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Figure 1: The visual exploration system for Automated Material Handling System. Users can explore and analyze AMHS through
visualizations and a series of egocentric interactions.

ABSTRACT

The combination of the digital twin and the smart factory has been
a popular research direction in recent years. Automated Material
Handling System (AMHS) is an important scene of smart factory,
while most traditional simulation AMHS analysis tools only provide
results or simple 2D displays. We introduce a visual exploration
system that combines virtual reality (VR) with AMHS to allow users
to observe and analyze the performance of the system in real-time,
and we provide a series of egocentric interactions to help users
analyze and interfere with the performance of the system. The inter-
actions include ray interaction, task scheduling interaction, and path
planning interaction, We demonstrate how to explore AMHS using
visualization and interaction in our system through case studies.

1 INTRODUCTION

With the trend of automation and intelligence in the manufactur-
ing industry, manual handling of materials in traditional factories
is gradually being replaced by automatic handling by machines.
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Automated Material Handling System (AMHS), saving labor costs
by automatically moving raw materials or semi-finished products
between stations in a factory, improves production efficiency and
eliminates the possible ergonomic hurts [1,9].

In a large-scale AMHS, hundreds of vehicles run in dozens of
loops, so traffic congestion among vehicles may frequently occur,
notably when vehicles are permitted to perform cross-bay transporta-
tion [15]. Additionally, AMHS must assign a large number of han-
dling tasks to these vehicles. Implementing reasonable vehicle route
planning and task allocation strategies can reduce transportation
costs, alleviate congestion, and enhance production efficiency [16].
The primary focus areas and issues are to increase throughput for
AMHS, decrease average delivery times, and improve its reliability.
Many studies use simulation experiments to calculate the through-
put or average transit time of AMHS as an indicator to evaluate
the performance of AMHS. However, as map scenes, vehicles, and
scheduling strategies in AMHS become increasingly complex, tra-
ditional simulated AMHS methods have limitations in observing,
analyzing, and interacting with the system. To understand why the
current AMHS performance is sub-optimal, more intuitive informa-
tion about the system’s operation is required to analyze the reasons
for the AMHS performance being affected, such as vehicles fre-
quently congested in a certain location or the assignment of a certain
type of task being unreasonable.



It is challenging to visually observe and analyze AMHS. In a typ-
ical 300 mm semiconductor fabrication line, there can be as many
as 5000 wafer cassettes waiting for about 100 types of tools to finish
thousands of manufacturing steps [6,25]. For such a large-scale, 3D
system with possible multiple floors [11], traditional 2D fixed per-
spective observation can be inconvenient. In addition to providing
users with a view of the system’s operation, it is also necessary to
provide data information related to vehicles and tasks through appro-
priate visualization methods. This will help users obtain quantitative
information on the system’s operation for analysis and decision-
making. Observing and analyzing AMHS in a virtual environment
has advantages over traditional interfaces. Virtual reality allows
users to freely change their perspective while viewing AMHS, pro-
viding a better view of detail and 3D information than traditional
interfaces. Also, it is inconvenient to use traditional interfaces to
carry out interactive operations such as planning the path of OHTs
and moving components in the 3D structures, which can be better
solved by using virtual reality technology.

In our visual exploration setting, we utilize cross-reality to en-
hance the observation and planning of AMHS. We construct the
AMHS model and framework based on the real-world factory and
create a digital twin in the digital world. Then, we place the digital
twin in a virtual reality environment, allowing users to generate
insights and receive feedback for operations in the real-world fac-
tory. Cross-reality can fully combine the advantages of real and
virtual environments to aid in the analysis and exploration of various
scenes.

For the reasons stated above, we have proposed a visual explo-
ration system that combines Virtual Reality (VR) with Automated
Material Handling Systems (AMHS). This allows users to engage in
immersive analysis and interaction to better observe, analyze, and
interfere with AMHS. Our system enables users to test different
scenarios, planning strategies and observe their impact on the sys-
tem’s performance in real time, which can aid in identifying areas
for optimization. The primary contributions of our work include:

* Introducing a visual exploration system that explores the smart
factory setting (AMHS) in a cross-reality manner with interac-
tive and immersive technology.

* Providing an immersive environment for exploration of the real-
time factory operation, enhanced with in-context visualization.

* Proposing an interactive exploration method for smart factory
configurations, planning strategies, and identifying possible
optimization directions.

2 RELATED WORK

This section summarizes previous studies closely related to our work
in the following categories.

2.1 AMHS Design and Evaluation

Many factors need to be considered when designing AMHS, such
as scenario configuration, path planning, and task assignment.
Kurosaki et al. [13] divided the tracks into two categories based
on whether interbay and intraday were directly connected and found
that interconnected lines are recommended for bays with a lot of
transport between different bays, and isolation of interbay transport
and intrabay transport is recommended for bays with high levels of
transport within the same bay. Mackulak et al. [21] used a combina-
tion of simulation and design of experiments to compare the intrabay
layout of two AMHS and found that the distributed storage option is
preferable for maximizing manufacturing performance. Ben-Salem
et al. [2] proposed a simulation combining Discrete Event and Agent-
Based approaches to develop an effective AMHS design and found
that the way lots are assigned to storage space and the storage ca-
pacity have an impact on workshop performance. Mohammadi et

al. [22] developed a novel aggregation model based on a queueing
network approach to estimate the cycle time of a job-shop production
system, providing an accurate and fast estimation of the overall cycle
time. Jimenez et al. [11] proposed four rail decision rules and four
lifter decision rules to minimize average transfer time and found that
simulation modeling can be used to evaluate decision rules and sce-
narios and determine the lowest average delivery time. These studies
evaluated the performance of AMHS based on quantitative results
obtained by simulation, but there was no method to further explore
the modes in the system operation process, such as the scheduling
and operation process of specific tasks, which presents limitations
to AMHS analysis.

2.2 Visualization for Smart Factory

The development of Industry 4.0 and the emergence of the smart
factory concept has led to changes in the traditional philosophy of
manufacturing systems [10,20]. Data mining and knowledge dis-
covery can provide a scientific basis for planning and scheduling of
manufacturing products [4,27]. The use of visualization and mixed
reality technology can further assist in understanding smart factory
scenarios [26]. Paelke [24] applied augmented reality in assistance
systems within a smart factory environment and found that AR is a
promising user interface concept through public tests with several
hundred users. Zhong et al. [29] introduced an IoT-enabled smart
factory visibility and traceability platform to ultimately achieve real-
time production visualization and demonstrated how it can facilitate
typical decision-making, production, and logistics operations in a
smart factory. Zhong et al. [30] created a virtual electronic assembly
factory to help workers familiarize themselves with the entire assem-
bly process. C. Zhou et al. [31] simulated the heat loss near the door
of the blast furnace in steel rolling production in the form of ani-
mation, which deepened experts’ understanding of the internal state
of the heating blast furnace. Lee [14] et al used MR technology to
provide a complete data interface including product monitoring data,
structural physical information, and other relevant information to as-
sist engineers in understanding equipment status. Espindola et al. [3]
assisted managers in completing overall workshop layout planning
by assigning the pose and position of real mechanical equipment
to pictures of the production environment. In our system, multiple
dimensions of system operation information will be displayed to as-
sist users in analyzing and making decisions on automated material
handling systems.

2.3 Immersive Analytics

As immersive technologies have rapidly matured and brought com-
mercially successful virtual and VR/AR devices and mass market
applications, researchers have sought to leverage their benefits, such
as enhanced sensory perception and embodied interaction, to aid
human data understanding and sensemaking [7, 8]. Zhang et al. [28]
combined urban design and virtual reality by introducing an immer-
sive analytics system with effective visualization and interaction
techniques, to enable architects to assess designs in a VR envi-
ronment. Lin et al. [18] presented a user-centered design study
of developing interactive embedded visualizations for basketball
fans to improve their live game-watching experiences and enhance
game understanding and engagement. Lin et al. [19] presented an
observational study comparing co-located and situated real-time
visualizations in basketball free-throw training by designing both
a situated 3D visualization on a head-mounted display and a 2D
visualization on a co-located display. Chu et al. [5] proposed an
immersive visual exploration system to assist users in exploring and
explaining badminton tactics from multiple levels, allowing users
to adjust the perspective to suit the needs of the analysis. Kim et
al. [12] used an immersive VR technique to empirically examine
the D/H ratio principle in urban public spaces. In our work, we will
combine VR technology to provide users with an immersive analy-



sis environment, with a free perspective and a series of egocentric
interactions to enhance user understanding and engagement.

3 OVERVIEW

In this section, we discuss the domain requirements we learned from
domain experts, followed by the system overview.

3.1 Background

We will focus on AMHS track and transport patterns. Take the ex-
ample of AMHS in a wafer factory, there are two types of AMHS in
a wafer factory. One is the interbay system, which is transporting
cassettes or boxes of wafers between process bays; and the other
is the intrabay system, which is transporting cassettes or boxes of
wafers within one process bay [17]. Within the interbay system and
the intrabay system, there are several vehicles responsible for carry-
ing materials, such as overhead hoist transport (OHT) or automated
guided vehicle (AGV).

3.2 Domain Requirements

Simulation models are both expensive and time-consuming to con-
struct, and require long execution time to produce statistically valid
estimates [23]. Our goal is to obtain useful information while the
system is running, rather than waiting until the end of execution.
‘When the results of system operation are abnormal or not satisfac-
tory, we aim to identify existing problems in the system through
direct observation and analysis. Through intuitive exploration of
AMHS, it is easier to gain inspiration in the aspects of scene design,
parameter setting, task scheduling strategy, and path planning strat-
egy. In general simulation systems, the configuration of the system
is often difficult to change after the system starts running. We aim to
allow users to intervene in the system’s running process, in order to
better utilize the subjective role of people in the system. In addition,
visual interfaces, flexible viewing angles, and user-friendly inter-
actions are believed to improve user understanding and experience.
We summarize the domain requirements as follows:

* R1: The system should provide simulated AMHS, and users
can freely and intuitively observe the system operation in an
immersive manner.

* R2: The system can support the visualization of real-time data
information of components in the scene.

* R3: Users can explore AMHS through a series of interactions
and can examine and optimize important strategies such as task
scheduling and path planning.

3.3 System Overview

Our system builds a simplified AMHS in a virtual reality environ-
ment, allowing users to observe vehicles performing tasks on the
track. The system provides a variety of visual information, including
vehicle and task information. Users are free to move their perspec-
tives to view global information or local details. Additionally, the
system offers a range of interactions that allow users to interfere
with the operation of the AMHS. The whole system is implemented
using Unity 2021.3.8f1c1 with C#. The Oculus Quest2 is used in our
VR-based system. It has a 2160 x 1200 resolution (1080 x 1200 per
eye) OLED panel with a 110-degree field of view, a 90 Hz refresh
rate, and comprises two controllers that are used to interact with the
virtual environment, in addition to a headset that tracks the user’s
view.

4 VISUAL EXPLORATION SYSTEM

The design of our visual exploration system consists of three compo-
nents: data and model setting, visualization design, and interaction
design.

Figure 2: The AMHS scene in virtual reality. The scene consists of
tracks, OHTs, and position points.

4.1 Data and Model setting

First, we introduce the system model and parameter setting in the
visual exploration system and analyze the task model in the system.

4.1.1 Scene Setting

A common interbay and intrabay separation track [13] is used in
our designed system. We have set up ten small ring tracks in the
scene as intrabay (40m long, 25m wide) and one large ring track
as interbay (320m long, SOm wide). The connection between the
interbay and intrabay is made through stockers. There are 68 points
on the track (18 on the interbay and 50 on the intrabay, marked
by a white circular pattern), which represent the locations used for
processing, storage, or delivery of materials. 26 Overhead Hoist
Transports (OHTs) for material handling are placed on the track,
including six on the interbay and two on each intrabay. According
to the real parameter information of OHT, we have set the maximum
no-load operating speed of OHT as 2m/s, maximum load operating
speed as 1.5m/s. For safety reasons, when the OHT goes through a
curve, the speed should be reduced to 40% of the maximum speed.

4.1.2 Task Model

When scheduling, the tasks that OHT needs to perform can be viewed
as similar processes. For example, if processed chips need to be
stored, This task requires OHT to first go to the processing facility,
then load the chips on arrival, then carry the chips to the warehouse,
and finally unload the chips at the warehouse. For simple handling
or processing tasks on the same ring track in AMHS, the tasks can
be divided into the following four stages:

* No-load stage: OHT starts from the current position to the start
point of the task (i.e. the location of materials).

¢ Loading stage: OHT loads materials at the start point of the
task.

* Loaded stage: OHT moves materials from the start point to the
end point (i.e. the target position of the materials).

¢ Unloading stage: OHT unloads materials at the endpoint of
the task.

For the task that needs to transport materials between intrabay, we
can break it down into two tasks transporting materials within in-
trabay and one task transporting materials within interbay. More
complex handling or processing tasks can be decomposed into multi-
ple simple tasks by similar methods, so we take such simple tasks as
the basic unit of tasks in the system. Tasks have different priorities.
In our system, priorities range from O to 10.

4.2 Visualization Design

The visualization component is designed to provide users with more
intuitive information about the system and a more immersive experi-
ence (R2). The component mainly consists of four parts:



OHT Speed

Figure 3: The real-time statistic view presents the speed of OHT's
and the completion progress of tasks.

4.2.1 Virtual Reality Scene

Our visual exploration system is based on the virtual reality scene.
We build the AMHS scene in Unity to allow users to explore the
scene in an immersive way. The Oculus controller allows users to
freely adjust the position and angle of the view to understand better
the global landscape and local details (R1). The AMHS scene we
built is shown in Figure 2.

4.2.2 Real-time Statistic View

This view provides the real-time speed of all the OHTs in the system
and the completion progress of all the tasks. The real-time running
speed of the OHT is visualized using the bar chart. The completion
progress of a task is measured by the ratio of the mileage completed
to the total mileage of the task and is represented by the progress
bar. The length of the progress bar is positively correlated with the
total mileage of the task. The color of the progress bar is associated
with the phase the task is in. Green indicates the no-load phase, blue
indicates the load phase, and red indicates the loading or unloading
phase. A real-time statistic view is shown in Figure 3. Global infor-
mation view can help users quickly understand the overall operation
of the system and provide inspiration for subsequent exploration.
For example, when the user finds that the speed of an OHT continues
to be low or the progress of a task stagnates, which may represent
an abnormal situation such as deadlock in the system, the user can
then explore the local details.

4.2.3 OHT and Task Visualization

We provide visual status information for OHT's and Tasks using color
and location for encoding. We use cubes in the scene to represent the
task. The initial position of the cube representing the task is located
below the start point of the task. When the OHT corresponding to the
task arrives, the cube will be loaded onto the OHT and moved with
it. After the OHT finishes the unload stage, the cube will disappear,
indicating that the task has been completed. Both the OHT and the
cube use color to indicate their current running state. White indicates
that the OHT is idle or the task has not started, green indicates that
the OHT or task is in the no-load stage, blue indicates that the OHT
or task is in the load stage, and red indicates that the OHT or task is
in the load or unload stage. The shade of the OHT color is positively
correlated with its running speed, and the shade of the task cube
color positively correlates with its priority. With these visual cues,
users can easily and intuitively understand the status of OHTs and
tasks in complex scenes.

4.2.4 Text Annotation

We provide text annotations in the scene to offer easy access to
details. These text tags include information about OHTs, task cubes,
position points, and task numbers at the start and end of each running

task (green at the start and blue at the end). Users can use the con-
troller to toggle the display of text annotations on or off. To provide
users with a satisfying observation experience from different per-
spectives, we adjust the angle and font size of these text annotations
based on the user’s perspective, so that the text always faces the user
and the size of the text appears consistent at different distances for
the observer.

4.3 Interaction Design

(a) Remove a cube from an OHT. (b) Place the cube on another OHT.

Figure 4: A task cube is moved from one OHT to another. One OHT
becomes idle and the other one starts to perform the task.

Convenient and intuitive interaction is an advantage of immersive
analysis systems. In order to better leverage the subjective role of
human beings in exploring systems, we develop a series of egocentric
interactions, including ray interaction, task scheduling interaction,
and path planning interaction (R3).

4.3.1 Ray Interaction
To make it easy for the user to view or select specific compo-
nents from different perspectives, our visual exploration system

supports the following interactions through rays emitted by Oculus
controllers.

* Hover. When the ray hovers on the OHT, task cube, or position
point, it will display detailed information about the component.

¢ Selection. When the ray selects an OHT, the path of the OHT
will be displayed on the track. If the user continues to select a
position point, the path planning interaction will be enabled.

¢ Grab. The ray can select the task cube and move it by dragging.

(a) The initial path of the OHT.  (b) The updated path of the OHT.
Figure 5: When an OHT is selected, its path is displayed on the

track. Continue to select a position point, then the OHT will re-plan
a new path through the selected point.

4.3.2 Task Scheduling Interaction

Based on grab interaction, our visual exploration system allows
users to interfere with the system’s task scheduling by grabbing and
dragging task cubes. The specific interaction process is as follows:

¢ Remove a task cube from an OHT. The OHT will be idle and
the task will return to its original state.



(a) The initial path of an OHT.

(c) Observe the end point of the task

(b) Observe a new task in the OHT’s path

o

(d) The path of the OHT after re-planning

Figure 6: Explore task scheduling strategies through visualizations and interactions

¢ Place a task cube on an OHT. The OHT will abandon other
missions it is performing to perform this one instead.

We illustrate the process of removing a task cube from one OHT
and placing it on another (Figure 4). By manipulating task cubes
in the scene, users can freely explore the impact of different task
scheduling, interfere at any time during system operation, and get
intuitive and timely feedback.

4.3.3 Path Planning Interaction

The visual exploration system provides an interactive method to
interfere with path planning in order to support users to have a
deeper understanding and exploration of OHT path planning in the
system. When an OHT is selected by the ray, the path of the OHT
consisting of line segments with different colors will be displayed on
the track, where the color represents the running state of the OHT on
this path, and the corresponding relationship between color and state
is the same as in Sect. 4.2. If the ray continues to select a position
point on the track, the OHT will re-plan a new path through that point
to reach the target point. Figure 5 illustrates the process of changing
the OHT path through interaction. By interfering with OHT path
planning, users can explore the effects of different path planning
modes during system operation, which can provide inspiration for
solving abnormal situations such as congestion and optimizing path
planning strategies.

5 CASE STUDIES

We demonstrate how to better explore AMHS with our system
through two case studies. These two case studies address issues
relate to task scheduling and path planning, respectively.

5.1 Exploration of flexible dynamic task scheduling

In this case study, our AMHS adopts a prioritized “nearest idle OHT”
policy for task scheduling. Tasks are assigned in order of priority
from highest to lowest, and each task is assigned to the nearest idle
car. We explore the limitations of this task-scheduling strategy and
try to find ways to improve it.

First, we find that unreasonable task scheduling can lead to long
mileage tasks by using a real-time information view’s progress bar.
We select the corresponding OHT to find the task with the most
extended total mileage and observe its path, as shown in Figure 6(a).
It can be found that most of the path is green, indicating the OHT
is idle most of the time while performing this task. then we notice
there is another pending task in the OHT’s path and we hover over
it to observe its information, as shown in Figure 6(b). The detailed
information indicates the end point of this task is also on the OHT’s
no-load route as shown in Figure 6(c), which means that the OHT
can perform this newly discovered task on its way to the mission,
thus reducing the degradation of system performance caused by the
OHT being idle for long periods of time. By grabbing and dragging
the new task cube onto the OHT, we assign this task to the OHT.
After the new scheduling, the OHT’s no-load time is significantly
reduced by 76.7%, as shown in Figure 6(d), improving the AMHS
system performance. This process shows us that, in addition to
priority, no-load time and other factors should be considered in
task scheduling, and dynamic adjustments should be made flexibly
during task execution.

‘We use global visualization information to identify key compo-
nents and then go to specific locations to observe the local details.
After analyzing the possible problems of existing task scheduling
strategies through path visualization, we use task scheduling interac-
tion to explore optimization methods for task scheduling strategies.



(c) Re-plan a path for the loaded OHT

(d) Blocking problem is solved

Figure 7: Explore path planning strategies through visualizations and interactions

5.2 Exploration of Path Planning Based on Priority

In this case study, the path planning strategy adopted by the AMHS
is the shortest path strategy. Every OHT will plan a path with the
shortest total mileage. We already know in advance that this path
planning strategy will make the system performance low, and we try
to explore the specific reasons through a visual exploration system
and explore a better path planning strategy.

First, we find the lowest speed OHT through the bar chart of
the real-time information view and locate this no-load OHT on the
track. By selecting the OHT with the right controller, as shown
in Figure 7(a), we can tell intuitively from the light color of the
OHT that it is slow, and from the text annotation that the tasks it
performs are of high priority. Then we notice a loaded OHT very
close in front of the no-load OHT. From this, we deduce that the low
maximum allowable speed of the loaded OHT prevents the normal
high-speed operation of the no-load OHT. By selecting the loaded
OHT with the controller we can find that its path overlaps with that
of the no-load OHT, and the priority of the task it executed is much
lower than that of the no-load OHT, as shown in Figure 7(b). If both
OHTs continue to run, the lower-priority OHTs will always block
the higher-priority OHTs. Hence, we generate the idea that low-
priority OHTSs should make way for high-priority OHTs. Through
the interaction of path planning, we can make the loaded OHT turn
at the forward intersection, as shown in Figure 7(c). After the loaded
OHT turns, the no-load OHT is no longer blocked and starts to run
at full speed, as shown in Figure 7(d). This inspires us to consider
priority factors when designing path-planning strategies.

By combining a visual view and interactions to explore the path
planning strategy, we can intuitively find the deficiencies of the
existing strategy. Additionally, the scene and methods provided by
the visual exploration system support us to explore better strategies.

6 DiscussION AND CONCLUSION

Our visual exploration system combines virtual reality with AMHS,
providing a series of visual views and interactions to enable users to
better understand and explore the system. This method of observing
and interacting in the process of system operation overcomes the
limitations that common AMHS simulation systems can only provide
results and are not conducive to exploring the system’s operation
process, and it is inconvenient to use traditional interfaces to carry
out flexible interactive operations. Focusing on two key problems
in AMHS, task scheduling and path planning, we explored them
respectively through case studies, demonstrating the noteworthy role
of the visual exploration system in AMHS exploration.

Currently, we address the concept of cross-reality combining the
digital twin and virtual reality. The model and tasks of AMHS
connect the physical and virtual worlds. Users’ feedback and explo-
ration results in the immersive environment can further enhance the
factory settings in the physical world. In the future, we will carry
out further research to make our system support more cross-reality
functions. We will cooperate with the virtual environment and reality
and support users to flexibly switch between virtual and reality. Also,
we will try to support collaboration between users using systems
with multiple realities.
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