithm

7 .
121 r\—*j,@ my|my| ... m,-l
\\ N
{

Dispatching /
/

N\ ~ e
4 Seq ////
@ ol WLl |
. S ,
Pair Cost 4
matching matrix Center loop

Figure 5. Overall framework of the proposed Schedule-informed Empty-Vehicle Dispatching.
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4.1. Spatial Transport Demand Estimation

As shown in Figure 5, SEVD estimates spatial transport demand using three sources
of information. The first represents immediate pickup demand at the output buffer of
each machine. The second represents demand associated with the operation currently
approaching completion. The third represents a spatial demand prior obtained from the
production schedule. For machine M;, the demand weight at simulation time ¢ is defined
as Equation (5):

w; (t) = buffer_num-1[out_buffer(M;, t) # @] + (1— %m)+~1[pi (t) < H] + )\gi (5)
max

where 1[-] denotes the indicator function. The first term represents immediate transport
demand at machine M;. When a completed lot is present in the output buffer, a fixed
demand weight of buffer_num is assigned. In the experiments, buffer_num is set to 3.
Under the default A = 1, the second and third terms in Equation (5) are each bounded
by 1. Therefore, setting buffer_num = 3 ensures that a machine with an existing pickup
request receives greater demand weight than the maximum combined contribution
of the two anticipated-demand terms. The second term represents transport demand
expected to arise from the operation currently being processed. Here, p;(t) denotes the
remaining processing time of the current lot at M; when a subsequent transport operation
is required, and H denotes the remaining processing time window. If M; is idle or its
current operation does not require a subsequent transport operation, the second term is
defined as zero.

In the present simulation, p;(t) is computed from the realized processing time sam-
pled when the ongoing operation starts. Consequently, once an operation has started,
SEVD has access to its exact remaining duration. Therefore, p;(t) should be interpreted as
simulator-side remaining-processing information rather than as an operational estimate.
This information is used only in the repositioning step of SEVD and is not used by the
benchmark methods. As p;(t) decreases, the corresponding demand weight increases,
giving greater importance to machines whose current operations are approaching com-
pletion. The parameter H therefore has two roles in this term. It determines whether an
ongoing operation is included through the condition p;(t) < H, while also controlling the
relative weighting of eligible operations through 1 — p;(t)/H. The third term provides
a schedule based spatial prior. The value g; denotes the number of planned transport
tasks for which M; appears as the source machine in the production schedule, and gmax
denotes the maximum value of g; among all machines. The parameter A determines the
contribution of this schedule-based information. Unlike the second term, this component
does not estimate the exact occurrence time of an individual future pickup request.
Instead, it provides information on how transport demand is spatially distributed across
the FAB according to the production plan. Accordingly, this term should be interpreted
as an auxiliary spatial prior rather than a temporal predictor; its incremental contribution
is evaluated directly in the ablation analysis in Section 5.3. The machine level demand is
subsequently aggregated into spatial cells. Let C denote the set of spatial cells and c € C
denote an individual cell. In the default configuration, the cell size is determined as one
fourth of the maximum spatial span of the machine layout. The transport demand of cell
c is obtained by summing the demand weights of the machines located within the cell as
defined in Equation (6):

De(t) = ) w;(t) (6)

M;ec
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A larger D.(t) therefore indicates a greater concentration of current and schedule-based
transport demand around cell c. The resulting cell level demand D(t) is used to determine
the target spatial dispatching of idle OHT vehicles, as described in Section 4.2.

4.2. Idle-Vehicle Dispatching

Based on the spatial transport demand obtained in Section 4.1, SEVD determines the
target spatial dispatching of idle OHT vehicles and repositions vehicles from surplus cells
toward deficit cells. Algorithm 1 summarizes the overall procedure. Let NI(t) denote the
total number of idle OHT vehicles at simulation time ¢, and let N.(¢) denote the number
of idle vehicles currently located in cell c. The target number of idle vehicles for cell c is
determined according to the relative transport demand of the cell as:

Ne(H) = o

B ZC’EC Dc/<t> Nl(t) 7

Equation (7) distributes the available idle-vehicle capacity according to the relative
spatial transport demand. Cells with greater D.(t) are consequently assigned a greater
proportion of the idle OHT vehicles. Because N/ (f) is generally not an integer, the im-
plementation uses the floor value of the target when identifying surplus vehicles and
the ceiling value when determining the number of vehicles required by a deficit cell.
In particular, idle vehicles exceeding | N} (t) | are treated as available for repositioning.
All idle vehicles located in cells with zero transport demand are also included in the
surplus vehicle set. After the surplus vehicles are identified, deficit cells are considered
in descending order of D(t). This gives cells with greater estimated transport demand
priority when additional idle vehicles are distributed. For each deficit cell, SEVD selects
the nearest vehicle from the available surplus set. Let V5(t) denote the set of surplus
idle vehicles and let p. denote the representative OHT node of cell c. The repositioning
vehicle is determined as Equation (8):

V* = argmind (pos(V;), pc) (8)
VieVs(t)

where d(-,-) denotes the travel time between two OHT nodes obtained from the rail network
using A* path search. The representative node p. is the machine node with the highest
demand weight, w;(t), within cell c. The selected surplus vehicle is repositioned toward
pc, and this procedure is repeated according to the required number of additional vehicles
in each deficit cell. The implemented procedure therefore considers both the magnitude
of spatial transport demand and the rail travel time required to redistribute the available
idle vehicles.

Algorithm 1 determines only the repositioning targets of idle vehicles and does not
reserve a vehicle for a specific future transport request. A repositioning vehicle remains
available for normal vehicle assignment while moving toward its target cell. Therefore,
when an actual pickup request is generated, the repositioning movement can be interrupted
and the vehicle can immediately participate in the conventional assignment procedure. This
design changes the spatial dispatching of idle vehicles without modifying the subsequent
vehicle assignment rule.
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Algorithm 1. Schedule-informed Empty-Vehicle Dispatching

Input Spatial cell set: C, cell demand; D(t), idle vehicle set; Vg, (f), current vehicle positions.

Obtain the total number of idle vehicles N/(t)

for each cell c € C do

Calculate the target idle-vehicle count Nc(t) using Equation (7)
Determine the current idle-vehicle count N,(t)

Construct the surplus vehicle set V°(#)
Rank deficit cells in descending order of D.(t)
for each deficit cell c do

1
2
3
4
5: end for
6
7
8
9 Determine the required number of additional idle vehicles

10: while additional idle vehicles are required do

11: Select the nearest vehicle V" from V() using Equation (8)
12: Set p. as the repositioning target of V"

13: Keep V" available for normal vehicle assignment

14: Remove V" from V5(t)

15: end while

16: end for

17: return updated repositioning targets

Output Updated repositioning targets

5. Experiments
5.1. Experiment Settings

All experiments were conducted using SOMOS under the same production schedule,
machine configuration, rail layout, and transport task information. The primary compari-
son used 120 OHT vehicles over a 24 h simulation horizon. Each dispatching method was
evaluated using 20 replications with random seeds from 1 to 20, and the same seed set was ap-
plied to all methods to support paired comparisons. Realized processing times were sampled
in each run according to the step-specific processing-time distribution described in Section 3.1,
with the stochastic sampling controlled by the simulation seed. The common seed set was
used to maintain a consistent replication basis for seed-matched comparisons across the dis-
patching methods. This design allows performance differences to be evaluated under common
production and system configurations while accounting for processing-time variability.

Figure 6 illustrates the OHT rail layout used in the experiments. The simulated system
consists of 10 bays and 100 production machines connected through branch rails, a center loop,
and an outer loop. Each bay contains ten machines connected to the main rail network through
local branch segments. OHT vehicles move along predefined rail directions and travel between
bays through the center and outer loops. This layout is used consistently across all dispatching
methods so that the observed performance differences originate from vehicle assignment and
idle-vehicle dispatching rather than from changes in the physical transport network.

Table 2 summarizes the simulation and SEVD parameter settings used in the experi-
ments. The simulated FAB consists of 10 bays and 100 machines belonging to six process
types. The primary experiment was conducted using 120 OHT vehicles with a WIP limit of
250. Twenty independent replications were performed using seeds from 1 to 20, and each
dispatching method was evaluated using the same seed set to enable paired comparisons.
The OHT vehicles travel at 5.0 m/s on straight rail segments and 2.5 m/s on curved segments.
Loading and unloading require 25 s each, and vehicle routes are determined using A* path
search based on rail travel time. Unresolved transport requests are reconsidered at 2 s intervals.
The execution WIP limit was set to 250, and machine breakdowns were not considered in the
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experiments. For SEVD, the immediate pickup demand weight, buffer_num, was set to 3. The
remaining processing time window, H, was set to 900 s, and the schedule demand weight,
A, was set to 1.0. The spatial cell size, 7y, was automatically determined as one fourth of the
maximum spatial span of the machine layout. These values are treated as default operating
settings rather than uniquely optimized parameters. Their robustness was evaluated through
the one-factor-at-a-time sensitivity analysis in Section 5.3, including span/2 and span /6 for the
spatial cell sizes and 15 s and 120 s for the repositioning intervals. Idle-vehicle repositioning
was updated every 45 s. These values correspond to the default SEVD configuration used
in the primary experiments. SOMOS was implemented in Python 3.11, and the complete
software dependencies and version information required for reproducing the simulation are
provided in the publicly available GitHub repository.

Outer Loop \

[ Center Loop

Direction

Direction

Figure 6. OHT rail layout and machine configuration used in the simulation experiments.

Table 2. Simulation and SEVD parameter settings used in the experiments.

Category Parameter Symbol Setting
Number of bays 10
Number of machines 100
Number of process types 6
Simulation horizon 24h
Number of OHT vehicles N 120
Number of replications 20
Simulation WIP limit 250
OHT speed on straight rail 50m/s
OHT speed on curved rail 25m/s
Loading time 25s
Unloading time 255
Path search A*
Dispatch retry interval 2s
Immediate pickup demand weight buffer_num 3
Remaining processing time window H 900 s
SEVD Schedule demand weight A 1.0
Spatial cell size % span divided by 4
Repositioning interval dy 45s
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As the number of OHT vehicles increases, interactions among vehicles become more
frequent at branch connections and shared rail segments [47]. Figure 7 illustrates represen-
tative traffic conditions observed in the simulation. A local deadlock occurs when vehicle
movements mutually restrict one another around a bay branch, whereas congestion occurs
when several vehicles approach or pass through the same rail connection within a short
period. When persistent vehicle blocking prevents further system progress, the simulation
watchdog terminates the event loop before the predefined 24 h horizon, and the run is
classified as collapsed. This collapse criterion is distinct from the 75% production attain-
ment criterion, which is used separately to evaluate production progress. The likelihood
of such conditions generally increases as the number of OHT vehicles increases because
more vehicles simultaneously compete for shared rail segments and branch connections. In
this study, these collapsed runs are retained as system-level operational outcomes rather
than excluded from the performance evaluation. These traffic conditions are treated as
outcomes of vehicle movement in the simulated rail network rather than as separate control
objectives of the proposed method.

Deadlock

Congestion

Center loop / Center loop

Figure 7. Examples of OHT traffic conditions observed in the simulated rail network.

The primary experiment evaluated SEVD against six benchmark dispatching meth-
ods consisting of five rule-based methods and the HUNGARIAN assignment method.
NVF prioritizes the vehicle task pair with the shortest empty travel time to the pickup
location [48]. STD considers the sum of empty and loaded travel times and selects assign-
ments with shorter total transportation time [14,48]. EDD prioritizes transport requests
with earlier planned due times [49], whereas FIFO gives priority to requests that became
ready earlier [48,49]. PRIORITY considers both request tardiness and the number of lots
waiting at the source machine, thereby favoring requests with greater delays and queue
pressures [43]. These five methods determine vehicle task assignments sequentially ac-
cording to their respective priority criteria. HUNGARIAN differs from the rule-based
methods by determining multiple vehicle task assignments simultaneously [15]. At each
dispatching decision, a cost matrix is constructed between the currently available vehicles
and ready transport requests, and the assignment that minimizes the total transportation
cost is obtained by solving a linear assignment problem [15,32]. SEVD uses the same
HUNGARIAN assignment procedure for actual transport requests but additionally adjusts
the spatial distribution of idle vehicles according to the transport demand estimated in
Section 4. Therefore, the comparison between HUNGARIAN and SEVD isolates the effect
of the proposed idle-vehicle repositioning mechanism while maintaining the same vehicle
assignment procedure. However, this comparison does not establish that the specific SEVD
demand formulation is superior to alternative proactive repositioning strategies.

Performance was evaluated using both production-level and transportation-level
measures. Production performance was assessed using throughput, machine utilization,
attainment rate, and the makespan attainment index. Throughput is defined as the num-

https://doi.org/10.3390/systems14111336


https://doi.org/10.3390/systems14111336

Systems 2026, 14, 1336

16 of 28

ber of lots completing the fabrication process within the 24 h simulation horizon. Let
Nieal denote the number of lots completed within this horizon and P(N.e,) denote the
planned completion time of the corresponding lot in the reference production schedule.
The makespan attainment index converts the realized production shortfall into the time
scale of the reference schedule and is defined as Equation (9):

Mayt = 24h + [24h - P(Nreal)] =48h — P(Nreal) (9)

When the realized production progress exactly reaches the level planned for 24 h,
P(Nieq1) = 24h and Mgy = 24h. If production falls behind the reference schedule, P(Nyeq1) <
24h, resulting in Myt > 24h. Conversely, M,y < 24h indicates production progress ahead of
the 24 h reference level. Thus, a lower M,y indicates better production performance. The
corresponding attainment rate is defined as Equation (10):

Rogg =~ Nreal) (irﬁal) x 100 (10)

Accordingly, the 75% attainment criterion corresponds to Mt < 30h. Machine utiliza-
tion represents the proportion of simulation time during which the production machines
are actively processing lots. Higher throughput, attainment rate, and machine utilization
indicate better production performance, whereas a lower makespan attainment index indi-
cates better performance. Transportation performance was evaluated using source-waiting
time and empty travel time to the source machine.

Source-waiting time is defined as the interval between completion of a machine
operation and pickup of the corresponding lot by an OHT vehicle. Both the mean and
the 90th percentile of source-waiting time were considered to represent average pickup
delay and upper tail waiting conditions, respectively. Source-waiting time is recorded
only for transport requests whose deliveries are completed within the observed simulation
horizon. Requests that remain undelivered when a run terminates, either because the lot
has not yet been picked up or because it is still in transit, therefore do not yield a completed
source-waiting observation and are excluded from the reported source-wait statistics. This
treatment applies to both full-horizon and collapsed runs.

The post-assignment empty approach time measures the travel time of an assigned
empty OHT vehicle from assignment until arrival at the pickup machine. This metric
excludes pre-request repositioning and undirected idle roaming, which are accounted
for separately in the travel decomposition. Total empty travel is defined as the sum of
approach, repositioning, and roaming movement. These measures directly characterize
the transportation process affected by idle-vehicle dispatching. Lower source-waiting time
and empty travel time indicate better transportation performance. For runs terminating
before the 24 h horizon because of system collapse, transportation measures were calcu-
lated using the transport observations recorded up to the termination time. Because the
same 20 random seeds were used for all methods, method comparisons were performed
on a paired basis. Two-sided Wilcoxon signed-rank tests were used to evaluate paired
differences, and 95% bootstrap confidence intervals of the paired mean differences were
obtained using 20,000 resamples. These analyses were applied to both transportation- and
production-level measures. For the parameter-sensitivity comparisons involving multiple
alternative configurations, p-values were adjusted using the Holm procedure to control for
multiple comparisons.

5.2. Experiment Results

Table 3 summarizes the overall production and transportation performance of the
seven dispatching methods across the 20 common simulation seeds. Values are reported
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as mean =+ standard deviation over 20 simulation replications. EDD and FIFO show sub-
stantially lower production progress, while PRIORITY provides intermediate performance.
NVE, STD, HUNGARIAN, and SEVD form the competitive group in terms of production-
level measures. Among these methods, STD records the lowest mean makespan attainment
index of 31.85 h and the highest unconditional mean throughput of 455.4 lots, whereas
SEVD records 32.17 h and 446.9 lots, respectively. SEVD therefore does not uniformly
outperform the strongest benchmarks at the production-level. SEVD nevertheless satisfies
the 75% attainment criterion in 13 of the 20 runs, compared with 12 for STD and 10 for both
NVF and HUNGARIAN. Taken together, these results indicate that the advantage of SEVD
does not lie in uniformly outperforming the strongest benchmarks on every production-
level measure, but in maintaining competitive production progress while providing a
clearer improvement in transportation performance.

Table 3. Overall performance comparison of the seven dispatching methods.

Method Ratt > 75% Mgy (h) Throughput Utill\i/[;‘jt}il(i,?le@/o) SOI;;COG(‘S';’ait E:)“ g(t)}l’l;l::‘(’;l
NVF 10/20 (it.%i) (flgélég) (i429§0) (i%i) (115.%6)
STD 12/20 (iﬁ%) (f15§f1) (i51765.0) (131%.%) (ig%)
EDD 0/20 (13265) (f1642.5) (fig.S) (i618995?7) (f;;é)
FIFO 1/20 (ii%) (ﬁ%'é’.& (i51'z.5) (i%%%) (iéléi)

PRIORITY 8/20 (1?3?387) (iZZSZf.O) (j?%iii) (ﬁ%) (ﬁi%SZ)
HUNGARIAN  10/20 (i%%%) (flggs&) (fgéjz) (122%;) (i916f4)
SEVD 13/20 (fege) (ffgég.t;) (f2656) (flgl%) (i711?%1)

A further decomposition of throughput according to run outcome helps explain
these aggregate differences. Among the runs satisfying the attainment criterion, SEVD
records the highest mean throughput of 557.5 lots, compared with 548.4 for STD, 545.3 for
HUNGARIAN, and 550.1 for NVE. The lower unconditional throughput of SEVD relative
to STD is therefore largely associated with differences among the runs not meeting the
attainment criterion rather than with lower production progress in the runs satisfying
the criterion.

Here, a collapsed run refers to a simulation realization that terminates before the 24 h
horizon because persistent vehicle blocking prevents normal transport operations and,
consequently, subsequent production progress, as described in Section 5.1. The collapsed
SEVD runs record a mean throughput of 241.6 lots and terminate between approximately
1.3 and 19.1 h, whereas the collapsed STD runs record a higher mean throughput of
315.8 lots and terminate between approximately 6.1 and 19.0 h. Early collapse therefore
has a substantial influence on the unconditional production measures. A similar but
more pronounced pattern is observed for PRIORITY, FIFO, and EDD. This decomposition
explains the large seed-to-seed variation in production-level performance and supports
the use of the unconditional all-seed results as the primary basis for comparison, with
criterion-conditioned results used only to interpret the source of the variation. This result
indicates that the lower unconditional throughput of SEVD relative to STD is primarily
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associated with run-level collapse behavior rather than with poorer production progress
when the system maintains sufficient attainment.

In contrast, the transportation-level results show a clearer advantage for SEVD. SEVD
records the lowest source wait p90 of 399.3 s and the lowest empty travel to the source of
71.2 s. The corresponding values for HUNGARIAN are 428.7 s and 96.8 s, while NVF and
STD also show substantially larger empty travel values of 91.4 s and 91.5 s, respectively.
These results indicate that the primary advantage of SEVD is observed at the transportation-
level, where proactive idle-vehicle dispatching directly reduces empty-approach travel and
upper-tail pickup waiting while preserving competitive production-level performance.

Figure 8 further examines the seed-level variation underlying the aggregate results in
Table 3. Panel (a) shows that the production outcomes are not simply separated by small
shifts in their mean values. Instead, the results show substantial variation among simula-
tion realizations. EDD and FIFO are concentrated almost entirely in the high-makespan-
attainment region, whereas NVF, HUNGARIAN, STD, and SEVD produce a much larger
number of runs near the lower-attainment region. SEVD satisfies the 75% attainment
criterion in 13 of the 20 seeds, followed by STD with 12 and NVF and HUNGARIAN with
10 each, as summarized in Panel (b).

(a) attainment by seed (b) runs meeting the criterion
EDD -+ 0/20
collapsed 20
FFO{ ° . 1/20
collapsed 19
PRIORITY { | EENEEEEE g
collapsed 12
NVEH @ | EENEEEEEEN 155,
collapsed 10
HUNGARIAN 4 © ° | EEEEEEEEEN 105
collapsed 11
STD A [ | EEEEENEEEE 12/20
[ 1]
collapsed 7
SEVD - « | :::lllllll 13/20
collapsed 6
30 35 40 45 one square = one seed; “collapsed” = watchdog freeze

makespan attainment (h)

Figure 8. Production attainment of the seven dispatching methods across 20 common simulation
seeds. In panel (a), each marker represents one seed: filled circles denote runs that satisfy the 75%
attainment criterion, and crosses denote runs that do not. The vertical bar indicates the mean over all
20 seeds. In panel (b), each square represents one seed, and filled squares denote runs that satisfy the
criterion. Collapsed gives the number of runs terminated by the gridlock watchdog.

However, Figure 8 also shows why the attainment count should not be interpreted as
direct evidence of overall superiority. STD achieves a slightly lower mean makespan attain-
ment index than SEVD, and the seed-level outcomes of the competitive methods overlap
considerably. Paired statistical tests confirm that these production-level differences are not
significant. The makespan attainment difference is +0.32 h relative to STD (95% CI [—2.68,
3.49], p = 0.629) and —1.73 h relative to HUNGARIAN (95% CI [-5.64, 2.01], p = 0.294).
These results indicate that SEVD remains competitive with the strongest production-level
benchmarks, while substantial run-to-run variation remains across the common seeds. This
motivates a direct examination of the transportation-level effects of SEVD in Figure 9.
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Figure 9. Paired comparison of SEVD and the benchmark dispatching methods across 20 common
simulation seeds for transportation- and production-level performance measures.

Figure 9 provides the most direct evidence of the operational mechanism introduced
by SEVD. Unlike the production-level measures in Figure 8, both transportation measures
show improvements relative to all benchmark methods. The paired differences remain
positive for empty travel to the source and for the 90th percentile of source-waiting time,
indicating that SEVD generally places vehicles in more favorable locations before actual
transport requests are assigned. The comparison with HUNGARIAN is particularly im-
portant because the two methods use the same HUNGARIAN assignment procedure after
a pickup request is generated. Their primary difference is therefore the pre-request re-
dispatching of idle vehicles performed by SEVD. Mean post-assignment empty-approach
travel decreases from 96.8 s under HUNGARIAN to 71.2 s under SEVD, corresponding
to a reduction of approximately 26.4%. This reduction refers specifically to the approach
movement after assignment and does not represent a reduction in total empty-vehicle
movement. Source wait p90 decreases from 428.7 s to 399.3 s, corresponding to a reduc-
tion of approximately 6.9%. SEVD performs better in 19 of the 20 paired seeds for both
measures. The paired differences are statistically significant, with a 25.59 s reduction in
post-assignment empty-approach travel relative to HUNGARIAN (95% CI [16.25, 35.04],
p = 0.0005) and a 29.40 s reduction in source wait p90 (95% CI [14.89, 39.31], p = 0.0007).

The result against NVF provides an additional insight. NVF already selects a nearby
vehicle after a request becomes available, yet its mean empty travel remains approximately
20 s higher than that of SEVD. This indicates that reactive selection of a nearby vehicle
cannot fully compensate for an unfavorable idle-vehicle dispatching that already exists at
the time of request generation. The principal effect of SEVD therefore occurs before request
assignment by improving the spatial starting positions of idle vehicles. The larger relative
reduction in empty travel than in source waiting also clarifies the propagation of this effect.
SEVD directly changes the location from which an empty vehicle approaches the pickup
machine. Reduced pickup waiting is a subsequent effect that is additionally influenced by
vehicle availability, request timing, and other concurrent transport events.

Figure 10 further decomposes empty-vehicle movement into post-assignment ap-
proach, pre-request repositioning, and undirected roaming. Aggregated over all 20 seeds
per vehicle-hour of realized operation, SEVD reduces approach travel by 28.0% and undi-
rected roaming by 79.4% relative to HUNGARIAN, but the added repositioning increases
total empty travel by 17.8%. Total travel distance also increases by 6.8%, while empty and

https://doi.org/10.3390/systems14111336


https://doi.org/10.3390/systems14111336

Systems 2026, 14, 1336 20 of 28

loaded blocking times decrease by 15.5% and 28.1%, respectively. These results indicate that
SEVD redistributes empty movement toward purposeful repositioning rather than reducing
the total amount of empty movement. Because the simulator does not include an explicit
energy-consumption model, total travel distance is reported only as a distance-based proxy
rather than as a direct energy estimate.

(a) empty movement, by phase (b) blocked time
EDD 883
FIFO 1001
PRIORITY 1158
NVF 1147
HUNGARIAN 1156
STD 1160
(') 25I>0 5(|)0 7fl>0 10I00 12I50 (IJ 25I>0 5(I)0 7%0 10IOO
empty travel (s per veh-h) blocked time (s per veh-h)
Bl post-assignment approach [l pre-request repositioning undirected roaming I while empty [l while loaded

Figure 10. Decomposition of empty-vehicle movement and associated traffic effects.

Figure 11 examines whether the transportation advantage of SEVD is affected by un-
equal simulation durations. Panel (a) reports the termination times and collapse outcomes
for each method. Panel (b) compares post-assignment empty-approach travel using two
observation-horizon definitions. In the common-horizon comparison, both runs within
each seed pair are truncated to the shorter realized duration before the transportation
metric is recomputed. The full-horizon comparison includes only seed pairs in which both
methods complete the 24 h simulation.

(a) when each run ended (b) common-horizon vs full-horizon

DD 4 2020 4|, -

FIFO . 19/20 _

PRIORITY - - 12/20 - ont |
NVF A . 10/20 -.-|:| -
HUNGARIAN - - 1120 A o7
STD | . 720 T oo
SEVD - - 6/20 .
0 EI3 1I2 1I8 2;4 0 2IO 4IO 6I0 8I0 1(I)0
time the run ended (h) baseline — SEVD,

post-assignment empty approach travel (s)
collapsed e ranto24h
=@~ common horizon == full horizon

Figure 11. Run termination patterns and robustness of post-assignment empty-approach travel to
differences in observation horizon.
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Against HUNGARIAN, the mean advantage of SEVD is 21.0 s under the common-
horizon comparison, with SEVD performing better in 18 of 20 paired runs. Among the seven
pairs in which both methods complete the full 24 h horizon, the corresponding advantage is
25.6 s and SEVD performs better in all seven pairs. Similar positive differences are observed
against the other competitive benchmarks. These results indicate that the transportation
advantage of SEVD is retained after equalizing the observation horizon and is therefore not
attributable to unequal simulation durations. The full-horizon subset is reported only as a
supplementary robustness check because it conditions on both runs completing the simulation.

Because source-waiting time is observed only for completed deliveries, requests
remaining undelivered at termination are excluded from the source-wait statistics, and this
exclusion is not removed by equalizing the observation horizon. Across the 20 seeds, SEVD
recorded 149.8 outstanding requests on average, compared with 179.5 for HUNGARIAN and
165.1 for STD. As a sensitivity analysis, each outstanding request was assigned a censored
waiting value equal to the interval from operation completion to simulation termination. With
these censored requests included, SEVD retained a lower source-wait p90 than HUNGARIAN
in 15 of 20 paired seeds and lower than STD in 17 of 20 paired seeds. However, the mean
differences became sensitive to early-collapsed runs. These results indicate that the relative
advantage of SEVD is generally preserved across paired seeds, while also showing that
source-wait statistics in collapsed runs remain affected by censoring.

The relative benefit of SEVD changes with OHT fleet size, as shown in Figure 12. Ata
fleet size of 80 vehicles, the difference relative to STD and HUNGARIAN is small, while
NVF achieves shorter empty travel than SEVD. From 100 vehicles onward, however, the
mean differences become positive for all three competitive benchmarks, and the advantage
of SEVD increases further at 120 and 140 vehicles. Relative to HUNGARIAN, the mean
empty travel difference increases from only a few seconds at 80 vehicles to approximately
48 s at 140 vehicles. This pattern indicates that the effectiveness of SEVD depends on the
operating condition of the OHT fleet. In particular, the increasing advantage at larger
fleet sizes is consistent with the interpretation that the spatial placement of idle vehicles
becomes more influential when more vehicle capacity is present in the system. The result
therefore identifies fleet size as an important operating condition for SEVD rather than
demonstrating uniform superiority under every fleet configuration.
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E e STD
g 40 4 e NVF
w
(%]
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2 10 /.
®©
—
+ °
> )
a o0
g no difference
_10 -
)
_20 .
80 100 120 140

fleet size (number of OHTS)

Figure 12. Effect of OHT fleet size on the empty travel reduction achieved by SEVD.
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5.3. Ablation Study

To examine the contribution of individual SEVD components and the sensitivity of the
proposed method to its parameter settings, Figure 13 presents the ablation and one-factor-
at-a-time sensitivity results. Panel (a) reports post-assignment empty-approach travel,
Panel (b) reports source wait p90, and Panel (c) shows the paired difference in post-
assignment empty-approach travel relative to the default SEVD. Disabling the SEVD
repositioning mechanism produces the clearest deterioration in both transportation
measures. Post-assignment empty-approach travel increases from approximately 71.2 s
under the default SEVD to 96.8 s under SEVD OFF, while source wait p90 increases
from approximately 399.3 s to 428.7 s. The corresponding paired increase in post-
assignment empty-approach travel is approximately 25.6 s, indicating that the pre-
request repositioning mechanism itself accounts for the most pronounced transportation-
level improvement.
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Figure 13. Ablation and parameter sensitivity analysis of SEVD. Each dot indicates the mean over
20 seeds and the horizontal line indicates standard deviation.

The demand-component ablations provide a more limited distinction among the
individual information sources. The realized-only configuration (A = 0), which removes the
schedule-derived prior, does not significantly differ from the default SEVD in the all-seed
comparison (mean difference = —0.58 s, 95% CI [—12.63, 11.15], p = 0.57). Similarly, retaining
only the schedule-derived prior does not provide a clearly distinguishable improvement
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from the default in the all-seed results. These findings do not support attributing the
overall transportation benefit to either demand component alone. Instead, the clearest
contrast is between the active SEVD repositioning mechanism and SEVD OFE. In the
supplementary full-horizon subset, removing the realized production-state terms while
retaining the schedule prior increases post-assignment empty-approach travel by 2.36 s
(95% CI [1.29, 3.43]). Because this comparison is conditional on both runs completing the
simulation horizon, it is used only as supplementary evidence and not as the primary basis
for attributing the overall SEVD benefit to the realized-state terms.

A configuration that removes all production-schedule information, including both the
schedule-derived prior and the schedule-based eligibility condition, likewise does not differ
significantly from the default SEVD in the all-seed comparison (mean difference = 7.07 s,
95% CI[—8.74, 24.03], p = 0.99). Therefore, in the present testbed, the incremental contri-
bution of schedule information to the transportation benefit is not statistically detectable.
The evidence instead supports the effectiveness of proactive repositioning within the SEVD
framework rather than the superiority of its particular demand formulation.

The parameter-sensitivity results also indicate that most moderate changes in the
prior weight, A, temporal window, H, spatial resolution, repositioning interval, and
immediate-demand weight remain closer to the default than SEVD OFF. Some more
extreme settings show larger deterioration, particularly a short temporal window or a
coarse spatial grid. Overall, Figure 13 indicates that the principal transportation benefit
is associated with enabling proactive idle-vehicle repositioning, while the performance
differences among individual demand components and moderate parameter settings are
comparatively smaller.

The default parameter values should therefore be interpreted as operating settings
within a stable region rather than as uniquely optimized values. For the spatial resolution,
the course span/2 grid substantially reduces operational stability, with only 1 of 20 runs
meeting the 75% attainment criterion, whereas sparn/4 and span/6 provide comparable
all-seed transportation performance. For the repositioning interval, neither 15 s nor 120 s
significantly outperforms the default 45 s setting after multiple-comparison correction.
Similarly, alternative buffer_num values do not significantly outperform the default, while
buffer_num = 3 additionally preserves the structural priority of an existing pickup request
described in Section 4.1.

Figure 14 examines whether the effectiveness of SEVD depends on accurately repre-
senting the timing of future transport demand. Panel (a) compares the default H = 900 s
configuration with shorter and longer static windows and with alternative rolling im-
plementations. Although most alternative settings show bootstrap confidence intervals
that overlap zero, the shortest static window, H = 150 s, shows a clear deterioration in
post-assignment empty-approach travel relative to the default H = 900 s. None of the tested
alternatives provides a consistent improvement over the default configuration. Panel (b)
provides an explanation for the limited sensitivity to larger static values of H. The planned
processing times of the 33,510 operations have a maximum of approximately 676 s, while
only 0.14% of realized operations exceed 900 s in the simulation runs. Consequently, the
eligibility condition p;(t) < H is nearly saturated at the default H = 900 s. Increasing H to
1800 or 2700 s therefore does not introduce additional ongoing operations into this demand
component. However, H continues to control the relative weighting of eligible operations
through 1 — p;(t)/H. A larger H flattens this weighting function and reduces the contrast
between operations with different remaining processing times. Thus, once the eligibility
condition is saturated, H no longer changes which operations are included but still affects
how strongly their imminence is differentiated.
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Figure 14. Effect of the temporal demand window and its relationship with the planned processing
time variation.

More importantly, the rolling implementations were introduced to represent the tem-
poral horizon more explicitly, yet they do not provide a consistent advantage over the
simpler static implementation. The sensitivity results further show that this weighting effect
does not create a sharply defined optimum, as no alternative H setting significantly outper-
forms the default after multiple-comparison correction. The shortest window, H = 150 s,
shows a clear deterioration relative to the default, indicating that an excessively short
temporal window can exclude relevant ongoing operations. However, no alternative H
setting significantly outperforms the default after Holm correction. This result changes the
interpretation of schedule awareness in SEVD. The benefit of using production-schedule
information does not appear to originate primarily from precise prediction of when indi-
vidual pickup requests will occur. The temporal-window results are consistent with the
ablation findings. Increasing the temporal detail does not provide a consistent additional
benefit. This indicates that SEVD does not rely on precise schedule timing. Instead, its
observed advantage is primarily associated with proactive spatial repositioning rather than
precise temporal schedule information.
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6. Conclusions

This study developed SOMOS to represent the event-driven interaction between
semiconductor production execution and OHT transportation and proposed SEVD for
schedule-informed idle-vehicle dispatching. SEVD combines immediate pickup demand,
remaining processing information, and a schedule-derived spatial demand prior to reposi-
tion idle vehicles before subsequent pickup requests occur, while retaining the conventional
HUNGARIAN assignment procedure for actual transport requests. The experimental re-
sults show that the clearest benefit of SEVD appears at the transportation-level. Compared
with HUNGARIAN, SEVD reduced mean post-assignment empty-approach travel from
96.82 s to 71.23 s and source wait p90 from 428.74 s to 399.34 s. This transportation benefit
involves an operational trade-off. Aggregated over all seeds, proactive repositioning in-
creased total empty travel by 17.8% and total travel distance by 6.8%, indicating that SEVD
redistributes empty movement toward purposeful repositioning rather than reducing total
vehicle movement. The production-level results showed greater run-to-run variation, and
SEVD did not significantly outperform the strongest benchmark methods on production-
level measures. Fleet size and ablation experiments further showed that the benefit of
SEVD becomes more pronounced when spatial vehicle dispatching becomes operationally
important, whereas detailed tuning of the temporal demand window provides limited
additional improvement. These results indicate that SEVD’s transportation benefit arises
primarily from the proactive pre-request repositioning mechanism. The all-seed ablation
does not identify either the realized production-state terms or the schedule-derived spatial
prior as independently responsible for this benefit. In particular, the incremental contri-
bution of the schedule-derived prior was not statistically detectable in the present testbed.
Accordingly, the present results support the effectiveness of proactive, production-informed
repositioning within the SEVD framework rather than establishing the proposed demand
formulation as superior to alternative repositioning strategies. Comparison with other
proactive repositioning baselines remains a direction for future work.

The present study has several limitations that define the direction of future work. The
current SEVD formulation does not explicitly incorporate lot-level production priorities
such as due-date urgency, tardiness, slack, or downstream criticality. Accordingly, SEVD is
primarily intended to improve transportation responsiveness through idle-vehicle position-
ing, while incorporating production-criticality information into the demand formulation
remains a direction for future work. In addition, source-waiting time is observed only
for completed deliveries. Although outstanding requests are reported and a censored
sensitivity analysis is provided, the reported source-wait statistics may underrepresent the
longest waits, particularly in collapsed runs. Furthermore, SEVD uses the exact remain-
ing processing time of ongoing operations, which is available in the simulator once the
realized processing time has been sampled. In an industrial implementation, this quantity
would need to be estimated from equipment-state or process-monitoring information, and
estimation error may weaken the short-term imminence signal used by SEVD. A direct
evaluation with estimated remaining processing times remains a direction for future work.
Although deadlock and gridlock emerge from vehicle interactions in the simulated rail
network, the evaluated dispatching methods do not include dedicated prevention or re-
covery mechanisms. Future research will therefore extend the OHT control framework
to explicitly consider deadlock and gridlock prevention while preserving efficient vehicle
dispatching and assignment. SEVD will also be extended toward adaptive dispatching
in combination with reinforcement learning so that vehicle positioning and assignment
policies can respond to changing production and transportation states. In addition, the cur-
rent study evaluates OHT decisions using a predefined production schedule. Future work
will integrate OHT operation with continuous rescheduling in which the Gantt schedule is
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repeatedly updated according to realized processing and transportation states rather than
adjusted through simple schedule shifting. This extension is expected to provide a tighter
closed loop between production scheduling, OHT dispatching, and real time execution. In
addition, SOMOS is evaluated using a literature-based semiconductor FAB testbed and has
not been externally validated against industrial production or OHT data. Accordingly, the
results should be interpreted within the simulated testbed, and validation using industrial
data remains an important direction for future work.
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