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ABSTRACT 

Industry 4.0 connects digital and physical technologies – artificial intelligence, the Internet 
of Things, robotics and cloud computing – to drive businesses to be more flexible, 
responsive, and interconnected in order to have a more informed decision. In a 
semiconductor case study, the stepping-stone into Industry 4.0 involves a centralised storage 
and transportation system that begins in test segment. Automation is a broad concept of 
manufacturing with the purpose of optimizing production and product transactions by 
making full use of advanced information and manufacturing technologies. In the Backend 
(BE) sites of the case study manufacturing, CAMSTAR (Manufacturing Execution System) 
have been enabled as a paperless system used for lot tracking. However, there is no storage 
location traceability and there are many manual handlings between processes. Automated 
Storage and Retrieval System (ASRS) opens the doors to data driven backend 
semiconductor. A system of this expanse naturally involves sequences of revisions and 
changes along the way that impacts costs, resources and time. This methodology helps 
realise the best effective method to derive to the design of the ASRS with the help of 
technology, with theoretical evaluations, simulation and 3D modelling. This project 
developed a framework for simulating the design of ASRS and other material handling 
systems and implemented it to the case study in semiconductor manufacturing. It is identified 
that the critical design parameters of ASRS is the speed and the intelligence of the system. 
The intelligence of the system here also depends on the relationship or integration of the 
ASRS with other material handling systems such as conveyors. Based on the findings from 
the literature reviews, the simulation focused on three main key performance measures 
which are throughput of the system, resource utilisation or handling capacity of all 
components and travel time of materials through the system. These performance indicators 
were simulated against two different designs of automated material handling system for the 
semiconductor plant. From the analysis of the simulation, specific improvement measures 
were proposed for the hardware and software that amounts to improvements in the three said 
performance measures. 
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ABSTRAK 

Industri 4.0 menghubungkan teknologi digital dan fizikal - kecerdasan buatan, Internet 
Pelbagai Benda, robotik dan pengkomputeran awan - untuk mendorong perniagaan menjadi 
lebih fleksibel, responsif, dan saling berkaitan untuk mempunyai keputusan yang lebih tepat. 
Dalam kajian kes semikonduktor, batu loncatan ke Industri 4.0 melibatkan sistem 
penyimpanan dan pengangkutan berpusat yang bermula di segmen ujian semikonduktor. 
Automasi adalah konsep pembuatan yang luas dengan tujuan mengoptimasikan transaksi 
pengeluaran dan produk dengan memanfaatkan sepenuhnya teknologi maklumat dan 
pembuatan yang maju. Di laman “Backend” (BE) pembuatan iaitu segmen kajian kes, 
“CAMSTAR”(Sistem Pelaksanaan Pembuatan) telah diaktifkan sebagai sistem tanpa kertas 
yang digunakan untuk pengesanan barangan dalam proses. Walau bagaimanapun, system 
ini tidak dapat mengesan lokasi penyimpanan dengan baik dan terdapat juga banyak 
pengendalian manual antara proses. Sistem Penyimpanan dan Pengambilan Automatik 
(ASRS) membuka pintu kepada semikonduktor “backend” berdasarkan data. Sistem yang 
besar ini secara semula jadi melibatkan urutan semakan dan perubahan yang 
mempengaruhi kos, tenaga kerja dan masa. Metodologi ini membantu merealisasikan 
kaedah terbaik untuk memperoleh reka bentuk ASRS dengan bantuan teknologi, dengan 
penilaian teori, simulasi dan pemodelan 3D (tiga dimensi). Projek ini mengembangkan 
kerangka kerja untuk mensimulasikan reka bentuk ASRS dan sistem pengendalian bahan 
lain (AMHS) dan menerapkannya ke kajian kes dalam pembuatan semikonduktor. Lagipun, 
projek ini telah mengeenal pasti bahawa informasi reka bentuk yang kritikal untuk ASRS 
adalah kelajuan dan kepintaran sistem. Kepintaran sistem di sini juga bergantung pada 
hubungan atau integrasi ASRS dengan sistem pengendalian bahan lain seperti system 
“conveyor”. Berdasarkan penemuan dari tinjauan literatur, simulasi tertumpu pada tiga 
ukuran prestasi utama utama iaitu hasil pengeluaran sistem, penggunaan sumber atau 
kapasiti pengendalian semua komponen dan masa perjalanan bahan melalui sistem. 
Indikator prestasi ini disimulasikan dengan dua reka bentuk sistem pengendalian bahan 
automatik yang berbeza untuk kilang semikonduktor. Dari analisis simulasi, langkah-
langkah peningkatan yang khusus diusulkan untuk perkakasan dan perisian yang 
merupakan peningkatan dalam ketiga ukuran prestasi yang penting tersebut. 
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INTRODUCTION 

1.1 Background 

Semiconductor has entered one of the biggest eras of transformation since the Second 

World War. The silicon and germanium technologies that paved the way to computer 

revolution and digital age has achieved relentless progress (Moore’s Law) in the past seven 

decades despite regular arguments from experts about its impending limits (Khan, et al., 

2018). Today, semiconductor has reached a new frontier in that the operations are more 

focused on improvements more than ever with the slowed down trend of Moore’s Law 

through integration of systems, linking of physical and cyber capabilities, and taking 

advantage of information leveraging the big data evolution (Moyne and Iskandar, 2017). 

This industry revolution is the digital transformation. Where do it all begin? Rapid 

development of manufacturing technology led to an increased demand for flexibility in 

manufacturing along with mass customisation, while the competitive nature of our 

increasing lifestyle led to demand in higher quality products, improved productivity and 

lower costs. The term smart manufacturing can be said as “a fully-integrated and 

collaborative manufacturing system that responds in real time to meet the changing demands 

and conditions in the factory, supply network, and customer needs” (Feeney & Weiss, 2014). 

There are various methods to look into the integration of physical and cyber realms but the 

first step is to digitalise the manufacturing plant by making the physical data into input 

parameters in a digital framework. Malaysia, being a manufacturing-oriented country, is 

facing the typical challenges and opportunities in automation and smart manufacturing. 
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Using case study from a semiconductor plant, a study is made to bring low-level automation 

implementation into realisation.   

1.2 Problem Statement 

Semiconductor industry is a sizeable contribution to the global economy. 

Semiconductor industry has exponentially grown since 1960s with continuous technological 

advancements for various applications including computers, communication, consumer 

electronic devices, green energy, automotive and medical electronics. (Chien, et al., 2011) 

The industry is booming with worldwide sales of US$41.8 billion for the month of October 

2018, an increase of 12.7 percent from October 2017 (Ravi, 2018). Malaysia is one of the 

leading countries for semiconductor manufacturing. Semiconductor manufacturing is 

considered one of the most complex manufacturing processes due to tightly constrained 

production rules, re-entrant process flows, sophisticated equipment, volatile demands and 

complicated product mix. (Morrison, et al., 2011).  

While big data is accrued throughout the manufacturing processes with fully 

automated equipment, manufacturing facilities and logistics systems for business 

integration, there is no control on manufacturing intelligence solutions and advanced 

decision technologies to address new challenges in the future.  

Automated Storage and Retrieval System (ASRS) opens the doors to data driven 

backend semiconductor. Data accrued in CAMSTAR (Manufacturing Execution System) 

can be used to intelligently determine where and when the next product needs to be sent to 

the next process. The system requires the hardware and software to incorporate together and 

connected to existing data framework in order to realise the concept of smart manufacturing. 

A system of this expanse naturally involves sequences of revisions and changes along the 
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way that affects costs, resources and time. A systematic approach needs to be studied to help 

realise the best effective way to derive to the design of the ASRS with the help of technology, 

theoretical calculations, simulation and 3D modelling. 

1.3 Research Objective 

Following research objectives were outlined that commences with identifying the 

best simulation driven design framework to implement ASRS into the manufacturing plant 

and to simulate the proposed ASRS design and determine the opportunities and bottleneck 

of the designed concept.   

a) To identify relationship between ASRS and other material handling systems. 

b) To develop simulation driven design framework. 

c)  To implement the framework into the simulation of the proposed ASRS 

design. 

1.4 Scope of Research 

The project is carried out in Back End Infineon’s manufacturing environment as a 

proposal for smart manufacturing project in the company. As semiconductor’s processes are 

governed by strict rules, the future integrations must also be following these rules in order 

to meet specific standards that is the SEMI standards. The scope is to identify the best design 

framework to implement ASRS or any technology that may be adopted by semiconductor 

industry to improve quality standards and efficiency with connected processes and 

digitisation.    

The final scope of this study is to simulate the designed ASRS concept while also 

determining the bottlenecks and opportunities in the design. This will lead to tremendous 
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savings in engineering time and resources by avoiding cost incurred after the actual 

installation is completed. 

1.5 Contribution of Research 

Currently there is no study specifically on back end semiconductor manufacturing 

environment as there are multiple complexities involved. One of it is the unique numerical 

identifying number that is related to each Work in Progress (WIP) product at each processes 

are of varied sizes. Other existing research do not focus on the simulation of ASRS and other 

material handling system such as conveyor system that this project is going to initiate. 

Through this study, a framework for simulation driven design of ASRS is developed. This 

development brings about a systematic approach to simulate and analyse results in order to 

save engineering time for repeated manual calculations, to save project resources by 

avoiding changes made after the actual installation is completed and to give a clearer 

visualisation of the actual installation before it is built.  

1.6 Thesis Outline 

Based on the objectives previously presented and the approach proposed, this thesis 

is made up of five (5) chapters, which contents are summarised as follows: 

 Chapter 1. Introduction. This chapter presents the background of the study, 

research problems, objectives, scopes, contributions and significance of the 

research. 

 Chapter 2. Literature review. This chapter starts with brief overview of 

current situation of  smart manufacturing and enablers of automation. A brief 

summary of the fourth industrial revolution, followed by characteristics of 

Industry 4.0. Then, this chapter presents various literatures on references 

automated storage and retrieval system. Later, this chapter presents literature 
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findings for simulation and the various softwares and capabilities. TL in the 

network. Also, a brief table of summary of the literature reviewed is 

presented. 

 Chapter 3. Methodology. This chapter presents the methodology that has 

been developed to build the simulation model systematically. A framework 

for design driven simulation is developed.  

 Chapter 4. Case studies. In this chapter, the process and machine layout is 

optimised using value stream mapping tool. Then, the developed models have 

been tested and simulated through Flexsim simulation software. The 

simulation results are analysed and specific improvement measures were 

proposed. 

 Chapter 5. Conclusion and future works. This chapter summarises the main 

conclusions as well as achievements of the work undertaken in this project 

and suggests areas for future work. 
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LITERATURE REVIEW 

2.1 Introduction 

The word automation is likely to garner feverish excitement as it is glaring criticism 

on job displacing technology. However, according to Wiktorsson, et al. the enablers of Smart 

Manufacturing are a collection of various technologies that can promote a strategic 

innovation of the existing product development and production in manufacturing industry 

through the convergence of humans, processes, technology, and information. In 

Wiktorsson’s paper, (Wiktorsson, et al., 2018) he further stated that a smart manufacturing 

can be defined as “a fully-integrated and collaborative manufacturing system that responds 

in real time to meet the changing demands and conditions in the factory, supply network, 

and customer needs.” The role of human workforce is also talked about in the paper by 

(Nieto, et al., 2017), where he stated the major feature for competitive advantage of factories 

was stressed to be training and motivation of the workforce. The automation system must be 

able to sense the working environment in order to enhance workers’ skills and safety.  

Computerisation and robotics are strongly relevant to automation, but to define a 

systematic approach to implementing these technologies in the factories, we must first 

understand the main framework in which applies to all semiconductor manufacturing 

environment that is digitalisation and integration of manufacturing resources on the IoT as 

on-demand services, as the main enabler of value network integration and collaboration as 

well as smart plug-and-produce shop-floor systems (Moghaddam, 2018). 
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At the heart of Industry 4.0 is digitalisation. In semiconductor industry, almost all 

except for legacy platforms, are already able to digitalise and store critical parameters and 

test data into private networks which can be reaped for analysis. The amassed data is said to 

be big data and in global companies, these networks can only be localised or too slow for 

transactions. That is when cloud computing comes into the picture.   The traditional 

optimisation mechanisms for the network service quality do not meet the requirements of 

smart manufacturing due to time variability and service quality dynamics.  The paper by 

(Yan, 2017) further strengthens the need for cloud computing by his statement “existing 

learning algorithms used without cloud-assisted resources cause great resource wasting.” 

With more and more things in the internet, (Cheng, 2018) identified the need for faster 

network and proposed the architecture of 5G-based intelligent internet of things (IIOT). 

2.2 Fourth Industrial Revolution 

Although the term “Industry 4.0” and “fourth industrial revolution” have been used 

interchangeably, Industry 4.0 is the subset of the fourth industrial revolution and should not 

be confused with. Professor Klaus Schwab, a German engineer and economist best known 

as the founder of the World Economic Forum, coined the term “fourth industrial revolution” 

and described that we were at the beginning of a revolution that is fundamentally changing 

the way we live, work and relate to one another where individuals move between digital 

domains and offline reality with the use of connected technology (Xu, et al., 2018). 

The first industrial revolution began in 1760 when agricultural communities became 

more industrialised and urban where hand production became use of machines, power loom 

was introduced in 1784, and productions were mechanised with steam engine and 

waterpower. The transition also brought about the rise in the rate of population growth but 

the industrial revolution did not affect all parts of the world uniformly where the English-
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speaking part of the world exhibit highest growth rates and income per capita rates. (Lucas, 

2003) The second industrial revolution also known as technological revolution started in 

1900s with the invention of combustion engine. Developments in manufacturing and 

production led to widespread implementation of advanced systems such as telegraph and 

railroad, gas and water supply and sewage systems. (Engelman, 2015) The third industrial 

revolution began in 1969 with the development of the first programmable logic controller 

(PLC). Nuclear energy was also founded during this era. This revolution witnessed the rise 

of electronics, where the first Moore’s law observed in 1965, and computers. The 

advancements in micro computing also opened doors to space research and biotechnology. 

(Hauserman, 2017) The fourth industrial revolution is the current developing environment 

in which disruptive technologies and trends such as the Internet of Things (IoT), robotics, 

virtual reality (VR), three dimensional (3D) printing and artificial intelligence are changing 

our lives. 

Table 2.1: Industrial revolution 

Period Energy Source Achievements Main Industries 

I  
(1765 – 1870) 

Coal Steam engine Textile, steel 

II 
(1870 – 1960) 

Oil electricity 
Internal combustion 
engine 

Metallurgy, 
automotive, 
machine building 

III 
(1960 – 2000) 

Nuclear energy, 
natural gas 

Computers, robots 
Automotive, 
chemical 

IV 
(2000 – now) 

Green energy 
Internet, 3D 
printing, genetic 
engineering 

Programming, high 
tech industries 

V 
(Future) 

  - 
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From Table 2.1 above, the first industrial revolution lasted for a century after 

beginning in Britain and spread across Europe and the United States. The second industrial 

revolution lasted a little below a hundred years. The third industrial revolution lasted the 

shorted, about forty years and the current fourth industrial revolution might be even shorter 

given the intensive advancements of technology. 

2.3 Smart Manufacturing 

Smart manufacturing is a term coined in the United States by several agencies such 

as the Department of Energy (DoE) and the National Institute of Standards and Technology 

(NIST). Smart manufacturing is defined as “a data-intensive application at and above the 

shop floor to enable smart, efficient and responsive operations.” (Wallace & Riddick, 2013) 

Smart manufacturing incorporates a variety of technologies, including but not limited to 

cyber-physical production systems (CPPS), IoT, robotics and automation, big data analytics, 

and cloud computing (Fedorov, et al., 2015), (Mittal, et al., 2016) to realise the vision of a 

connected data-driven supply network. One of the unique aspects of smart manufacturing 

from many other initiatives is incorporating and emphasizing human involvement in the 

framework of automation. People should not simply be replaced on the shop floor by 

artificial intelligence and automation, but their capabilities should be enhanced by smartly 

designing a customised solution for a particular area. It is commonly accepted that product 

and process information and data are important in enabling technology and (inherent in 

human or machine) knowledge. The implementation of IoT and CPPS adds new capabilities, 

enabling the management of complex and flexible system to fulfill changes in manufacturing 

demand. Researchers consider smart factory as the heart of Industry 4.0 and the two terms 

are often used in interchange in research papers.  
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2.4 Industry 4.0 

At the beginning of this decade, the term Industry 4.0 (I4.0) was used to describe the 

next industrial revolution. Sanders et al. (Sanders, et al., 2016) defined I4.0 as “the fourth 

industrial revolution applying the principles of cyber-physical systems (CPS), Internet and 

future-oriented technologies and smart systems with enhanced human-machine interaction 

paradigms.” I4.0 focuses in fulfilling and customizing customer’s unique requirements into 

its products and even personalizing production up to single product. This is made possible 

by bringing the physical and virtual worlds together with sensors and actuators (Klocke, et 

al., 2011). 

I4.0 outlines key parameters for the adoption of automation in any industry, which 

will be this research’s questions to be used for backend semiconductor industry 

a) Standardisation and reference architecture: In a reference architecture, 

collaborative partnerships of value networks organisations require a set of 

common standards. 

b) Managing complex systems: Systems and products ' higher complexity 

requires suitable models for their management. 

c) Comprehensive, reliable wireless infrastructure in industry: IoT requires a 

reliable and fast network infrastructure for communication. 

d) Safety and security: Automation systems must not harm people or the 

environment in close human machine interactions. In addition, data and 

information require authorisation for access and privacy measures. 
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e) Work organisation and design: The environment and work processes will also 

change along with machines, giving the employee greater freedom and 

accountability. 

f) Training and professional up-skill: The worker needs to be qualified in key 

areas through appropriate training and lifelong learning. 

g) Regulatory framework: In conjunction with organisational changes, 

legislation must consider new innovations, especially for regulations on 

privacy and liability.  

h) Reduce wastes: It is necessary to reduce raw material and energy 

consumption by improving productivity and resource efficiency. 

2.5 Automated Storage and Retrieval System (ASRS) 

Automated Storage and Retrieval System (ASRS) have been used widespread across 

the globe since its inception in the 1950s (Roodbergen & Vis, 2009) and has been more and 

more relevant today as Industry 4.0 and smart manufacturing became the talks of the town. 

ASRS plays an integral role in automating warehouses and end product or spare part storage 

such as that from the case study semiconductor. An ASRS consists of a storage shelving 

system, the transfer machine and input / output locations. Aside from hardware, the software 

is an integrated, computer-controlled PLC program that oversees the coordination between 

the storage and transfer machines (Sarker & Babu, 1995). The transfer machine consists of 

a special mechanism responsible for transferring the products from input / output locations 

to the storage shelves. It consists of a system to read and execute commands from the special 

program, recording and feedback information to the program for stored items, locating and 
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retrieving products through any types of recognition such as barcodes or RFID tags 

(Bargiotas, et al., 2009) and a system to update the records to the main manufacturing 

CAMSTAR system. 

Since the beginning of ASRS, it has shown advantages in floor space savings, 

reducing labor costs, increases reliability, reduces error rates, improves safety and improves 

material management in any organisations. However, these advantages is highly dependent 

on the design of the ASRS (Rashid, et al., 2011). The author Rashid M. et al. states that the 

performance of ASRS is greatly influenced by the rapidity and rationality of the system 

design. Roodbergen et al. stated that existing papers only address ASRS alone and do not 

focus on the relationship between ASRS and other material handling systems that will be 

typically implemented together in the real world. For example, input / output conveyors and 

lifters. An integrated approach in simulation would be desirable for such cases. The first step 

is to develop approaches, which simultaneously optimise the ASRS and the other material 

handling systems such as considering the interface between ASRS and conveyor systems, or 

analysing the impact of replenishments by the ASRS to a different order picking mechanism 

or area. 

An ASRS system is characterised as a storage system that uses fixed-path storage 

and recovery machines running between fixed arrays of storage racks on one or more rails. 

The ASRSs are used in different configurations to store and recover loads. The ASRS 'key 

elements are shelves, cranes, aisles, I/O-points, and place picks. Racks are usually concrete 

frames with positions that can handle the loads that need to be processed (e.g., pallets). 

Cranes are the fully automatic storage and retrieval devices which can transfer, pick up and 

drop loads autonomously. The empty gaps between the racks shape aisles where the cranes 

can pass. An I/O point is a place where returned loads are dropped off and incoming loads 



 

13 

are stored for storage. Select positions (if any) are areas where individuals work to select 

particular objects from a load being collected before the load is returned to the network.  

The ASRSs has a wide range of system options. An ASRS 'most simple version has 

one crane in each aisle, which cannot leave its assigned aisle (aisle-captive) and can hold 

only one unit-load at a time (single shuttle). In this case, inventory management is by unit-

load only; no people are involved in managing particular goods. The racks in the standard 

version are stationary and single-deep, ensuring the crane has direct access to any box. This 

form of ASRS is referred to as a single ASRS Aisle-captive unit-load. There are various 

variants of this simple ASRS. Another potential modification of the standard ASRS is that 

cranes will move in between aisles (interchangeable route). For this scenario the network 

may have fewer cranes than aisles. It could be helpful because there is no reason for 

purchasing a crane for each aisle by the sum of requests. Multi-shuttle cranes operate to 

address the limitation of unit-load capacity of the crane. Such a crane can hold two or more 

freight at a time. Often referred to as dual-shuttle cranes which can convey two loads; cranes 

capable of transporting more than two loads are only rarely used. For example, the improved 

ability of the transport allows a crane to first remove one load and then store another load at 

the same position without needing to travel to the intermediate I/O level.  

AS/RS is mostly only designed to accommodate unit-loads (typically pallets). Unit 

loads from other parts of the factory arrive at the ASRS I/O point by, for example, automatic 

guided vehicles, conveyors, or forklift trucks. The loads of the devices are stored in the 

ASRS and can be recovered for a period of time, for example, to be delivered to a customer. 

However, in many situations only part of the unit-load may be required to meet a customer's 

order. This can be overcome by getting a different picking area in the warehouse; in this case 

the picking area is replenished by the ASRS. The selection process can be combined with 
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the ASRS, as an option. One option is to design the crane so that a person (person on board) 

can ride along it. Rather than automatically retrieving a full pallet from the location, the 

person may pick one item from the location. A more common method for combining object 

selection is when the ASRS drops off loads at a workstation from the retrieved device. A 

picker at this workstation takes from the unit load the necessary quantity of goods, after 

which the ASRS transfers the remainder of the load back into the storage rack. This system 

is also called end-of-aisle network. Unless the unit loads are containers, otherwise the device 

is generally called an ASRS mini-load. Single or double deep can occur in the racks. 

Increasing rack position has space for two package loads in a double-deep rack; one charge 

is placed in front of the other load. A load will only be brought in or removed from position 

two if there is no load in position one. Double-deep storage may be useful if the load diversity 

is fairly small and such loads have a high depletion rate (Tompkins et al., 2003). It can 

require modifications to the crane to be able to store and retrieve loads from both positions. 

Carousel devices (horizontal or vertical, single or double) are ideal for the handling at 

various levels of small and medium sized items. A crane is used for storing and retrieving 

objects from the revolving carousel. A double carousel's lower and upper parts will rotate 

independently of each other.  

Finally, a special category of ASRSs, called autonomous vehicle storage and 

recovery systems, is worthy of note. This system separates travel in horizontal and vertical 

direction. Vehicles ride through aisles horizontally over beams, while lifts are used to move 

loads upright. 

2.5.1 Overview of ASRS Design Aspects 

ASRS is usually integrated with other material handling systems such as input and 

output conveyor system or automated vehicles that transports materials from input or output 
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to the different operation locations. The performance of ASRS will be influenced by other 

sub-systems; likewise, the performance of the sub-systems will also be affected by the 

ASRS. Bottlenecks in any system can cause delays in other integrated systems. Roodbergen 

et al. states that when deciding on the number of input and output points, their location and 

their buffer capacity it may be necessary to also look at the other systems’ characteristics. In 

addition, the ASRS requirements may depend on the overall system environment. The ASRS 

mainly needs to supply all necessary materials in time to ensure production can continue in 

manufacturing environment. Output is prioritised and should never be stopped for the ASRS. 

In a distribution center, the ASRS facilitates the order collection process in to ensure that 

customers placed orders arrive in time. (Roodbergen & Vis, 2009) 

Of course, part of the actual design of an ASRS is to determine its physical 

appearance. Physical architecture consists of two elements that together define the system's 

physical manifestation. Firstly, we have the ASRS type selection. Secondly, it is important 

to configure the system chosen, for example, by deciding on the number of aisles and the 

dimensions of the rack. These decisions can be made based on historical and forecast data, 

product features, available budget, necessary throughput, required storage space and 

available land space, among others. The selection of ASRS type is highly dependent on the 

application and according to Allen, there is little research in the field to selecting the best 

type of ASRS for the different applications. (Allen, 1992) 

There is still a trade-off between rack height and length, even if the number of aisles 

is given. Since cranes can travel simultaneously both vertically and horizontally, the actual 

travel time is equal to the maximum horizontal and vertical travel time. Usually, horizontal 

travel speeds are up to 3 meters per second compared with vertical travel speeds up to 0.75 

meters per second (Tompkins, et al., 2003). A good balance of height and length of the rack 
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can help to reduce travel times. A typical configuration, but not necessarily optimal, is one 

where the racks are square-in-time, which means that the time needed to reach the highest 

row is equal to the time needed to reach the end column.  

The software controls required to operate the ASRS are just as critical as the physical 

design (Terry, et al., 1988). A good design process will address both the system's physical 

architecture and control problems simultaneously. Regardless of the actual optimisation 

process, a performance assessment system is required to determine the resulting system's 

overall performance at each level. This highlights the importance of measuring performance 

in the field.  

2.5.2 ASRS and Integration to Material Handling Systems 

Very few papers address the integration of ASRS and other material handling 

systems. Chincholkar and Krishnaiah Chetty (Chincholkar & Krishnaiah, 1996) used Petri 

Nets and the Taguchi methods to simultaneously handle job scheduling for ASRS and 

machines in a flexible manufacturing system. Inman (Inman, 2003) studied the automotive 

industry's use of ASRS. The ASRS’ task is to restore the sequence where jobs are executed 

in the different processes.  

Hwang et al. (Hwang, et al., 2002) integrated miniload ASRS with Automated 

Guided Vehicles (AGV). A non-linear model and heuristics were proposed to evaluate the 

optimum number of loads to be transferred to machines by each AGV in combination with 

an optimised ASRS architecture. Park and Webster (Park & Webster, 1989) discussed 

warehouse architecture by suggesting an approach that selects the storage equipment used 

simultaneously, which could be an ASRS, and the total storage area size and shape. 
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2.6 Simulation Driven Design of ASRS 

ASRS is a complicated system, which has many components integrating with one 

another. There are conveyor systems, transfer machines, storage shelves and most 

importantly the human-machine interface (HMI). In the semiconductor environment, the 

ASRS is operating in cleanroom conditions, requires multiple re-entrant products, 

timeliness, and the HMI is in the form of a lifter that sends the products directly to the 

operators. It is very critical for the semiconductor manufacturing to reduce the bottlenecks, 

optimise the transfer time and eliminating the risk of product defects. The challenges and 

risks with the ASRS project in the case study semiconductor manufacturing is the 

effectiveness of the ASRS compared to the anticipated results. Due to the complex nature of 

semiconductor industry, it is critical to solve the problems with the complicated layout 

planning, the complex distribution to multiple processes and low degree of automation. 

Simulation can show the specific status of the simulated system. It can provide detail 

information on the processes in the simulation software. From the simulation software, the 

bottleneck and idle resources can be determined. (Zhu, et al., 2014). Gopakumar et al. states 

that the focus for simulation is on the inventory layout and the picking strategy (Gopakumar, 

et al., 2008). For example, Liu (Liu, 1999) simulated inventory layout and sorting systems 

using WITNESS software for a distribution logistics; Zhao (Y.D, 2007) built a mock-up 

model of a picking process and further optimises the model by using ARENA software; 

Fathollah et al. (Fathollah, et al., 2009) studied the impacts of commonality in an automotive 

industry and developed a simulation framework.  

For all simulation models, the authors only address some of the aspects of physical 

design and that control policy configurability is minimal. In addition, for different input 
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variables, only a few configurations and forms of ASRS were evaluated in conjunction with 

fixed values. Studies have not found an optimal configuration based from the simulation.  

Randhawa and Shroff (Randhawa & Shroff, 1995) conducted the most 

comprehensive simulation study. They analysed the effect on six layout configurations with 

different sequencing rules (with varying input and output points, object distribution over 

racks, rack size, and rack configurations). Based on a small number of experiments, 

Randhawa and Shroff concluded that locating the input and output points in the middle of 

the aisle instead of the end of the aisle results in a higher throughput.  

Wang et al. (Wang et al., 2004) used AutoMod simulation tools to test an ASRS 

output in a wafer fab. To check their simulation model, they evaluated actual interarrival 

data for all stockers. The findings show that most stockers' underlying distributions adhere 

to the linear or Weibull distribution, as well as that the number of vehicles greatly influences 

the total delivery period and overall production. AMHS performance determinants include 

factory layout, AMHS track layout, transportation vehicles, production planning / scheduling 

logic and manufacturing control. Transportation vehicle number is the main element that 

indicates AMHS capacity. Therefore, a simulation is performed in many cases, primarily to 

estimate the number of vehicles being transported. 

In order to model the efficiency of cleanroom material handling, Pierce and Stafford 

(Pierce & Stafford, 1994) studied interbay material handling system for semiconductor wafer 

processing and developed, discrete event simulation models. They also developed a 

simulation model from and to matrix with process flows to reflect the hourly demand of bay-

to-bay movements. 
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Kurosaki et al. (Kurosaki et al., 1997) and Pillai et al. (Pillai et al., 1999) discussed 

the relation between interbay and intrabay track options for a 300mm wafer fab 

configuration. They found that the distribution time for independent and connected track 

systems was heavily dependent on the form of traffic. 

Toba et al. (Toba et al., 2005) suggested a load-managing approach for managing all 

component processing activities between multiple wafer semiconductor fabs using 

predictive scheduling results. Their approach allows for better load balancing between 

multiple fabs, each of which can produce wafers independently and has separate wafer 

processing capacities. The load-balancing function efficiently decreases processing times in 

several fabs at each process stage and the lead time for all items.  

The efficiency of an automatic interbay material processing and storage device was 

analysed by Cardarelli et al. (Cardarelli et al., 1996). The consequences of design decisions, 

output planning and scheduling as well as system management and operator behavior were 

included in this study. The findings revealed very significant architecture for the allocation 

of storage space. 

Tyan et al. (Tyan et al., 2004) proposed an optimised dispatching tool and vehicle 

approach that takes into account the various performance steps in a completely automated 

fab environment. We also suggested an applied modelling approach to optimise both the 

production process and the ASRS to create a simulation-based automated fab. The 

simulation trial and review results indicate that their law effectively improved on-time 

performance by 15%. 

To predict arrival times for both priority and daily lots, Liao et al. followed a neural 

network approach (Liao et al. 2004). In a local 300 mm fab, they developed a discrete-event 
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simulation model based on the ASRS. The simulation outputs were followed with the back 

propagation approach for training the neural network model. This neural network approach 

can be extended to incorporate a conveyance time estimator in complex lot dispatching and 

fab-scheduling functions in fully automated 300 mm output. 

Beschorner et al. presented the MaxFlow approach to estimate the availability, a key 

value that describes a system's performance (Beschorner et al., 2003). Long-term simulation 

tests tracked the supply and adds up to practical performance. This technique however 

involves a great deal of work in simulation and estimating. The Max-Flow solution is quick 

and fast which allows rational device estimation. They were adding their methodology to the 

AMD's Fab 30 automatic material handling system. 

At Intel wafer fabs, Nadoli and Pillai presented the simulation methodology used in 

the design of ASRS (Nadoli & Pillai, 1994). Nadoli and Pillai’s simulation included ASRS 

model and production model. While their paper has taken the lead in this field of science, 

we need more realistic data like fab size, throughput and so on.  

A summary of the critical papers used in this literature review are summarised in 

Table 2.2 with the key findings from each paper. 
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Table 2.2: Key findings from literature papers on future of automation, ASRS and 
simulation methods 

No.  Citation Key Findings 
1 Wiktorsson, M., Noh, S. D., Bellgran, M., & 

Hanson, L., 2018. Smart Factories: South 

Korean and Swedish examples on 

manufacturing settings. Procedia 

Manufacturing, 25, 471-478. 

doi:10.1016/j.promfg.2018.06.128 

Smart factory implementation, 

motivation globally and case 

study. 

2 Moghaddam, M., Cadavid, M. N., Kenley, C. 

R., & Deshmukh, A. V., 2018. Reference 

architectures for smart manufacturing: A 

critical review. Journal of Manufacturing 

Systems, 49, 215-225. 

doi:10.1016/j.jmsy.2018.10.006 

(1) Modelling and composition 

of micro-services, and (2) 

optimising the topology of 

interactions between micro-

services, smart objects, and 

humans. 

3 Wang, J., Ma, Y., Zhang, L., Gao, R. X., & 

Wu, D., 2018. Deep learning for smart 

manufacturing: Methods and applications. 

Journal of Manufacturing Systems, 48, 144-

156. doi:10.1016/j.jmsy.2018.01.003 

(1) Computational methods 

based on deep learning are 

presented specially aim to 

improve system performance 

in manufacturing, (2) 

emerging topics of research 

on deep learning are 

highlighted, and future trends 

and challenges associated 

with deep learning for smart 
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manufacturing are 

summarised. 

4 Cheng, J., Chen, W., Tao, F., & Lin, C., 2018. 

Industrial IoT in 5G environment towards 

smart manufacturing. Journal of Industrial 

Information Integration, 10, 10-19. 

doi:10.1016/j.jii.2018.04.001 

(1) Proposes the architecture of 

5G-based IIoT, and (2) describes 

the implementation methods of 

different advanced 

manufacturing scenarios and 

manufacturing technologies 

under the circumstances of three 

typical application modes of 5G, 

respectively, i.e., enhance mobile 

broadband (eMBB), massive 

machine type communication 

(mMTC), ultra-reliable and low 

latency communication 

(URLLC). 

5 Yan, H., Hua, Q., Wang, Y., Wei, W., & 

Imran, M., 2017. Cloud robotics in Smart 

Manufacturing Environments: Challenges 

and countermeasures. Computers & 

Electrical Engineering, 63, 56-65. 

doi:10.1016/j.compeleceng.2017.05.024 

(1) Highly flexible load 

scheduling mechanisms are 

immature. (2) Traditional 

optimisation mechanisms for 

the network service quality do 

not meet the requirements of 

smart manufacturing due to 

time variability and service 

quality dynamics. And, (3) 
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existing learning algorithms 

used without cloud-assisted 

resources cause great resource 

wasting. 

6 Wang, B., 2018. The Future of 

Manufacturing: A New Perspective. 

Engineering, 4(5), 722-728. 

doi:10.1016/j.eng.2018.07.020 

Approach to standardise a 

common accepted measure of 

scalability 

7 Sachsenmeier, P., 2016. Industry 5.0—The 

Relevance and Implications of Bionics and 

Synthetic Biology. Engineering, 2(2), 225-

229. doi:10.1016/j.eng.2016.02.015 

Industry 5.0 discussions touch on 

the very essence of humanity’s 

existence, physical integrity, and 

relationship with nature. At the 

moment, this debate seems 

theoretical, yet it will soon come 

to the fore. 

8 Qi, Q., Tao, F., Zuo, Y., & Zhao, D., 2018. 

Digital Twin Service towards Smart 

Manufacturing. Procedia CIRP, 72, 237-242. 

doi:10.1016/j.procir.2018.03.103 

Highlights how manufacturing 

services and digital twin are 

converged together and the 

various components of digital 

twin are used by manufacturers in 

the form of services. 

9 Nieto, F. D., Goepp., V., & Caillaud, E., 

2017. From Factory of the Future to Future of 

the Factory: Integration Approaches. IFAC-

Conceptualise 3 main 

approaches: (1) Computer 

Integrated Manufacturing, (2) 
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PapersOnLine, 50(1), 11695-11700. 

doi:10.1016/j.ifacol.2017.08.1689 

role of human work force and (3) 

other integration approaches. 

10 Xu, M., David, J. M. & Kim, S. H., 2018. The 

Fourth Industrial Revolution: Opportunities 

and Challenges. International Journal of 

Financial Research, 9(2). 

Discussed the major features 

of the four industrial 

evolutions; (1) the 

opportunities – standards of 

living improved, (2) the 

challenges – income inequality 

to cybersecurity. 

11 Sarker, B. & Babu, P., 1995. Travel time 

models in automated storage/retrieval 

systems: A critical review. International 

Journal of Production Economics, Volume 

40, pp. 173-184. 

Discussed the different travel 

time models to improve 

throughput rate, changing 

retrieval sequencing rules, 

using order-batching 

algorithms, applying various 

dwell point strategies and 

increasing the storage/retrieval 

machine capacity. 

12 Roodbergen, K. J. & Vis, I. F., 2009. A survey 

of literature on automated storage and 

retrieval systems. European Journal of 

Operational Research, 194(2), pp. 343-362. 

Discussed the types of ASRS – 

unit load and mini load, carousel 

and autonomous vehicle storage 

system; relationships between 

ASRS and other material 
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handling systems; and 

performance measures. 

13 Zhu, X. et al., 2014. A Flexsim-based 

Optimisation for the Operation Process of 

Cold-Chain Logistics Distribution Centre. 

Journal of Applied Research and Technology, 

12(2), pp. 270-278. 

Discussed the modelling and 

simulation steps in optimising the 

operation of cold-chain 

distribution centre. This paper 

shows the basic information 

possible with Flexsim simulation 

software and the bottlenecks and 

idle resources. 

14 Gopakumar, B. et al., 2008. A simulation 

based approach for dock allocation in a food 

distribution center. Proceedings - Winter 

Simulation Conference, pp. 2750-2755. 

Focused on warehouse receiving 

process, used simulation model 

to identify operational 

inefficiencies using value stream 

mapping, set a baseline and 

shown advantages of simulation 

such as increased visualisation. 

15 Liu, C.-M., 1999. Clustering techniques for 

stock location and order-picking in a 

distribution center. Computers & Operations 

Research, 26(10-11), pp. 989-1002. 

Addressed stock and order 

picking problems, developed 

simulation based on real world 

data and simulation results 

obtained shows benefits of 

proposed concept. 
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16 Fathollah, M., Taham, F. & Ashouri, A., 

2009. Developing a Conceptual Framework 

for Simulation Analysis in a Supply Chain 

Based on Common Platform (SCBCP). 

Journal of Applied Research and Technology, 

7(2), pp. 163-184. 

Developed a simulation 

framework based on parts 

commonality. Defined a new 

concept in designing supply 

chains called the Supply Chains 

Based on Common Platform 

(SCBCP). 

17 Bargiotas, D., Ktena, A., Manasis, C. & 

Ladoukakis, O., 2009. A Scalable Low-Cost 

Automated Storage & Retrieval System. 16th 

International Conference on Systems, Signals 

and Image Processing, pp. 1-4. 

Designed a low cost ASRS using 

AC motors for X, Y and Z 

directions and designed human 

machine interface to be 

customised according to existing 

MES system. 

18 Rashid, M., Kasemi, B. & Rahman, M., 2011. 

New Automated Storage and Retrieval 

System (ASRS) using wireless 

communications. 4th International 

Conference on Mechatronics. 

Developed prototype of a simple 

X, Y and Z motion controlled by 

PIC controller that is connected 

with wireless technology. 

19 Allen, SL., 1992. A selection guide to AS/R 

systems. Industrial Engineering; 24(3); 28—

31 

Lists the advantages and 

disadvantages of ASRS types. 

20 Terry WR, Rao HR, Son JY., 1988. 

Application of a computer—based approach 

to designing real—time control software for 

Defines the control policies of 

ASRS and robotic cells and the 

importance of software control 
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an integrated robotic assembly and automated 

storage/retrieval system. International 

Journal of Production Research; 26(10); 

1593—1604. 

system to incorporate with the 

physical hardware. 

21 Chincholkar AK, Krishnaiah Chetty OV. 

Simultaneous optimisation of control factors 

in automated storage and retrieval systems 

and FMS using stochastic coloured Petri nets 

and the Taguchi method. International 

Journal of Advanced Manufacturing 

Technology 1996; 12(2); 137—144 

Uses taguchi and stochastic 

coloured Petri nets method to 

program ASRS job scheduling. 

22 Inman RR. ASRS sizing for recreating 

automotive assembly sequences. 

International Journal of Production Research 

2003, 41(5); 847—863 

Studied ASRS in automotive 

industry where the ASRS is 

connected to all the processes in 

the factory. 

23 Hwang H, Moon S, Gen M., 2002. An 

integrated model for the design of end—of—

aisle order picking system and the 

determination of unit load sizes of AGVs. 

Computers & Industrial Engineering; 42; 

249—258 

Integrated AGVs and ASRS and 

proposed a non-linear and 

heuristics rule to determine the 

number of products that the 

AGVs need to handle. 

24 Park YH, Webster DB. Modelling of three—

dimensional warehouse systems. 

Park and Webster proposed an 

algorithm that automatically 
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International Journal of Production Research 

1989a; 27(6); 985—1003. 

selects the ASRS or other storage 

mediums for storage. 

25 Randhawa SU, Shroff R., 1995. Simulation—

based design evaluation of unit load 

automated storage/retrieval systems. 

Computers & Industrial Engineering; 28(1); 

71—79 

Simulated 6 different ASRS 

layout and proposed the highest 

throughput to be the layout with 

input and output points in the 

middle of the ASRS instead of at 

the ends of the racks. 

  
26 Tompkins, J., White, J., Bozer, Y. & 

Tanchoco, J., 2003. Facilities Planning. 3 ed. 

s.l.:John Wiley & Sons. 

Studied the comparison between 

different load types in ASRS, 

double deep and single deep 

design. Double deep requires 

modifications on the crane 

system.  

27 Wang FK, Lin JT., 2004. Performance 

evaluation of an automated material handling 

system for a wafer fab. Robot Comput Integr 

Manuf;20:91–100. 

Uses AutoMod simulation tools 

to test an ASRS output.  

28 Pierce NG, Stafford R., 1994. Modeling and 

simulation of material handling for 

semiconductor wafer fabrication. In: 

Proceedings of the 1994 winter simulation 

conference, p. 900–6. 

Studied the interbay material 

handling system for 

semiconductor wafer processing 

and developed simulation model 

with process to reflect the hourly 

demand. 
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29 Kurosaki R, Nagao N, Komada H, Watanabe 

Y, Yano H., 1997. AMHS for 300 mm wafer. 

In: Proceedings of the 1997 IEEE 

international symposium on semiconductor 

manufacturing conference, p. D13–6. 

Discussed the relation between 

interbay and intrabay track. 

30 Pillai D, Quinn T, Kryder K, Charlson D., 

1999. Integration of 300 mm fab layouts and 

material handling automation. In: 

Proceedings of the 1999 IEEE international 

symposium on semiconductor manufacturing 

conference. p. 23–6. 

Discussed and found the 

distribution time for independent 

and connected track systems in 

ASRS was heavily dependent on 

the traffic.  

31 Toba H, Izumi H, Hatada H, Chikushima T., 

2005. Dynamic load balancing among 

multiple fabrication lines through estimation 

of minimum inter-operation time. IEEE Trans 

Semicond Manuf; 18:202–13. 

Recommended a load managing 

approach for all component 

processing between multiple 

ASRS.  

32 Cardarelli G, Pelagagge PM, Granito A., 

1996. Performance analysis of automated 

interbay material-handling and storage 

systems for large wafer fab. Robot Comput 

Integr Manuf;12:227–34. 

Discussed the efficiency of 

automatic interbay material 

processing and storage for 

semiconductor. 

33 Tyan JC, Du TC, Chen JC, Chang IH., 2004. 

Multiple response optimization in a fully 

automated FAB: an integrated tool and 

Proposed an optimised 

dispatching tool and vehicle 

approach that takes into account 
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vehicle dispatching strategy. Comput Ind 

Eng;46:121–39. 

the various performance steps in 

a completely automated 

fabrication environment.  

34 Liao DY, Wang CN., 2004. Neural-network-

based delivery time estimates for prioritized 

300-mm automatic material handling 

operations. IEEE Trans Semicond 

Manuf.;17:324–32. 

Studied neural network approach 

to predict arrival times for both 
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METHODOLOGY 

3.1 Introduction 

The methodology of this project can be divided into three distinguished building 

blocks of simulation driven design framework. The methodology developed to process the 

ever-changing data of production demand and cycle time, production’s equipment changes 

and flexibility to serve to human interaction requires for a flexible and smart data processing. 

The methodology involved in this case study is the highest call rates based on product 

mapping, buffer analysis, 3D modelling for interactive layout planning and process mapping. 

3D modelling simulation is one of the tools that helps plan, design, simulate and manage 

building and production layout. This model-based application delivers beyond traditional 

CAD drawings by providing intelligence to individual processes and providing spatial 

information of the layout. For example, intelligence can be built into the process in terms of 

inputting workflow and call rates of boxes up to the individual equipment. As a result, these 

information gives better design visualisation and improves information flow. 

3.2 Research Design 

This project paper presents a systematic approach for data collection, optimisation 

steps, developing and modelling simulation of automated material handling system. The 

essence of the approach used in this project is centered on 3D simulation concept.  The 

selected approach is based on qualitative study, which aims to develop analytical model to 

calculate and analyse the main performance criteria of the simulation model. 
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3.3 Proposed Methodology 

The first step of the methodology of this project is to search for literature relevant to 

smart manufacturing, industrial automation and selecting case study location. The project is 

conducted in Infineon Technologies as it is one of the growing companies which embrace 

technologies such as cyber-physical systems and industrial robots. An understanding of the 

industry and its needs is crucial to the project and this is done by appraising the situation and 

experience in the field of semiconductor. The relevant literature can then be selected and the 

tasks are clarified according to the timeline as attached in Appendix A. From here, the 

proposal for ASRS as the stepping stone into Industry 4.0 is provided to Infineon 

Technologies.  

The second stage of the methodology involves the literature findings to understand 

and identify the relationship between ASRS and other automated material handling system. 

When proposing a solution to a company that expects to run for a lifetime like Infineon, it is 

expected that this automated system must be expandable and upgraded in the future. This is 

why it is crucial to begin identifying the integrations underlying and needed for ASRS to 

handshake with other material handling systems. From here, the challenges for future 

directions and opportunities were identified. The next step is to construct a framework to 

realise the project goals in a systematic approach. The key information is from literature 

findings and process experts in the field. The framework is a consolidation of research 

recommendations and experts in system integration.  

The third and final stage involves the solution proposal. This includes designing the 

ASRS and material handling system to fit into production environment in Infineon, pre-

define performance measures, selecting the software for simulation, modelling the 
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simulation model, running the model and analysing the output results. The model is run in a 

few iterations and two best outcomes are selected. The simulation is expected to show 

bottlenecks and underlying opportunities. The opportunities expected are system 

streamlining or making better of the processes with cost reductions. The results should at 

least meet the performance measures that were pre-defined in this project.  

 

Optimisation of physical layout and process of the case study 
semiconductor plant

Modelling and running the simulation

Data analysis and improvement measures proposal

Thesis presentation and project closure

Initial literature search

Scope out research plan

Screening of citations and references from literature reviews

Findings of relationship of ASRS and material handling systems

Qualitative approach to developing framework for simulation 
driven design of ASRS from process principles and from 

learnings from literature reviews

Screening of important rules and heuristics in design of 
automation

Figure 3.1: Flow chart for overall project methodology 
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3.3.1 Finding Relationship of ASRS and Material Handling Systems 

An ASRS is built for long-term usage. Most often, the physical layout and the 

equipment is not entirely flexible to be moving around. Hence, it is critical for the design of 

the ASRS to be right at the first place in order to efficiently handle the current and future 

demands of the manufacturing plant.  

In the case study semiconductor company, ASRS is usually integrated with other 

material handling systems such as input and output conveyor system or automated vehicles 

that transports materials from input or output to the different operation locations. The 

performance of ASRS will be influenced by other sub-systems; likewise, the performance 

of the sub-systems will also be affected by the ASRS. Bottlenecks in any system can cause 

delays in other integrated systems. 

From the literature reviews, several significant criteria are identified that needs to be 

addressed in every design of ASRS and integrated material handling systems.  

a) Number of racks and aisles of ASRS; 

b) Height of ASRS; 

c) Number of input and output points; 

d) Locations of input and output points in the physical layout; 

e) Buffer capacity of input and output points; 

f) Conveyor length or distance in between input and output points to ASRS; 
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g) Buffer capacity on conveyor or other sub-systems in between input and 

output points to ASRS. 

The requirements of ASRS is also highly dependent on the environment that it serves. 

In manufacturing environment where it is vital to continue production, it is required from 

ASRS to constantly deliver the required materials just in time to make sure the continuity of 

production. (Chien, et al., 2016) In this case, buffer capacity must be sufficient for a constant 

supply of materials. The increased number of input and output points also helps in managing 

multiple synchronised deliveries at once. This can be used to manage a fast throughput 

operation.  

 From the literature review, there is no research papers suffice to determine 

the best ASRS type. For this project, the ASRS type is fixed to the mini-load ASRS type. 

There is also insufficient information on best method to address the ASRS integration with 

other sub-systems. In this project, the factory integration software that is CAMSTAR, the 

case study semiconductor’s Material Execution System, determines the backbone of all 

communications to the ASRS, input and output points and also the buffer points. A flow 

chart for objective one is shown in Figure 3.2. 
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Figure 3.2: Flow chart for finding relationship of ASRS and material handling 
system 

3.3.2 Framework Development 

The development of ASRS is one with high uncertainty and little information. Hence, 

a systematic approach needs to be defined to help realise the best effective way to design the 

ASRS with theoretical calculations, simulations and 3D modelling. Linn and Wysk have 

performed simulation studies to solve dynamic sequencing problems in designing ASRS 

(Linn & Wysk, 1987). Moon and Kim (Moon & Kim, 2001) show by means of a simulation 
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study that re-location of items is required if the production quantity of each item changes 

over time.  

For the Master Project, the method used by other works were not usable due to the 

inclusion of other material handling systems. The works by Linn and Wysk, Moon and Kim, 

Zhu et al., Gopakumar et al., Liu, Fathollah and others are all focused only on ASRS and do 

not consider the process data required before the simulation and also material handling 

systems such as conveyors and drop points. The building blocks of designing and 

implementing automation system were outlined into the current semiconductor environment 

in three steps as shown in Figure 2. The steps can be further categorised into three big groups 

called Step One – Process and Layout Analysis; Step Two – Calling Rate and Specification 

Definition; Step Three – Design Concept, Modelling and Simulation.   

3.3.2.1 Development of the Framework 

From the relevant literature, most of the frameworks have no components 

corresponding to the simulation task and designing the relationship between ASRS and 

material handling systems. The frameworks by Zhu et al., Gopakumar et al., Liu, Fathollah 

and others started their simulation in the ASRS-focused environment. The framework 

developed considers from site planning, appraising task, understand of processes to 

simulation of design models and analysing of simulation results. The other components 

missing in a few of the frameworks are exploring of data and framing. Some of the papers 

do not emphasise the importance of performance measures. Few of the frameworks missed 

the different areas of work to integrate with automation equipment. Given the collaborative 

approach followed with research studied, ideas are generated through stakeholder’s input 

and through literature. These ideas are evaluated for their impacts on the simulation process 

and to the production facility as a whole. The framework is developed on the basis of the 
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impacts of the ideas generated. If the impacts are not positive, then the ideas are generated 

again or replaced by more important steps. Hence, framework development is an iterative 

process. This project further indicates that most of the framework steps have similarities in 

the functions with the literature by other researchers.  

3.3.2.2 Structure of the framework 

The framework consists of three main building blocks, namely, process and layout 

analysis, calling rates and specification definition and design concept, modelling and 

simulation stage. Therefore, the structure of the simulation driven design framework is 

shown in general in Figure 3.3 whereby the three cycles are further detailed with 

descriptions.   

3.3.2.3 Stage One: Process and Layout Analysis 

In this step; process and layout analysis building block, the ecosystem and readiness 

level of the current building where automation will be implemented were examined. 

Important aspect of the ecosystem and readiness level are local businesses that can support 

Figure 3.3: Building blocks and design process 
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the new automation, design services, production capabilities and maintenance (Mabkhot, et 

al., 2018).  

There are two things to be achieved in this step, that is to determine the correct 

physical layout for the ASRS, and the second is to determine the control policies or logic 

control of the ASRS system. According Roodbergen, the control policies are the methods, 

which determine the actions performed by the ASRS. In an integrated system such as the 

one required by the semiconductor company, often times, the control policies must have 

main master control to govern the control policies coherence. This also includes a storage 

assignment policy, which serves to determine which products are assigned to which 

locations. 

In order to determine the physical layout of the ASRS and its corresponding sub-

systems, it is important to study the density of the manufacturing plant, the process flows, 

material flows, people flow and even aisle ways and intersections locations. The current plan 

layout is given color codes depending on the density of the processes, arranged according to 

the throughput of the machines with respect to the different process areas.  

Layout structuring: The next step is to configure the layout layers for analysing the 

site after describing the current conditions of the site. This appraisal attempts to model the 

site's limitations and incentives on the basis of code requirements relating to various physical 

parameters.  

Evaluation of parameters: This key step implements the process and system to 

deduce the percentage effect of the physical parameters in terms of weights for making 

decisions on site planning. In the first cycle the methods are chosen, and in the second cycle 

the process for measuring the weights is finalised.  

Suitability analysis: Suitability analysis determines the most appropriate land patches 

for the desired categories depending on the percentage impact and code specification of the 



 

40 

specified physical parameters. Consider the site's challenges and benefits, the findings of the 

suitability review are provided in the form of suitability charts. 

The compaction of the production layout requires optimisation in the processes. The 

process mapping is completed for each production floors and each package are mapped out 

with the lot sizes, carrier sizes, process flows, locations of each processes and equipment 

performance. Processes are optimised in order to achieve several objectives:  

a) To compact the production floor and in turn increase potential area savings; 

b) To increase products in process lines in order to reduce materials going in 

and out of ASRS too often; 

c) To determine the optimum location of input and output points; 

d) To determine the relevant ASRS logic control. 

 

3.3.2.4 Stage Two: Calling Rate and Specification Definition 

In this step; calling rate and specification definition, plans for inserting the 

automation technology into the production floor begins by validating and analysing the 

process and layout in previous step. The design should consider incorporating the production 

process or producing a work around method because automation requires compromise. 

Human and machine must interface and cooperate and proper studies must be conducted of 

the future work method. This study must be led by an expert in the field to integrate and 

implement smoothly. For machines, they require constants and data to operate. However, 

humans are quick to react to new changes. In material handling, planning and reactive actions 

are vital. Therefore, the calling rates, which can be described as the rate of input and output 

of product at each workstation or processes, are one of the key parameters that machines 

require in order to execute the work smoothly. The calling rate parameters are defined in 

Table 3.1. 
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This step is crucial in determining the ASRS sizing. The correct sizing is one of the 

factors that influence the effectiveness of the ASRS besides the physical layout and picking 

strategy. This is the most complex step and one that is always overlooked. The reason why 

calling rate is so important is that it not only shows the distribution of the products based on 

market demand, it also shows the velocity at which the products are moving in and out from 

the ASRS. Another key indication of the demand projection is to look at the historical data 

and analyse the trend of the market demand. Often times, this data is readily available from 

the organisation’s finance controller and planning department.  

Table 3.1: Underlying characteristics in calling rate 

Parameters Description 

Process 
Mapping 

Processes of individual 
products; level of details 
varies; mapped to future 
layout  

Product  
Products in production; 
breakdown to as detail as 
possible 

Product size 
Size of product impacts 
calling rates and boxes to be 
handled by automation 

Demand  
Calling rates needed 
depends on demand 

Units per 
hour (UPH) 

Machine output also affects 
calling rates needed  

Carrier size 
Affects size of boxes, 
number of units in a single 
box and calling rates 

Machine 
layout 

Mapped to future layout; 
determines product mix and 
distance for next process 

 

3.3.2.5 Stage Three: Design Concept, Modelling and Simulation 

In this step; design concept, modelling and simulation, the concept framework is 

strengthened by setting it into simulation program where more in depth understanding of the 

technology working in the current production and the accuracy of our static calculations in 
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accordance to the model developed can be gained. This model is then tested by simulation 

software with the input parameters such as lift speed, conveying speed, distribution of 

products and size of each transported products. The results should be tested against the 

performance measures desired and defined earlier. Often times, companies do not anticipate 

a desired outcome, then, the current situation can be compared with the simulated model’s 

results. The simulation could be better optimised with the correct control policies from the 

ASRS. However, this project is not supported by the ASRS vendor and hence, the control 

policies remains the trade secrets that cannot be obtained. The simulation will model the use 

cases of the ASRS and its sub-systems. 

Generation of scenarios: Suitability maps are used as an input to create alternate 

scenarios representing potential improvements from current to desired situation. Parameters 

for improvement are described in the first step. The method for creating alternative scenarios 

is completed in the second cycle, and the alternate scenarios are generated in this process 

based on the parameters of transition. 

Impact analysis: Based on the impact criteria agreed in the first cycle, the alternative 

scenarios produced are evaluated for their impacts. The analysis of the possible solutions 

allows to choose the most appropriate option for the site planning problem under 

consideration. The alternative outcomes should be altered before the effect is successful. The 

impacts of the generated alternate scenarios are compared based on identified impact 

parameters, resulting in a positive or negative impact on the site's existing condition. When 

the results are optimistic, otherwise the site plan for the decision-makers is completed. When 

the impacts are negative, otherwise you need reviews. Therefore, any or more of the three 

key phases are open to criticism and revision: parameter adjustment includes reasonable 

input data consistency, an updated parameter evaluation process, and a revised alternate 

scenario before the new site plan has significant impacts on the site's current situation. Fresh 
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feedback of various kinds can be obtained from different outlets, leading to a re-examination 

of the judgment at every key stage in the framework. Figure 3.4 provides the feedback loops 

in the framework. 

Figure 3.5 shows the flowchart of simulation driven design of ASRS in detailed steps. 

For an effective design of ASRS, extensive data verification is necessary. This is often the 

system's most complex step in determining the system sizing and one that is most 

undermined. Detailed data of the case study semiconductor such as physical data for all 

products, order data (historical and projected demand), required inventory levels and calling 

rates are to be calculated. However, the information is often simply not available upfront. 

Often the dimensions of the product are not fully documented and the order history is 

inaccurate or incomplete. In order to determine their suitability for an automated system, it 

is also necessary to evaluate the required inventory levels and calling rates methodologies 

designed for a manual system. In general, the information must be modelled in order to 

predict the system's necessary size and throughput capabilities in the future. 
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Figure 3.4: Architectural S-curve of design by simulation 
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Figure 3.5: Flow chart of simulation design framework 
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3.3.3 Performance Measures and Simulation Modelling  

In the next project phase, the simulation model will be built. The maximum capacity 

and throughput of the ASRS system will be simulated based on the concept design selected. 

The simulation’s objective is also to study the maximum throughput the system can 

accommodate in the presence of unexpected increase in demand, changes in storage capacity 

and handling exceptions. The simulation model will be tested to the limits by increasing the 

input projected calling rates to measure the highest increase in future demand that the system 

can handle.  

In expansion of Figure 3.5 for the overview flow of the framework – that is “system 

3D design & modelling (Flexsim)”, modelling simulation follows the following basic steps.   

a) Performance measures or targets are defined. The performance measures are 

further defined below.  

b) Data collection is gathered and consolidated. Data collection can be done in 

two methods, forward or reverse method. The forward method is by 

collecting data as a starting conditions and internal variable of the simulation 

model. The reverse method is that data can be collected according to the 

established simulation goals to keep the system running at optimum state. 

The second method would be best for greenfield projects where the building 

or facilities are not constraint and can be varied.  

c) Build the simulation model. This process includes selection of the simulation 

platform and programming language that the company uses or that the 

engineer is comfortable with.  

d) Model validation. In this step, the engineers review and determine whether 

the simulation model succeeded in addressing every part of the system.  



 

47 

e) Running the simulation. In this step, the model is simulated and the output 

responses obtained. These are the simulated results before the actual 

application in real world.  

f) Analysis. The last step is to analyse the results obtained.  

 

 

Figure 3.6: 3D simulation and modelling steps 

In evaluating the design of an ASRS, several performance measures can be used. 

From literature study of other papers, the following performance measures were considered:  

a) Throughput of the system in a set period of time (Bozer, 2005) 

b)  Resource utilisation or handling capacity of all components (Foley & 

Frazelle, 2002). 

c) Travel time through the entire system.  
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RESULTS AND DISCUSSION 

4.1 Introduction 

Three objectives were met using the methods implored here. First, a study of the 

state-of-the-art simulation for automation in existing production building succeed in 

determining the bottlenecks of the designed system and engineers were able to solve these 

bottlenecks with the specific data obtained. Second, the business case of ASRS is justified 

with the simulation model. The business case for ASRS are area savings due to converting 

traditional racks to vertical, compact storage; increasing productivity and traceability due to 

eliminating manual tracking and manual handling; and improvements in overall equipment 

efficiency (OEE) due to plan ahead material planning. Thirdly, simulation benefits the 

schedule of the any projects as it eases the design process by having a simulation results to 

 Figure 4.1: Flexsim simulator dashboard showing information and results in 
real-time 
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assimilate with the current information in order to close the gap of estimation and random 

guesses. 

The simulator displays information that are vital to engineers such as the throughput 

capabilities, the component’s utilisation, state of the equipment and the minimum, average 

or maximum boxes stored in the machine as shown in Figure 4.1. Flexsim software is an 

application for 3D digital image processing, modelling methods, artificial intelligence 

technologies, and data handling. Flexsim is ideal for production, storage and distribution, 

transportation networks, and other fields. Flexsim offers original data, software entry, 

operating model to execute simulation trials, and system optimisation. 

4.1.1 Layout Strategy 

A production layout is the cornerstone of effective manufacturing plant. The ideal 

condition is to achieve a well-coordinated workflow that leads to lower material handling 

costs and reduced lead times. However, in semiconductor plant, there are many re-entrant 

processes flows and complicated product mix that produces a high level of uncertainty 

challenging the production layout design for manufacturing. In this project, a simple method 

is introduced without the need of complicated modelling approach. 

4.1.2 Process Flows 

The project problem addressed was a material handling process in a test 

semiconductor manufacturing. The challenges are the complicated mix of products that 

causes a variant of process flows for different products. In analysing the process flow, it is 

important to determine in which aspects the future process flow will change with the 

intended implementation. For the process flow activity, lean methodology can be 

implemented for the semiconductor processes specifically a tool named Value Stream 

Mapping (VSM). VSM is used to represent the flow of materials and information and the 
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value flow through an individual process or an entire manufacturing. This allows engineers 

to determine the bottleneck and waste by viewing value and non-value-added operations as 

a whole. The goal of VSM or any lean tool is to remove unnecessary motions, inventories 

and waste. 

4.1.2.1 Value Stream Mapping Data Gathering 

In this project, the creation of VSM primarily focuses on the tasks of the operator at 

input and output of each processes because it directly correlates with material handling. This 

project’s focus is on the material handling ergonomics and process optimisation; hence, this 

value stream map considers the input and output of the test processes rather than 

encompassing in-process steps.   

The entire test production was studied, the operators at each process were 

interviewed and meetings with production engineers were conducted in order to gather more 

information. An input and output process matrix were developed to help identify the steps 

in the most precise manner with the focus being the material handling portion of the 

processes instead of in each detail of the processes as shown in Table 4.1. 

Table 4.1: Input and Output Process Matrix for Current VSM 

Step Input Activity Output   
Lot Preparation 

 

1 A batch of lots in 
black tote boxes, lot 
tag, tracking 
documents 

Count number of units in each 
lots and scans materials into 
system and check unit markings 

Inspected, counted 
correct lots in black 
tote boxes 

  
Test 1 

 

2 Lot in black tote 
boxes 

Remove magazine covers Lot in black tote 
boxes with magazine 
cover removed 

3 Lot in black tote 
boxes with magazine 
cover removed 

Registers lot into system, setup 
machine, pickup lots in tubes 
and insert to input load 

Tested lot in black 
tote boxes 
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4 Tested lot in black 
tote boxes, magazine 
cover 

Insert magazine covers Lot in black tote 
boxes 

  
Test 2 

 

5 Lot in black tote 
boxes 

Remove magazine covers Lot in black tote 
boxes with magazine 
cover removed 

6 Lot in black tote 
boxes with magazine 
cover removed 

Registers lot into system, setup 
machine, pickup lots in tubes 
and insert to input load 

Tested lot in black 
tote boxes 

7 Tested lot in black 
tote boxes, magazine 
cover 

Insert magazine covers Lot in black tote 
boxes 

  Mark Form Singulate (MFS)  
8 Lot in black tote 

boxes 

Registers lot into system, setup 
machine, pickup lots in 
magazines and insert to input 
load, insert tubes into output 
loader 

Lot in tube form in 
black tote boxes  

9 Lot in tube form in 
black tote boxes 

Insert tube covers Lot in black tote 
boxes   

Bake-in 
 

10 Lot in black tote 
boxes, metal tubes, jig 

Change from plastic tubes to 
metal tubes using jigs 

Lot in metal gang 
tubes 

11 Lot in metal tubes Registers lot into system, setup 
machine, pickup lots in tubes 
and insert to input load 

Lot in metal gang 
tubes 

12 Lot in metal tubes, 
plastic tubes, jig 

After cool down period, 
transfer lot in metal tubes to 
plastic tubes and transfer to tote 
boxes 

Lot in black tote 
boxes 

  
Test 3 

 

13 Lot in black tote 
boxes 

Remove tube covers Lot in black tote 
boxes with tube cover 
removed 

14 Lot in black tote 
boxes with tube cover 
removed 

Registers lot into system, setup 
machine, pickup lots in tubes 
and insert to input load 

Tested lot in black 
tote boxes 

15 Tested lot in black 
tote boxes, tubes 
cover 

Insert tube covers Lot in black tote 
boxes 

  
Test Scan Pack (TSP) 

 

16 Lot in black tote 
boxes, reels 

Registers lot into system, setup 
machine, pickup lots in tubes 
and insert to input load, insert 
reels into output loader 

Lot in reel form 
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17 Lot in reel form, reel 
boxes 

Transfer reels into reel boxes Lot in reel boxes 

  
Quality Inspection 

 

18 Lot in reel boxes, 
paper carton boxes 

Quality check, unit count, 
disposition of bad units 
After disposition, to fulfill unit 
count, combine with other lot 

Quality inspected lot 
in paper carton boxes 

 

The processes are lot preparation, test process 1, 2 and 3, bake-in process, mark, scan, 

singulate (MFS) process, test, scan, pack (TSP) process and lastly, quality inspection. For 

the first process, lot preparation, the incoming materials include lots in magazine form in 

black tote boxes, lot tag and lot tracking documents. The operators are to transport these tote 

boxes to the lot preparation workstation and operator starts to count the quantity and scan 

materials into the process. The scanning is crucial to identify the materials correctly and 

maintain traceability throughout the production processes. The output will be the counted, 

scanned lot. The second process is test 1. This is usually thermal test in cold temperature.  

The input is the lot in block tote boxes and devices on lead frames in magazine form. 

Operator needs to transport these boxes from lot preparation workstation and sometimes 

from storage areas to the individual test process, remove the magazine covers and registers 

or scans the lot into the equipment terminal as well as into the database for lot traceability. 

The machine is set up accordingly and the magazines are loaded into input loader. The output 

of this process is tested lot in magazine form. The next process is test 2 which is usually also 

thermal test to test the maximum thermal junction of the chips. The setup required for this 

process is similar to test 1.  

In the fourth process, Mark, Form, Singulate or MFS process for short is a process 

where the units are literally marked with date code and made into individual units by bending 

and cutting the lead. The operator is required to load empty tubes into the output loader. This 

step requires the operator to walk to an empty tubes shelf and retrieve it manually. Scanning 
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and registration is performed as usual and the output of the process is lot in tube form in 

black tote boxes. The next process is bake-in which is an oven operated process to stabilise 

the unit. The setup required for this is a special metal tube for the separated units and a jig 

so operator can do the transfer quickly and smoothly. The output is hot baked units and had 

to be cooled down before transferring it back into the plastic tubes and into the tote boxes. 

The final test process is test 3, which is an ambient test. The process setup is similar to test 

1 and test 2.  

At the seventh process step, the Test, Scan, Pack (TSP) process, the units will 

undergo signal and noise testing and finally packed into reel form where they are delivered 

to customers. The setup requires the operator to retrieve reel boxes, empty reel and load it at 

output unloader, the operator then setup the machine as required and input the required 

quantity. One fully loaded reel ranges from 5000 to 6500 units. This is packed as per 

demanded by customers. The operator needs to count this before finally sending it off to 

quality inspection. The final process is quality inspection and this is the last gate before the 

units get delivered to corresponding customers. The operator is required to inspect all units 

and if required, scrap the defect units immediately. The operators then pack the reels into 

sealed packing and into individual paper carton boxes. Once the paper carton boxes are 

packed nicely, they are sealed with the company’s logo and labels. They are placed vertically 

before sending off to the logistics department. 

4.1.2.2 VSM Time Study 

The time study is completed with the data gathering to be used in VSM. VSM uses 

the time during operation with the overall lead time so as to produce an increased potential 

improvement. (Chong M.Y., 2013) For completing this project’s task, the VSM emphasises 

on the time study of the operators’ material handling process before and after each process. 
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During the study, the operators were asked to perform the tasks at normal pace and two 

engineers recorded the time separately to acquire a more realistic time evaluation. The time 

study was recorded in Table 4.2. 

Table 4.2: Table of time study for semiconductor manufacturing 

Processes Activity 
Lot / 
Hour 

Units / 
Lot 

Customer 
demand (per 

week) 

Work 
time 

required 

Takt 
Time 
(s) / 
Unit 

1 Lot 
Preparation 

27.2 15000 66,151,850 23.2 0.0091 

2 Test 1 7.5 15000 31,752,888 40.3 0.0190 
3 Test 2 6.8 15000 27,122,259 38.0 0.0223 
4 Mark Form 

Singulate 
(MFS) 

1.2 15000 5,750,000 45.6 0.0526 

5 Bake-in 6.2 15000 33,075,925 50.8 0.0183 
6 Test 3 1.4 15000 7,276,704 49.5 0.0831 
7 Test Scan 

Pack 
30.2 15000 66,151,850 20.9 0.0091 

8 Quality 
Inspection 

30.2 15000 66,151,850 20.9 0.0091 

 

From Table 4.2, the first process, lot preparation, produces 27.2 lots in an hour, the 

working time required by the operator is 23.2 hours per day. The target is to fall within 24 

hours per day. Only processes 1, 7 and 8 fall within this range and processes 2 to 6 all defer 

from this time range. Upon further study, the working time was managed by operators multi-

tasking for example process 4, Mark Form Singulate required 45.6 hours, which is about 

twice the number of working hours, operators were seen splitting the tasks in order to meet 

the cycle time required. This unintentionally created parallel process that is not ideal in 

manufacturing floors. It affects productivity and efficiency. The intention of VSM is to 

streamline these processes to meet the lead time by practicing lean in production and 

reducing wastes. 
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4.1.2.3 VSM Current Map 

VSM map is made up of universal symbols to identify each part of the production 

(Schmidtke, 2014). It is important to identify the flow of the materials at the current state 

VSM map. The current state value stream map was completed with on-site data collection 

and interview with corresponding operators and engineers to demonstrate how each material 

moves in between processes as well as the process steps in each of the handling methods. 

The value stream map is created with the data gathered from previous steps and in total there 

are eight processes that are studied which are lot preparation, test 1, test 2, mark form 

singulate, bake-in, test 3, test scan pack and quality inspection. The VSM shows the input to 

each process, the activity of the task and the output of the processes. This information 

combined with the time study from earlier data collection to complete the current state value 

stream map as shown in Appendix B. 

4.1.2.4 Future VSM 

The future state value stream map is a continuous improvement of the current state. 

The aim is to continuously build future value stream maps to develop a process after each 

future map target has been achieved. It is part of the lean philosophy and “kaizen” which 

means continuous improvement. Upon reviewing the collected data and constructing the new 

VSM map, the new map was used to determine constraint areas, value-added areas, and non-

value-added areas as shown in Appendix C.  

 The evaluation led to several findings inside the production floor. From the 

current VSM, storage and inventory is the primary non-value added step and thus, the plan 

to implement ASRS storage in an annex building to the production shop floor is underway. 

However, careful considerations of the inventory flow have to be made and this is where the 

VSM and also the simulation excels in. In general, the project started out by assuming every 
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inter-process’ inventory will be pushed to the ASRS storage. This will eliminate a lot of 

inventory stored in the production floor space. In the VSM and layout planning, the inventory 

route is planned out and the best route is identified and placed into the future VSM. For 

example, after Test 1 it is unnecessary for the inventory to go back into ASRS, hence a soft 

FIFO is implemented. For processes such as after MFS to bake-in, previously it is not always 

feasible to estimate the time or sequence, therefore, the project decided to implement a timer 

limit and a push with sequence method to address this issue.   

 The second finding is the realisation that the bottlenecks of the processes are 

from MFS and Test 3 processes. Both these processes have a common task that is considered 

non-value added which is removing the tube covers of each individual tube of units. The 

elimination of this non-value-added task saves about 300 seconds of time per batch or per 

lot. The next problem was MFS process is before bake-in process and test 3 is after this bake-

in process which typically requires waiting time before and after the process for the curing 

to cool down. The engineers found that the practice in production basically makes the data 

inaccurate, the operators would scan the process earlier or later during the waiting time. This 

practice is easily mitigated with the correct work procedure in place. Thirdly, the machine’s 

uptime is increased. Previously in the production, due to the waiting time for bake-in process, 

the predecessor and subsequent processes are thought to be waiting for the slow bake-in 

process, hence, production planners had lowered down the uptime for these two processes.  

 Lastly, based on Table 4.1, there are multiple types of boxes and it impacts 

the production floor spaces as well as cycle time as operator is required to change boxes. 

This also generates more boxes in the production floor. By implementing a standardised tote 

box for lot carrier reduces the amount of time for operator to change boxes, saves production 

floor space and enables ASRS to utilise equal rack sizes.  
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 The entire process of future VSM not only saves the cycle time of processes 

but also the shop floor space by eliminating inventory within the production floor. The 

results of the consolidation and streamlining with VSM has improved the average lead time 

per lot from forty-five hours to an average of twenty-two hours. The processing time is 

improved from eleven hours a half to about eleven hours average.  

 From the future state of VSM map, the project team is able to improve upon 

the current process conditions, achieve a stable base line for the equipment and process flows 

and standardise the processes throughout the entire floor. This is crucial before automating 

any production line in order to harvest the full potential of the automation implemented later. 

Table 4.3 shows the summary of the improvement measures described from current VSM to 

future VSM. 

C/T (s)
Mc 

Uptime 
(%)

Output / 
day 

(units'k)

Takt 
Time (s) 

/ Unit
C/T (s)

Mc 
Uptime 

(%)

Output / 
day 

(units'k)

Takt 
Time (s) 

/ Unit

1
Lot 
Preparation

132 100       652      0.009 132 100       652     0.009  Implement ASRS 

2 Test 1 480 90       180      0.019 480 90       180     0.019 

 Implement (1) 
ASRS, (2) FIFO 

scheduling, (3) buffer 
stocker 

3 Test 2 529 100       163      0.022 529 100       163     0.022  Implement ASRS 

4
Mark Form 
Singulate 
(MFS)

3000 30         28      0.053 2700 60         64     0.026 

 Implement Kanban 
through ASRS 

terminals to manage 
material exposure 

time 
5 Bake-in 580 100       148      0.018 580 100       148     0.018  Implement ASRS 
6 Test 3 2571 50         33      0.083 2271 100         76     0.036  Implement ASRS 

7
Test Scan 
Pack

119 100       724      0.009 119 100       724     0.009  Implement ASRS 

8
Quality 
Inspection

119 100       724      0.009 119 100       724     0.009 
 Implement Kanban 

through ASRS 
terminals   

Total 
production 
lead time*
Total 
processing 

125.6 minutes per lot

715.5 minutes per lot

115.5 minutes per lot

*Lot size 15,000 
units

Lead 
time 

ladder

Current VSM Future VSM

Improvement 
measures

ActivityNr

2705.5 minutes per lot

Table 4.3: Summary of future VSM improvement 
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4.1.3 Modelling and Simulation with Flexsim Software 

Flexsim software is a 3-D virtual processing technology that comprises of simulation 

techniques, artificial intelligence technology, data analytics and data handling techniques. 

Flexsim is suitable for production environment, storage and delivery and transportation 

systems. Figure 4.2 below shows the example of the Flexsim modelling done for Infineon 

Technologies.  

Semiconductor back-end test environment typically has functions of storing and 

distributing, linkage between processes, temperature testing results in low and high 

temperature product transportation, sorting, loading and unloading, processing and logistics 

handling. The internal production process has eight generic processes as shown in table 4.1. 

Furthermore, there are multiple containers or bins that needs to be handled. According to 

Roodbergen, 2009, typically racks have equally sized storage locations for optimum capacity 

and minimising variations. Therefore, in the design framework (Figure 3.3), this was 

addressed in “lean optimisation” step as described in Chapter 4.1.2 where one of the 

Figure 4.2: 3D model for simulation for Infineon Technologies 
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improvement step is to standardise the carrier type and size. The semiconductor main areas 

can be divided into: 

a) Receiving area and unloading bay. This is where the incoming lots from other 

sites are checked and logged into the system. This area is also consolidated 

with unloading bay where ready made products are prepared to be shipped 

out. Resources needed are computers for scanning into the MES system, 

diverter and merger conveyors, workers and lifters.  

b) Inter-floor connection. This is the main transportation medium in between the 

floors. This area requires a high lifter to connect between all levels of 

production.  

c) Production area. This is where the production processes are. As for the 

automation components, this is the main area for loading and unloading of 

work in progress lots, distribution of boxes, circulation of boxes and lots 

transportation to storage. Elements involved in this area are overhead 

conveyors, computers for scanning into MES system, a drop point as an 

interface between operators and overhead conveyors, lifters and workers.  

d)  Storage area. This area contains work in progress lots in a single size of 

boxes. This area is where the ASRS is placed. Other elements for integration 

with other areas are conveyors. 

4.1.3.1 Simulation Targets 

Research on semiconductor automation is still in the early stages. Experts focus 

primarily on distribution mode selection (Liu & Wang, 2007) (Zhao, 2009), routing selection 

based on the Vehicle Routing Problem (VRP) method (Tarantilis & Kiranoudis, 2001), 

storage and processing methods (Petersen & Charles, 2004). However, few studies have been 
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addressed on the overall semiconductor cycle. In the meantime, industrial challenges include 

manual transport, low degree of automation, complicated layout planning and diverse 

production systems. In order to achieve efficient distribution, it is important to solve these 

problems.  

The simulation methodology will show a particular state and find out about the 

system's bottleneck and idle tool, and provides a comprehensive overview of the real 

mechanism and details of the logistics network. Researchers are now focused primarily on 

the product architecture of the fulfilment centre (Mason et al., 2008), the storage method for 

the simulation of the logistics system. For example, Hassini and Vickson (Hassini & 

Vickson, 2000) confirms an optimisation algorithm for the storing and delivery of products, 

and the algorithms are successfully applied to a large supermarket distribution centre. 

Using modelling and simulation methodology and Flexsim tools, this project first 

analyses the operation of semiconductor back-end and then constructs a simulation model 

for this production line with implementation of ASRS; secondly, obtains the performance of 

key ASRS elements and resources utilisation using Flexsim in order to evaluate the 

preliminary output; and finally, the project identifies the bottleneck and idle resources and 

make some changes to increase the working performance of the production line working in 

tandem with the ASRS. Based on the literature reviews, the critical parameters for simulation 

are determined.  

In the simulation model, the maximum capacity and throughput of the ASRS system 

was simulated based on the concept design selected. The simulation’s objective is also to 

study the maximum throughput the system designed can accommodate in the presence of 

unexpected increase in demand, changes in storage capacity and handling exceptions. The 

simulation model was tested to the limits by increasing the input projected calling rates to 

measure the highest increase in future demand that the system can handle. As can be seen 
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from Figure 4.1, the simulator provides visuals to real-time output based on the model 

simulated. These bar charts can be exported in raw data in table format for analysis purposes. 

In evaluating the design of an ASRS, several performance measures can be used. From 

literature study of other papers, the following performance measures were considered: 

a) Throughput of the system in a set period of time (Bozer, 2005) 

b)  Resource utilisation or handling capacity of all components (Foley & 

Frazelle, 2002). 

c) Travel time through the entire system.  

4.1.3.2 Setting Assumptions 

The simulation model is a representation from the actual system to the mathematical 

model. There are several assumptions to be made in order to complete the simulation model.  

a) The assumptions is that all of the processes return the boxes or lots back 

into ASRS storage accordingly to each of the drop points associated to the 

production floors.  

b) The input demand or cycle rates of boxes is based on five-year demand 

plans from the organisation.  

c) The boxes or lots are sent to the receiving area by batch and the arrival time 

of boxes and lots is followed by the delivery of Poisson.  

d) The simulation runs constantly and the boxes arrive throughout the whole 

simulation. 

e) The load of the boxes are assumed to be at maximum of thirty kilograms. 

f) The refresh time for all packages are assumed to be similar regardless of the 

product types.  
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g) The modeling section includes the receiving area, inter-floor process 

transport, production area, storage area and unloading bay.  

4.1.3.3 Simulation and Results Analysis 

According to the analysis of the operation process completed, this project uses flow 

chart to build the simulation model. The simulation unit time is 1 minute and the working 

hours is 28 days (40,320 minutes). Appendix C shows the entity elements of the simulation 

model. 

 

 

Figure 4.3: Simulation model for operation process 
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Throughput is an important performance measure in determining the suitable 

solution. The input parameters must be based on projected demand in order to simulate the 

performance of ASRS in a future period. In figure 4,4, in the horizontal clustered bar chart 

shows the required throughput in comparison to the simulated throughput value. This in turn 

can be calculated as the throughput percentage. The desired outcome is to meet all the 

required performance measures. The figure shows that simulation model one copes very well 

with the required throughput, however, the system cannot cope when the input parameters 

are added by 10% increment. 

 

The resource utilisation is a topic of capacity. When the capacity is overloaded, the 

system faces heavy traffic and unwanted stoppages. In an ASRS system, the products should 

be continuously moving except when it is in the storage. Hence, this is another important 

performance measure. Based on figure 4.4, the second bar chart shows that there is one 

component that is almost utilised by 100% and when the input parameters are increased by 

10%, four components are utilised by 100%.   

 

Travel time is another important performance measure as it determines how long the 

goods will be sent to the person or operator. As an ASRS system, the target is to improve 

the rate of goods-to-person time and hence, the lower the travel time the better it is. 
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Figure 4.4: Throughput 1: comparison bar chart of required throughput vs 
simulated throughput 

 

 

Figure 4.5: Throughput 2: comparison bar chart of required throughput vs 
simulated throughput 

One of the most important performance measures is throughput, of course, the ASRS and 

automation system designed must always fulfil the throughput requirement else it fails the 

engineering design conditions. To do this, analytical results and simulation results are 

compared. The analytical results were calculated in Step 2 in “system sizing” process as 
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shown in Figure 3.3. The model is then run for a period of 28 days and the throughput is 

recorded at every component. The target is to have the results from both analytical and 

simulation to be 100% equivalent, which means that the condition is met. From the bar chart 

in Figure 4.4, it can be seen that at component GF1 to 1F2 are all meeting the throughput 

requirement. This test is based on input of projected productivity of five-year period. 

However, to test the simulation model a little further, the input is adjusted to simulate the 

variable demand that usually occurs in semiconductor manufacturing. From Figure 4.5, it 

can be seen that the system starts to bottleneck at 4F2, GF5 and GF1. In this scenario, the 

production was ramped up by a total of ten percent until the ASRS system shows signs of 

slowing.  

 

 

Figure 4.6: Graph of resource utilisation 1 

 

Resource utilisation is a specific method to determine the bottleneck zone or equipment. For 

example, Res1 from Figure 4.6 is one of the lifter modules that brings material to the 

conveyor into the ASRS. This graph shows that Res1 is almost nearing a hundred percent 
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utilisation which is unwanted in any design process. Engineers are able to base on the 

simulation results to further enhance the design by increasing lifter speed, convert into a 

batching system, or adding an additional lifter. This is one of the most useful benefit of using 

simulation as it is capable of depicting the actual model even before it is built. The lifter 

speed is usually determined by the input and output conveyor speed and this should be 

synchronised, else increasing the speed only causes other components to jam up.  

 

Figure 4.7: Graph of resource utilisation 2 

 

In this graph in Figure 4.7, the input is multiplied by ten percent; hence, it shows there are 

more components starting to bottleneck (Res1, Res2, Res3 and Res4). In scenarios like this, 

a redesign is often required. It is best to reshuffle the designed components to better suit the 

conditions of the production. 
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Figure 4.8: Graph of accumulative travelling time 1 

 

Suppose there is an operator at the outer receiving station retrieving a box that is 

stored in the ASRS storage, how long would it take the box to travel through the shortest 

route to the location directly in front of the operator? There are many points of intersection, 

integration and handshake between components until the goods arrive at the operator. The 

shortest route method is only available in a complex system. For simpler, single route 

systems, often times batching method is used to shorten the travelling time. Batching is the 

combination of several transport orders at a time. Figure 10 shows the travelling time 

between the 12 locations that were tracked. 

 



 

68 

 

Figure 4.9: Graph of accumulative travelling time 2 

In comparison to the results of traveling time from Figure 4.8, Figure 4.9 shows the 

situation when the production is ramped up. There are clearly more bottlenecks in scenario 

2. However, the travelling time is not impacted significantly. The components are highly 

impacted by bottlenecks in the system, however while the product is travelling on conveyors, 

the bottlenecks merely slowed down the movement. This is due to the intelligent 

programming that enables the conveyor to slow down at points of congestion and speed up 

again at normal route. This helps in managing the impact of congestions and bottlenecks. 

From the results of these performance measures, engineers were able to solve problems in 

the system by using heuristics approach. As shown in the flowchart in Figure 3.3, the sizing 

of the system is a very important step and is the middle point of the design phase. If done 

correctly, the sizing of the system should be very similar to the simulated results. The 

heuristic approach follows the same three steps as system sizing in Figure 3.3: a method of 

determining the root cause, a method of allocating resources and solutions; and the stopping 

rule when all conditions are met. 
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4.1.3.4 Specific Improvement Measures 

Based on the result analysis from previous section. The specific improvement 

measures are proposed below.  

a) GF5 in receiving and unloading area has among the highest throughput. The 

throughput here could be easily bottleneck as shown in Figure 4.5. To 

improve upon this, the lift technology is changed from platform lift which 

is slower to a faster continuous lift.  

b) GF3 in the unloading area could easily bottleneck as well. As improvement 

measures, more output conveyors are designed in.  

c) At 4F2 and 3F1, which are at the production area, shows a high traffic and 

could easily bottleneck the system. At these levels of production, a faster 

rotator type conveyor is used instead of conventional lift to transfer 

conveyor type.  

d) In Figure 4.6, the resources are the staging areas. Here it is identified that 

resources 1, 2, 3 and 4 are amongst the highest utilised nearing a hundred 

percent. To improvement upon this, the staging area is increased.  

 

The optimised modelling graph is shown in Table 4.4. The critical evaluation indexes 

are calling rates requirement, efficiency of ASRS cranes, efficiency of conveyor system, 

efficiency of drop points and efficiency of inter-floor transportation. The entities involved 

in each of the evaluation index are listed out, however for conveyor systems, the entities in 

the simulation model is too many to be listed out, the data shows the top five highest 

utilisation. The table indicates the percentage of improvement after the improvement 

measures had been done.  
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After the system is optimised, the calling rates requirement are met at 100% in 

contrast to before optimisation which is at 99.2%. In the modelled system with five ASRS 

cranes, the efficiency of ASRS cranes gets a 6% improvement rate throughout the system.  

The utilisation for conveyors before optimisation peaks at 95.61% which is not ideal 

for a system operating for 24 hours a day specifically for the conveyors connecting between 

drop point at level 4 and ASRS. After the improvement, the utilisation drops to 61.28% 

which is very acceptable. Level 3 conveyor is improved by 1.62% from 62.27% to 60.65%. 

The small improvement is due to level 3 and level 4 having one of the highest numbers of 

process changes. At ground floor loading conveyors, the improvement is stronger at 15.39%, 

improving from 43.13% to 27.74%. At ground floor lifter conveyor also sees a mediocre 

improvement at 6.72%. At level 4, the conveyor connecting to inter-floor transfer sees a 

huge improvement at 14.92%. Overall, the conveyors no longer have bottlenecks and high 

utilisation rates as all the conveyors can finally meet utilisation rate of below 80%.  

For efficiency of drop points, level 4 sees a high utilisation rate at 99.82% and even 

after improvement, it drops only by 6.93% to 92.89%. The target is to achieve 80% 

Figure 4.10: Optimised simulation model 
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utilisation to increase life span of components. This can be addressed by changing storage 

rules at level 4. The other drop points at level 1, level 2 and level 3 can meet utilisation rate 

of below 80%.  

The efficiency of inter-floor transfer sees a very low utilisation due to the high-speed 

spiral conveyor used. The rate for the down lifter is improved from 32% to 26% utilisation 

whereas for the going up lifter is improved from 18% to 12% utilisation. It is safe to say that 

the inter-floor transfer will not bottleneck the system.  

Table 4.4: Contrast of the two simulation results 

Evaluation 
Index 

Critical Entity 
Before 

Optimisation 
After 

Optimisation 
Contrast 

Meeting 
calling 
rates / 

demand 

Overall system 99.20% 100% 0.80% 

Efficiency 
of ASRS 

cranes 

ASRS_Crane5_Res 67.55% 61.48% 6.07% 
ASRS_Crane2_Res 67.54% 61.40% 6.14% 
ASRS_Crane1_Res 67.45% 61.31% 6.13% 
ASRS_Crane4_Res 67.44% 61.30% 6.14% 
ASRS_Crane3_Res 67.35% 61.28% 6.07% 

Efficiency 
of 

conveyor 

Lvl4_DpShuttle_In_Cvy 95.61% 61.28% 34.33% 
Lvl3_Out_Cvy 62.27% 60.65% 1.62% 

GF_Loading_Cvy 43.13% 27.74% 15.39% 
GF_Block7_Out_Cvy 39.46% 32.74% 6.72% 

Lvl4_SpiralLifter_Out_Cvy 28.74% 13.83% 14.92% 

Efficiency 
of drop 
points 

Lvl1_DP_Res 41.17% 36.94% 4.23% 
Lvl2_DP_Res 43.28% 39.06% 4.22% 
Lvl3_DP_Res 85.50% 78.11% 7.39% 
Lvl4_DP_Res 99.82% 92.89% 6.93% 

Efficiency 
of inter-

floor 
transport 

Spiral Lifter Down 32.00% 26.00% 6.00% 

Spiral Lifter Up 18.00% 12.00% 6.00% 

 

Table 4.5 details the summary of travelling time between measured nodes or entities. 

Travelling time is a very good indication for process planners to gauge the allocation of time 
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for the next materials to move in. It is crucial to understand the relationship between 

automation equipment and the interaction to operators.  

Table 4.5: Contrast of the two simulation results based on travelling time between 
operation nodes 

Evaluation 
Index 

Critical Entity 
Before 

Optimisation 
(min) 

After 
Optimisation 

(min) 

Contrast 
(min) 

Travelling 
time 

Lvl4 Time from 1st/2nd 
Floor ASRS to DP 

23.86 20.59 3.28 

Time To SortLane1 15.93 16.07 -0.14 
Time To SortLane3 15.89 16.02 -0.13 
Time To SortLane2 15.58 15.70 -0.12 

Lvl3 Time from ASRS 
to DP 

12.29 12.05 0.24 

Lvl2 Time from 
Loading Lifter To 

ASRS 
10.74 10.59 0.15 

Time To Blk7 10.22 9.90 0.32 
Lvl1 Time from 

Loading Lifter To 
ASRS 

9.83 9.69 0.14 

Lvl1 Time from ASRS 
to DP 

6.07 5.89 0.18 

Lvl2 Time from ASRS 
to DP 

5.65 5.47 0.18 

Lvl3 Time from 
Loading Lifter To 

ASRS 
2.49 2.43 0.06 

 

The table shows the highest to the lowest travelling times. The longest time materials 

will move within the ASRS system will be from level 4, the highest level, to ASRS at level 

1. This takes about 24 minutes before optimisation. After the optimisation, the time is 

reduced to 20.59 minutes. The time for sorting lane 1, sorting lane 2 and sorting lane 3 is 

slightly increased by about 0.2 minutes due to the increase in conveyor length at the ground 

floor to reduce bottlenecking. 
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CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

In a manufacturing environment, ASRS is used for storage and retrieval of work in 

progress products or raw materials and is usually integrated with the production orders. In 

design an ASRS in a semiconductor manufacturing specifically, various physical design 

problems and control problems need to be overcame before implementation to fit into the 

production’s schedule and layout (see section 3.0 Methodology for the design framework). 

Literature related to Industry 4.0 and smart factory were discussed in section 2.0 Literature 

Review. Furthermore, the various inter-related physical design and control problems related 

to ASRS and the simulation methods such as storage assignment, ASRS sizing, scheduling, 

performance measures for simulation and the various simulation software were discussed in 

this section.   

From the literature review, it can be concluded that most of the literature addressed 

design and control problems in static environments. Nevertheless, in today's constantly 

evolving market demand, rigid production lead time, heavy competitiveness and strong 

service quality demands, it would be extremely difficult to sustain consistent results by using 

current static approach techniques. The research in the area of ASRS will now move into the 

development of models, algorithms and heuristics, including complex and stochastic aspects 

of current industry working closely with various other material handling systems such as 

robotic arm, AGVs and conveyors. In this sense, one can think of self-adaptive storage 

assignment approaches. Physical design algorithms will also need to rely more on 
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architecture robustness than on flawless optimisation to ensure that the system remains 

robust and efficient in the uncertainty of the future.  

Moreover, almost all existing papers only address one or two decision-making 

problems at the same time, instead of jointly optimizing a combination of the entire system 

of automation and very little consideration has been paid to the interaction between ASRSs 

and other material handling equipment in manufacturing environment. It is not an easy 

exercise to incorporate a multitude of concept and control factors in a single layout and that 

is what this project is proposing – to develop a simulation model which compare numerous 

designs while taking approach to simultaneously optimise the design of the ASRS and other 

material handling system in the semiconductor manufacturing environment.  

The first contribution of this master project is on identifying relationship between 

ASRS and other material handling systems. ASRS is usually integrated with other material 

handling systems such as input and output conveyor system or automated vehicles that 

transports materials from input or output to the different operation locations. The 

performance of ASRS will be influenced by other sub-systems; likewise, the performance 

of the sub-systems will also be affected by the ASRS. Bottlenecks in any system can cause 

delays in other integrated systems. There are seven key elements for integration between 

these systems and that will impact on the performance measures some of which includes 

number of racks and aisles of ASRS, height of ASRS, number of input and output points, 

locations of input and output points in the physical layout, buffer capacity of input and output 

points, conveyor length between input and output points to ASRS, buffer capacity on 

conveyor or other sub-systems in between the input and output points to ASRS.  

The second contribution of the master project is on developing the simulation driven 

design framework as an integrative and systematic approach to manage the challenges, 

derive better designs and to implement automation in any manufacturing plants. This project 
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developed a simulation driven design framework that allows practitioners or researchers to 

model any future material handling systems following the step by step methods shown in the 

framework. The first step into understanding the concept of the production or distribution 

facility is to analyse the products and process flow in order to justify whether ASRS or 

material handling system is the right approach to solving the transport and storage problems 

of the facility. ASRS and any material handling system will need to address the correct 

problems such as the optimal space for ASRS, the number of input and output ports of the 

material handling system and the distances between storage and buffer points. This will 

determine the correct system sizing which is a very important step in the framework.  

The third contribution is developing the simulation model and analyse the results to 

improve the overall system as a whole. This master project developed the simulation method, 

identify the software for simulation of your choice which for this case is Flexsim simulation 

software and determine the performance measures before beginning to even think about 

simulation. The proper performance measures will direct us to our goals faster than deciding 

on the performance measures later on in the simulation phase. Data is a substantial portion 

of the simulation and one of the steps that is often overlooked. Gathering data may become 

extensive but it is a required step before building the model. The models or concepts must 

be modelled into the simulation software with a correct validation method. 

Overall, the project presented in this project report has succeeded in contributing to 

implementing automation with the use of simulation software in any manufacturing plant. 

The presented method utilises reasonable simulation skills and amount of data input, using 

simple mathematical manipulations and requires less rigorous calculations, as input to the 

simulation model. Furthermore, the work carried out has involved the development of 

methodologies which allow for use for other automation projects. It therefore lays a basis on 

which the suggested future research can be built. 
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5.2 Recommendations 

The simulation model will in turn justify for the business case that this project should 

go for. The anticipated business case for ASRS are area savings due to converting traditional 

racks to vertical and compact storage; increasing productivity and traceability due to 

eliminating manual tracking and manual handling; and improvements in overall equipment 

efficiency (OEE) due to plan ahead material planning. The simulation outcome can be an 

indication of a future investment in expansion of the whole system.   

a) Models to assist ASRS design selection. 

b) Models to assist in selection of material handling systems. 

c) Design with non-traditional systems such as shuttle-type ASRS and robotic 

arm AGVs. 

d) Models to assist in the shortest routes based on travelling times for material 

handling systems such as overhead transport system or AGVs.  

e) Storage assignment policies.  

f) Superior batching rules that outperform current methods.  

g) Optimal input/output locations.  

h) Travel time models that incorporate operational characteristics and 

workers’ travel time and work load.  

The simulation should benefit the schedule of the project as it ease the design process 

by having a simulation result to assimilate with the current information in order to close the 

gap of estimation and random guesses. In the simulation model, the maximum capacity and 

throughput of the ASRS system will be tested based on the concept design selected. The 

simulation’s objective is also to study the maximum throughput the system designed can 

accommodate in the presence of unexpected increase in demand, changes in storage capacity 
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and handling exceptions. Additionally, the simulation will be further tested by pushing it to 

the limits. This is important to know when the system will start to be the limiting factor or 

the bottleneck. 
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APPENDIX A  Master Project Gantt Chart 
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APPENDIX B  Current state VSM  
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APPENDIX C  Future state VSM 
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APPENDIX D  Publications in International Conference on Smart 
Community & Industry 2019 (ICSCI 2019) 
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APPENDIX E  Entity elements of simulation model using Flexsim 
 

Name of Element Type  Name of Element Type 
ASRS_Crane1_Res Transporte

r  

Lvl2_LTUASRS1_In_Res Conveyo
r 

ASRS_Crane2_Res Transporte
r  

Lvl2_LTUASRS1_Out_Res Conveyo
r 

ASRS_Crane3_Res Transporte
r  

Lvl2_LTUASRS1_Zone_Res Conveyo
r 

ASRS_Crane4_Res Transporte
r  

Lvl2_LTUASRS2_In_Res Conveyo
r 

ASRS_Crane5_Res Transporte
r  

Lvl2_LTUASRS2_Out_Res Conveyo
r 

GF_Block7_In_Cvy 
Conveyor  

Lvl2_LTUASRS2_Zone_Res Conveyo
r 

GF_Block7_Out_Cvy 
Conveyor  

Lvl2_LTUASRS3_In_Res Conveyo
r 

GF_Block7Lifter_Down_Res Transporte
r  

Lvl2_LTUASRS3_Out_Res Conveyo
r 

GF_Circulation_Cvy 
Conveyor  

Lvl2_LTUASRS3_Zone_Res Conveyo
r 

GF_CirculationLifter_Down_R
es 

Transporte
r  

Lvl2_LTUASRS4_In_Res Conveyo
r 

GF_CirculationLifter_Up_Res Transporte
r  

Lvl2_LTUASRS4_Out_Res Conveyo
r 

GF_Diverter_Out_Cvy 
Conveyor  

Lvl2_LTUASRS4_Zone_Res Conveyo
r 

GF_Diverter_Res 
Conveyor  

Lvl2_LTUASRS5_In_Res Conveyo
r 

GF_Loading_Cvy 
Conveyor  

Lvl2_LTUASRS5_Out_Res Conveyo
r 

GF_Loading1Rotator_Cvy 
Conveyor  

Lvl2_LTUASRS5_Zone_Res Conveyo
r 

GF_Loading1Rotator_Res 
Conveyor  

Lvl2_Out_Cvy Conveyo
r 

GF_Loading2Rotator_Res 
Conveyor  

Lvl2_Rotator_In_Res Conveyo
r 

GF_LoadingFeed1_Cvy 
Conveyor  

Lvl2_Rotator_Out_Res Conveyo
r 

GF_LoadingFeed2_Cvy 
Conveyor  

Lvl2_SpiralLifter_In_Cvy Conveyo
r 

GF_LoadingLifter_Out_Cvy 
Conveyor  

Lvl2_SpiralLifter_Out_Cvy Conveyo
r 

GF_LoadingLifter_Res 
Conveyor  

Lvl2_WIPShuttle_In_Cvy Conveyo
r 

GF_Merger_Res 
Conveyor  

Lvl2_WIPShuttle_Res Conveyo
r 

GF_SortLane1_Cvy 
Conveyor  

Lvl3_ASRS_In_Cvy Conveyo
r 

GF_SortLane1LTU_Cvy 
Conveyor  

Lvl3_DP_Res Processo
r 

GF_SortLane1LTU_Res 
Conveyor  

Lvl3_DpShuttle_In_Cvy Conveyo
r 

GF_SortLane2_Cvy 
Conveyor  

Lvl3_DpShuttle_Res Conveyo
r 

GF_SortLane2LTU_Res 
Conveyor  

Lvl3_In_Cvy Conveyo
r 
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GF_SortLane3_Cvy 
Conveyor  

Lvl3_LoadingLifter_Res Conveyo
r 

GF_SortLane3LTU_Res 
Conveyor  

Lvl3_LTUASRS1_In_Res Conveyo
r 

GF_SpiralLifter_In_Cvy 
Conveyor  

Lvl3_LTUASRS1_Out_Res Conveyo
r 

GF_SpiralLifter_Out_Cvy 
Conveyor  

Lvl3_LTUASRS1_Zone_Res Conveyo
r 

GF_UTurn_Cvy 
Conveyor  

Lvl3_LTUASRS2_In_Res Conveyo
r 

GF_UTurnRotator_Out_Cvy 
Conveyor  

Lvl3_LTUASRS2_Out_Res Conveyo
r 

GF_UturnRotator_Res 
Conveyor  

Lvl3_LTUASRS2_Zone_Res Conveyo
r 

Lv1_SpiralLifter_Down_Res Transporte
r  

Lvl3_LTUASRS3_In_Res Conveyo
r 

Lvl1_ASRS_In_Cvy 
Conveyor  

Lvl3_LTUASRS3_Out_Res Conveyo
r 

Lvl1_ASRS_Out_Cvy 
Conveyor  

Lvl3_LTUASRS3_Zone_Res Conveyo
r 

Lvl1_ASRSLifter_In_Res Transporte
r  

Lvl3_LTUASRS4_In_Res Conveyo
r 

Lvl1_ASRSLifter_Out_Res Transporte
r  

Lvl3_LTUASRS4_Out_Res Conveyo
r 

Lvl1_DP_Res 
Processor  

Lvl3_LTUASRS4_Zone_Res Conveyo
r 

Lvl1_DpShuttle_In_Cvy 
Conveyor  

Lvl3_LTUASRS5_In_Res Conveyo
r 

Lvl1_DpShuttle_Res 
Conveyor  

Lvl3_LTUASRS5_Out_Res Conveyo
r 

Lvl1_In_Cvy 
Conveyor  

Lvl3_LTUASRS5_Zone_Res Conveyo
r 

Lvl1_LoadingLifter_Out_Cvy 
Conveyor  

Lvl3_Out_Cvy Conveyo
r 

Lvl1_LoadingLifter_Res 
Conveyor  

Lvl3_Rotator_In_Res Conveyo
r 

Lvl1_LTUASRS1_In_Res 
Conveyor  

Lvl3_Rotator_Out_Res Conveyo
r 

Lvl1_LTUASRS1_Out_Res 
Conveyor  

Lvl3_SpiralLifter_In_Cvy Conveyo
r 

Lvl1_LTUASRS1_Zone_Res 
Conveyor  

Lvl3_SpiralLifter_Out_Cvy Conveyo
r 

Lvl1_LTUASRS2_In_Res 
Conveyor  

Lvl3_WIP_Cvy Conveyo
r 

Lvl1_LTUASRS2_Out_Res 
Conveyor  

Lvl3_WIPShuttle_In_Cvy Conveyo
r 

Lvl1_LTUASRS2_Zone_Res 
Conveyor  

Lvl3_WIPShuttle_Res Conveyo
r 

Lvl1_LTUASRS3_In_Res 
Conveyor  

Lvl4_DP_Res Processo
r 

Lvl1_LTUASRS3_Out_Res 
Conveyor  

Lvl4_DpShuttle_In_Cvy Conveyo
r 

Lvl1_LTUASRS3_Zone_Res 
Conveyor  

Lvl4_DpShuttle_Res Conveyo
r 

Lvl1_LTUASRS4_In_Res 
Conveyor  

Lvl4_LoadingLifter_Cvy Conveyo
r 

Lvl1_LTUASRS4_Out_Res 
Conveyor  

Lvl4_LoadingLifter_Res Conveyo
r 

Lvl1_LTUASRS4_Zone_Res 
Conveyor  

Lvl4_Out_Cvy Conveyo
r 
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Lvl1_LTUASRS5_In_Res 
Conveyor  

Lvl4_Rotator_In_Res Conveyo
r 

Lvl1_LTUASRS5_Out_Res 
Conveyor  

Lvl4_Rotator_Out_Res Conveyo
r 

Lvl1_LTUASRS5_Zone_Res 
Conveyor  

Lvl4_SpiralLifter_In_Cvy Conveyo
r 

Lvl1_Out_Cvy 
Conveyor  

Lvl4_SpiralLifter_Out_Cvy Conveyo
r 

Lvl1_Rotator_In_Res 
Conveyor  

Lvl4_UTurnShuttle_Res Conveyo
r 

Lvl1_Rotator_Out_Res 
Conveyor  

Lvl4_WIP_Cvy Conveyo
r 

Lvl1_SpiralLifter_In_Cvy 
Conveyor  

Lvl4_WIPShuttle_In_Cvy Conveyo
r 

Lvl1_SpiralLifter_Out_Cvy 
Conveyor  

Lvl4_WIPShuttle_Res Conveyo
r 

Lvl1_WIPShuttle_In_Cvy 
Conveyor  

SpiralDwConveyor1stToGf_Cvy Conveyo
r 

Lvl1_WIPShuttle_Res 
Conveyor  

SpiralDwConveyor2ndTo1st_Cv
y 

Conveyo
r 

Lvl2_ASRS_In_Cvy 
Conveyor  

SpiralDwConveyor3rdTo2nd_Cv
y 

Conveyo
r 

Lvl2_DP_Res 
Processor  

SpiralDwConveyor4thTo3rd_Cv
y 

Conveyo
r 

Lvl2_DpShuttle_In_Cvy 
Conveyor  

SpiralUpConveyor1stTo2nd_Cv
y 

Conveyo
r 

Lvl2_DpShuttle_Res 
Conveyor  

SpiralUpConveyor2ndTo3rd_Cv
y 

Conveyo
r 

Lvl2_In_Cvy 
Conveyor  

SpiralUpConveyor3rdTo4th_Cvy Conveyo
r 

Lvl2_LoadingLifter_Res 
Conveyor  

SpiralUpConveyorGfTo1st_Cvy Conveyo
r 

 

 


