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1 EXECUTIVE SUMMARY

As part of the Ship building program, Defence Company Australia is interested in
implementing Autonomous Ground Vehicles (AGVs) and potentially aerial drones to move
components and materials to various locations in the shipyard. This is intended to not only
increase cost efficiencies but also improve safety for workers by way of reduction of heavy

lifting.

Consequently, the objective of this project is to explore the development of a flexible and
adaptive AGV system that can be applied to the shipyard once building locations have been

confirmed.

It would address the key research question of ‘how can autonomous vehicles be used for

effective fleet delivery in an adaptive system allowing for last-mile delivery?’

To answer this question the study takes an option based approach to developing the shipyard

AGV model, where various options are evaluated to see which option is more ideal.

by evaluating the different options and using the pros from previous options an adaptive
shipyard model was successfully implemented where the drop off, pickup points and number
of AGVs could be controlled. Overall, the system performed as expected and was able to
replicate similar trends seen in other AGV models as well as the one from industry. However,
the model is not as user friendly and still requires code elements to be adjusted prior to a

simulation run.

Further development of the model would involve integrating pedestrians and a better user
interface to provide quicker more reliable results between simulations as well as further
investigation into the impacts of an AGV system in terms of human factors through interviews

of current employees for which the system will work alongside.

Nevertheless, the study made a valuable contribution in addressing the key problem of how

AGV fleet management systems can be applied in shipbuilding.



Disclaimer

| hereby acknowledge that in accordance with the University’s policy on plagiarism, and

unless otherwise referenced, all material presented in this report is my own.

Richard Ellis

June 2021

Acknowledgements

I would like to acknowledge the following for their assistance in producing this report:

e Giselle Rampersad and Russell Brinkworth for supervising and guiding me on this
project.

e Defence Company for giving me the opportunity to undertake the project



2 TABLE OF CONTENT

1 EXECULIVE SUMMOQIY ...vuuuirveiirreniinnsisisisrsuirsssisssessrsssissssssrsusssssssssssssssssssssssssssssssnsssss 1
3 TADIC Of FIQUIES...ceuueeeeeeereereuerenneerensereuerenssesassessssersnsesssssessssessnssssnssessnsessnssssnsssnnnns 7
T2 - 1 (= e < =X S 10
LI [ 1o T [ [t o [ o N 11
5.1 Project BaCKgroUnd........cccciieeiiiieiiiiniiieniiiiieieniiieeneienseesnsissnssssnsssssssessnsessnssssnssssnssssnns 11
5.2 Statement that sets the SCOPe......ccciiveiiiiiiiiiiiii e 11
5.3 Current SitUatioN......cccvviiiiiiiii e 11
5.4 Importance of the proposed research..........ccccciireeeiiiiieerciiieecer e eerrennessennnnens 11
5.5 THe ProjJect @iMS ...ccuiiieiiiiiiicitiereierrrcreeerraeesenessrenssseaseseasessnssssnssssnsssssnsssensassnsanes 12
5.6 The Defence Company ReqUIreMENTES .....cccciiiieeeiiiiieniiiiieniiiieniinieeeiinieesssisesssssennes 12
5.6.1 ASSUMIPTIONS ..1ettveterereterererererererererarerererererae——ere—.———.—ate——.————....——..—.—.—...—.—... 16

6 Literature REVIEW...........ceeeuueirveuniiirieniiirieesiiirsensiiissessiissssssiissssssissssssssssmessssssssssees 17
6.1 Industry 4.0 sUPPIY ChaiN.....cceeeiiiecrirccrrrccrrree e rr e e e e e s s e ene e s s e nnssassennnnans 17
6.1.1 The Internet of TRINGS ... e 18
6.1.2 2T 7= D) - U 19
6.1.3 SIMUIGTION . s 20

6.2 Industry Workers Trust in TEChNOIOBY ......covveeeiiiieeiiiiiiciieren e e sennenens 21
6.2.1 [ 03V [ USSR 21
6.2.2 ORGANISATIONAL ..ttt ettt ettt ettt et e st e s san e s ean e sneeesanee 23

6.3 Robotics in Assistive Manufacturing ........cceveeeeiiiieeiciiiienreiiireeeerrenneerrennseeseennsessennnnens 24
6.3.1 Key issues with robotics in assistive manufacturing........ccccccccevevviieeeiniiieennne 24
6.3.2 RObOLICS iN SNIPDUIIAING ..cccciiiiirieeeie e e e e 26
6.3.3 Methods of Transporting GOOdS.........ccoeecuiiiiiiee e e 27

6.4 Performance Criteria .......cccceeeviiiiiiinenniieeiiiiineiine e 39



6.5 AGV Scheduling and Dispatching .........cceeueiiiriieiiiiirierreccrrrce e reneses s e enens 40
6.6 KNOWIEAZE GaP....ccuiiieeiiiieiiieniiieieiieiiteiitniereniieaserenssstnsisenssssesssssnssssnssssnssssnssssnssssnns 41

7 Method AN RESUILS.........ccceuueiriveniiiiinnniiriinisissiennsississsssssssssssssssmsssssssssssssssnsssssssnnes 42
7.1 Problem understanding.......ccceiiieeiiiiiiiciirccrrrce e e s e e ne e s e e nn s s e e nnnans 43
7.2 TeSEING SCONATIOS ..ivuuiiieiiiiniiieiiiieiiienitireierenettasirenesstenssrsasessasessassssnssssnsssssnsssensassnssses 43
73 Software REqUIrEMENTS .......iiiiiiuiiiiiiniiiiiinieiiiieiirasiieiinmseetesmsssssesmsssssesssssssensssssses 44
7.4 OPLIONS. . e cieiieiitirtiititeitntteatenereseraseraserasersssesssnsernsssnssenssesssasssnsssnsernssenssasesnsernsennns 47
7.5 L0 T 4T 3 TN = 50
7.5.1 OPLION B RESUILS: ..eiiiiiiiiiiiiiiee ettt s e e st e s e snaee s 53

7.6 L0 T 1 T ] 3 TN 63
7.6.1 IMIATLAB ...ttt ettt e e e e ettt e e e e e e s e b et e eeeeeseseannreeeeeaeeesenanns 63
7.6.2 F N 0NV 0 = ol S 72

7.7 L0 T 4o 3 TN O Y 85
7.7.1 OPLION C RESUIES: .eiiiiiiiiiii ittt e e s saae e e e e sbaeee s 88

8  Preliminary Investigation into HUMQAN fACLOIS ........cccuuueeeveenecirreenniineenniiisieenissssensenns 93
8.1 ORORA GIass ViSit.....ccoeeeiiimuniiiiimniiiiimiieiiimiieiiimiimiimsiismssiessmesssmesssses 93
8.2 Research With The Defence COmMPany ......c.cccceeiiiieniiiiiieniiciieniiniiniisses 94
8.2.1 Performance EXPECLANCY ......coovvrrreeiieeeeiiiirreee e e e eesirrree e e e e e eesearrtreeeeeeessennns 94
8.2.2 EffOrt @XPECLANCY .eviiiiiiiiie e 95
8.2.3 OT ] L {0 T  U PP PP PPPPPPPIP 95
8.24 INNOVATIVEINESS ... 96
8.2.5 Behavioural iNTeNtioN ........eeeiiiiiieeee e 96

8.3 L UL 0] N o 0 =4 LN 97

L2 0 ol 1 X [0 98
9.1 L0 T 4o o T8 = 1 98



9.1.1 AGV scheduling during Idle times .........ccocciiieeeiiei e 98

9.1.2 What should be the effects of increasing AGVs in a system .........ccccecvveeenne 101
9.1.3 Realtime systems vs sped up SYSteEMS ...coooeeeiiiiieeiie e, 102
9.14 OVerall dedUCTIONS .......eiiiiiiiiiie e 103
9.2 L0 T ¢ 4T 3 TN N 103
9.2.1 Compare to literature review sources with AGV increase on the system.....103
9.2.2 AGV scheduling during 1dle times ........cccvvvveeiiei e 105
9.2.3 CHOKEPOINTS and deadlocks in AGV SyStems ......ccceeeecciiiieeeeeeeeeicrrreeeeenn, 105
9.2.4 Compare to literature review sources with AGV increase on the system.....107
9.2.5 AGV scheduling during ldle times .......ccccviiiieie e 108
9.2.6 CHOKEPOINTS IN AGV SYSTEMS ...t 108
9.2.7 (DT 0=T g 0 VLV ES) ol VA =Y o 109
9.2.8 Overall dedUCiONS .......cocviiiieieeeee e 109
9.3 Option C: Updated AGV CoNtrol .......cccciiieiiiieiiieiiinniieininicieescneniiensssessssnsssnssssens 110
9.3.1 AGV scheduling during Idle times ........ccoccveiiiiciiee i 110
9.3.2 Battery Charging ..cccueeeiieeiee et e e e e e rrrrrr e e e e e 110
9.33 CHOKEPOINTS and deadlocks in AGV SYyStemS .........eeevveiieeeiniieeeeesieee e 112
9.34 Number of AGV increase on the system.......cccccveeeeiieicciiieeeee e, 112
9.3.5 OVerall dedUCTIONS .......eiiiiiiiiiie e 113
10 Conclusions and FULUIE WOrK.............eueeeieeveeeeuniiiiiireeeereiiiiiiiisieeeesssississsseensssnnns 114
11 VYT o111 1o [ QOO PRI 116
11,1 TYPES OF AGVS ....iiieuiiiiiinniiiiiiniiiiiiiiiiiniiiiitssiiitmssisiimssistenssestessssstsssssesssssssssens 116
11.2  Other Simulation SOftWare.........cccceeiiiiiiiiiiiii s 117
11.3  Interview Letter of Introduction .........cceeeeuuiiiiiiiiiiiiiiiiiiir e 118
11.4  Interview Information Sheet ........ccccvviiiiiiiiiiiiiiiiiic 120



11.5 INtErVIEW SUIT ... iiieeciiiieccireic e rrecerrree e e s s s e rasssesesassssenasssssenasssssenssssssenssnsnens 123

11.5.1  Performance eXPeCtanCy ......coccccciiiiiiiee et e e et e e e e e e eeee e 123
11.5.2  EffOrt @XPECTANCY ccooiciiiieeeeee ettt ee e ere e e e e e e e senarraeeeeeeens 123
11.5.3  Safety / Trust in TECANOIOZY ....cceeviieiiieeieee ettt et 123
11.5:4  CURUF@ e sne e 124
11.5.5  OULCOMES ..cuiiiiiiiiiiiiiiittt ettt r e e e s s srar e e e s e e e s 124
11.5.6  INNOVALIVENESS ...oeiiiiiiiiiiiiiiiictt e 124
11.5.7  Behavioural iNteNTION ........coiiiiiiiiiiiieeeee e 125
11.5.8  DEMOBIAPNIC .ciiiiiiiiccirieeeee ettt e e e e e s eabaee e e e e e e sesennrsraeeeeeeens 125
12 RESIONCES ....c.eeeeeeeeeeeeeieeiiieeiiiereiiseisiesnesessesissesssssesessessssnsssssassssessssssssssassnsnsannes 126



3 TABLE OF FIGURES

Figure 1 loT Architecture showing the various stages of devices connecting to the internet 18

Figure 2 Factory simulation model demonstrating what a 3D simulation environment can be

.................................................................................................................................................. 20
Figure 3 Collaborative Robot and Person Working Together Safely ..........ccccvvveeveiiieeecinneenn. 22
Figure 4 Spine configuration for where AGVs can travel in a simple factory.......ccccceeeennneenn. 29
Figure 5 AGV Path Maps From (Digani et al. 2019) ....cccveeeeeieeiiiiiireeeeeee et 30
Figure 6 Demonstration of A* navigation algorithm from the red dot to the blue dot........... 36
Figure 7 Software methodology diagram ..........cccueeeieiiiiii i 42
Figure 8 MoSCoW diagram for software to create the adaptive fleet model...........cccceuuue. 46
Figure 9 Overview of the shipyard with the new buildings on the left hand side................... 50

Figure 10 location of the various pickup and drop off points for the shipyard, green is where

ThE AGVS CAN TFAVELcceiiii e e e e e e e et e e e e e e e e e e sanrtaeneeeaens 51
Figure 11 Option B block diagram of the main AGV controller ........ccccveeeevieciiiveeeeieceieiinnee, 52
Figure 12 Idle, delivery and pickup times until deadlock occurred for 3 AGVs....................... 55

Figure 13 Idle, delivery and pickup times until deadlock occurred in terms of time percentages
Lo g X LY ST 55

Figure 14 Idle, delivery and pickup times until deadlock occurred for 6 AGVs....................... 57

Figure 15 Idle, delivery and pickup times until deadlock occurred in terms of time percentages
Lo g S AN LY ST 57

Figure 16 Idle, delivery and pickup times until deadlock occurred for 12 AGVs.................... 58

Figure 17 Idle, delivery and pickup times until deadlock occurred in terms of percentage for

L2 A GV S s e e n e e e e e as 59
Figure 18 Comparison of time percentages between 3,6 and 12 AGVS......ccccevvvveereeeeercnnnneen. 60
Figure 19 AGV grouping at a single dropoff location........cccccoeeeeeciiiieeeee e, 61
Figure 20 AGV blocking others from delivering parcels ........ccccoecevvveeeieeieiicciirieeeee e, 61



Figure 21 Collision with other AGVs causing them to roam into the middle of a path........... 63

Figure 22 LineZero (on right) converted to a binary occupancy grid (on left) .......cccceeuveenneee. 64
Figure 23 MATLAB AGV CoNtrol SYSTEM ......viiiiiiiii e e 64
Figure 24 MATLAB LineZero AGV Spawn location (left) and parcel movement (right)........... 66
Figure 25 Runtime until 10 parcel deliveries 2 AGVs run comparison ........cccccvvveeeeeeeescnnnnnen. 67
Figure 26 Runtime until 10 parcel deliveries 3 AGVS run cOmparisSon ........coccveeeercveeeesncnnennnn 68
Figure 27 Runtime until 10 parcel deliveries 4 AGVs run comparisSon ........cccccvvvveeeeeeeeicnnnnnnn 69
Figure 28 Runtime to number of AGV ratio for all runs .........ccceeeeiiieieiiiiecse e, 70
Figure 29 AGVs Moving through each other ..., 71
Figure 30 AGV mMoving through Walls.........c..eeeiiiiiiiiiiiiiec e 72
Figure 31 Failed attempt at creating binary occupancy grid for shipyard...........cccccvveeennnenn. 72

Figure 32 MoSCoW diagram for industry software to learn how to create an adaptive model

.................................................................................................................................................. 74
Figure 33 simple warehouse distribution simulation ........ccccccceeveviivieiiiiicrce e, 75
Figure 34 Logic diagram created to move parcels with an AGV fleet .......cccoecveeeiviieeeiiineenn. 75
Figure 35 Amount of time spent delivering parcels Vs AGV numbers .......ccccevvveveeieerieicnnnneen. 79
Figure 36 Choke points for parcel delivery ... 80

Figure 37 AGVs of varying speed and number vs the amount of time spent delivering parcels

OF AGVS ...ttt ettt h e e e bt s R e e bt et b e e b e e neeenreennees 83
Figure 39 How speed effects throughput of the system with varying number of AGVs......... 83
Figure 40 State machine logic for Option C AGV controller .......cccovvvveveeiieiccciiieeeeeee e, 86
Figure 41 Option C simulation warehouses and distribution centre.........ccccccccevvviiieeiiinneenn. 88
Figure 42 The amount of time the system took to deliver 200 parcels ........ccccceeeeerveeeecnneenn. 89



Figure 43 The amount of time the system took to deliver 200 parcels averages.................... 90

Figure 44 Throughput of the system between two warehouses with no wait time on the AGV

Figure 45 Throughput of the system between two warehouses with 30 second wait time on

10 LI A C PRSI 91
Figure 46 Location to store AGV during idle times for (C-H & Egbelu 2000) system.............. 98
Figure 47 (Leite et al. 2015) simulated Plant .........ooocoviveeeiee e 100
Figure 48 Percentages of AGV use in (Leite et al. 2015) study......ccceeeeeeiieeeeeiieeeeeecieee e, 100
Figure 49 (Lyu et al. 2019b) AGV number vs time for deliveries to complete ..................... 101
Figure 50 MATLAB time increase as number of AGV iNCreases ......ccccceeeeecccvieeeeeeeeeeeccnnenen, 104
Figure 51 Grid warehouse layout in (Yan, Zhang & Qi 2017b) study ......cccceeevvvveeercreeeennnee. 106

Figure 52 impact of AGV amount in relation to through put for (Yan, Zhang & Qi 2017b) study

................................................................................................................................................ 106
Figure 53 (Valmiki et al. 2018) warehouse study and AGV throughput........ccccceeeieernnennee. 107
Figure 54 Industry charging station to AGV ratio .......cccccceeeee e 111



4 TABLE OF TABLES

Table 1 Costs of @ tWO AGVS fOr 1 VAN .ccuuuiiieieiieee ettt e et aaeee s 38
Table 2 MoSCoW on the requirements for the software to build the system........................ 45
Table 3 Options Evaluation SCale..........ceeiiiiie i et 48
Table 4 Evaluation Of OPtioNS........eeiii ittt e e e e et e e e e e e e e enaneaees 49
Table 5 Runtime until deadlock 3 AGVS......cc.eeiiiriiiieiie e 54
Table 6 Runtime until deadlock 6 AGVS..........ooviiiiiiiiiiiiiee e 56
Table 7 Runtime until deadlock 12 AGVS.......cooiiiiiiiiiiiiiie e 58
Table 8 Runtime until 10 parcel deliveries 2 AGVS .........ueeeeeeeeeiccciieeeeeeee e e 67
Table 9 Runtime until 10 parcel deliveries 3 AGVS .........coeocciieeeiciiiee et 68
Table 10 Runtime until 10 parcel deliveries 4 AGVS........uueeeieeeiccciireeeeeee e 69
Table 11 MoSCoW for software Criteria ........eoceeriieiieenieeee e 73
Table 12 AnyLogic AGV tests With varying SPEEAS.......ccvveeeeeieiieciiiieeeeee e 78

10



5 INTRODUCTION

5.1 PROJECT BACKGROUND

The purpose of this thesis is to explore the development of an adaptive AGV system that can
be applied to various environments as to give the ability to determine the effects of increasing

the AGV fleet size.

Part of the interest in this thesis is that Defence Company has been designated the Ship
building program and are currently developing new warehouses and various other
operations. Having an adaptive AGV system will allow for a way to see how changing various
drop off or pickup locations can affect the outcome of fleet size and or overall delivery time

of products.
5.2 STATEMENT THAT SETS THE SCOPE

The scope of the project involves the development of a method in which building supplies can
be transported to various points on the shipyard autonomously while having the ability to

change the number of transporters.
5.3 CURRENT SITUATION

The vision for The Defence Company project is to enable 24/7 delivery of materials for
construction of the Ships reducing staff-hours in material handling and reducing the potential
of injury due to lifting and manoeuvring of materials. The project will consist of 4 phases.
Phase 1 is the planning phase during which, a proposal is created, which describes the method
of approach towards the project, phase 2 is looking into the pervious literature on human
factors and implementing AGV systems. Phase 3 is creating an adaptable AGV system and

phase 4 is reviewing the results of the system.
5.4 |IMPORTANCE OF THE PROPOSED RESEARCH

A significant factor in the application of AGV’s is to save money in the long term. This

especially applies to Defence Company due to the lifetime of the Ship building contract. An
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AGV system is capable of not only replacing the cost of forklifts and their operators but also
running 24 hours a day, seven days a week, without human supervision. Cost per forklift is
approximately $240,000. This cost includes the wages of three drivers, capital expenditure or
leasing for the vehicle, and running costs. Over ten years, the cost of a forklift equates to
approximately $2.4 million per forklift. The AGV will cost approximately the same for the first
year. However, the costs will be reduced to $4,000 to $6,000 per year (‘AGVs drive

warehouses of the future’ n.d.).

AGV’s will also allow for greater safety to employees preventing not only muscle strain from
moving objects constantly but by also providing a safer method of travel for material,
preventing any accidental collisions with people or objects(Bostelman 2009), this in itself ads

immeasurable value to the company.
5.5 THE PROJECT AIMS

The overall aim of the project is to create an adaptive model for controlling AGVs of varying
fleet size while also being able to change both pickup and drop off locations in order to
understand the impacts of varying AGV numbers on the amount of product that can be

moved.

5.6 THE DEFENCE COMPANY REQUIREMENTS

Before the project can be developed, The Defence Company had various requirements that
were found and spoken about in multiple meetings. These requirements were then placed

into a MoSCoW diagram and expanded upon to apply clarity to each aspect of the project.
Must:

e Ability to select number of AGV
o The ability to select the number of AGVs is crucial in the defence company’s
goal to estimate the fleet size necessary to deliver tier products through the
shipyard. Having this knowledge directly impacts the cost of the system and

reliability when factoring in maintenance schedules at a later date

12



Should:

Select amount of resources

o The number of resources delivered is key as it allows them to set up custom

simulations of various days or predetermined scenarios that they would have

encountered in previous projects giving them more agility.

Select distribution centres

o As the shipyard is still under construction, being able to select the distribution

centres is a key aspect of the software as it allows the engineers at the defence
company the flexibility to move things around to try and optimise their own
systems. It also allows the system to adapt over time as new knowledge is

gained about the shipyard.

Track idle, delivering, and returning to base

o These are the key pieces of information that will allow the defence company

the ability to see how well the system is being utilised and if they have added
too many AGVs or not enough. This however, will only take into consideration

the system as a whole

Recharge system when needed.

o This is one of the most important aspects of an AGV as it determines when an

AGV needs to go back to charge and when the AGV can be used again, this is
crucial as AGVs have to manage their charging along with their allocations such
that there is not task accepted that would put the battery in the red.
Furthermore, sufficient charging stations will need to be available for the AGV

to charge at.

Every individual AGV data tracked

o Having a system that shows the usage of each individual AGV will allow for

greater accuracy when making the decision as to whether or not to increase or
decrease the number of AGVs. This is because when looking at the overall

utilisation of a system with, say, 20 AGVs, it will be hard to notice if a single

13



Could:

AGV is never being used. Thus, it would mean that the system has an added

cost of approximately $250 thousand dollars that could be spent elsewhere.

3D implementation of the shipyard

o Placing the AGVs in a known space not only provides realistic data to the

simulation but also helps improve the human factor elements of the systems
as those that interact with the system can see and visual the application with

less bias and a clearer picture.

Human Factors

o The human factor is a crucial aspect of any project that is integrating

automation and humans in the same process. This is because, at the end of the
day, the system will be utilised by people and has to be accepted as a viable
option by people without them fearing that automation will take over their
employment.

Gaining input from various engineers and end-users will not only help make a
better system but also prepare them for combined autonomy and what is

potentially to come in the future.

Cost of implementing AGVs

o Cost is a major factor in any project; thus, having the costs of the AGVs

recognised allows for the system to provide more cost-effective value to the
defence company helping them achieve one of their core goals of trying to save
money as they will be able to compare the system’s costs to their current

procedures.

Varying AGV models

o To further add realism to the system allows the user to select various AGV

models with varying factors that will affect the stem, such as top speed and
load capacity. This will overall provide a more realistic system that is likely to

provide an almost exact answer as to the number of AGVs required.

Weather as a factor

14



o Implementing weather as a factor provides more realistic simulation over the
duration of days, weeks or months depending on the given task. Weather is a
key component as the AGV will not be able to operate in extreme rain, thus
reducing the operational days and increase the idle time of the system.

e Night-time vs daytime simulation model

o Implementing night-time or daytime will allow for unique scenarios to be
simulated, such as moving most components at night with lighter pedestrian
foot traffic and then making smaller deliverers during the day.

e Pedestrians in the simulation

o Pedestrians will increase the accuracy of the systems. It provides a dynamic

obstacle for the AGV to navigate around, adding extra time to the system for

both delivering and returning.
Will Not:

e Drones
o During the earlier phase of the project, there was discussion around the
implantation of drones in the system. However, due to the various safety
hazards that this could cause, giving a shipyard is a dynamic and moving
environment.
e The maintenance schedule factored into the cost.
o The maintenance schedule will not be factored into the simulation, but
instead, generic costs will be shown.
e Digital Twin
o Due to the scale and scope of the project, there will be no digital twin
implemented as this is more likely to be extra by the manufacture of the AGV

system that the defence company would purchase and use.
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5.6.1 ASSUMPTIONS

Assumption 1: Each AGV can move all around the layout

Assumption 2: The AGV only transports one kind of product as it just matters that the AGV is

carrying something such as a pallet

Assumption 3: Weather has no impact on the AGV

Assumption 4: AGVs do not break down

16



6 LITERATURE REVIEW

The purpose of the literature review is to understand the current research that exists
involving the current project. The review infers gaps in the current research and addresses
how the project will fill these gaps. This literature review aims to answer the following

questions:

e Isthe investment of time and resources for the defence company to use AGVs to move
components in the shipyard justified?

e What alternatives are there to AGVs in the industry?

e What current AGV technologies currently exist?

e Have there been any similar situations where AGVs have successfully been integrated
into a shipyard environment

e What are the human factors of integrating AGVs into the shipyard?

According to (Ramirez-Pefia et al. 2020), one of the largest factors that can impact
shipbuilding and contribute to bringing shipbuilding into an industry 4.0 framework is the
logistics supply chain. Lean, Agile, Resilience and Green to define what the Shipbuilding

Supply Chain should be.
6.1 INDUSTRY 4.0 SUPPLY CHAIN

One of the biggest changes in the industry is the shift from computers to smart devices and
utilising infrastructure based on cloud computing (Tjahjono et al., 2017). Industry 4.0 is
playing a large role in how production shop floors currently operate and include the use of
innovative developments in the digital age of technology, including advanced robotics and
artificial intelligence, data capture and analytics, digital fabrication such as 3D printing,
platforms that use algorithms to direct autonomous vehicles to mention a few. (Schrauf n.d.).
According to (Kiel et al. 2017), one of the biggest challenges with industry 4.0 is the technical
integration of systems. This is due to the integration and infrastructure upgrades between
many different systems. A difficult factor when integrating industry 4.0 is predicting the type

and amount of infrastructure upgrades needed.
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One of the main challenges that the defence company will be facing is a lack of technological
infrastructure in the current shipyard. This lack of infrastructure is the most pressing
challenge when integrating new machines and methods (Moktadir et al. 2018). Thus, to
mitigate this lack of infrastructure, a key element would be smart mobility (‘ch-en-

manufacturing-industry-4-0-24102014.pdf’ n.d.).

6.1.1 THE INTERNET OF THINGS

The internet of things (loT) is a concept which describes how various devices are connected
(Sisinni et al. 2018). 10T is widely used in healthcare, utilities and transportation (Sezer, Dogdu
& Ozbayoglu 2018). Using loT, the end-user/customer moves closer to a plug and play
environment making it easier to operate and configure logistics remotely (Shafique et al.

2020). There are four stages to an loT Architecture, as shown below in Figure 1.

Removed due to copyright restriction

Figure 1 loT Architecture showing the various stages of devices connecting to the internet

The stages are made up of Sensors and actuators, Internet getaways and Data Acquisition
Systems, Edge IT and Data centre and cloud (Stokes 2019). Some of the major concerns that
cannot be overlooked when integration an loT system is cloud Attacks and security

vulnerabilities (‘7 Big Problems with the Internet of Things’ n.d.). This is especially an area
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that the defence company will consider when trying to integrate an automated delivery
system that can function in an indoor and outdoor environment. Due to this type of security
risk being outside the project's scope, it will be assumed that the AGV network is already

secure and safe from any external forces of attack.

6.1.2 BIG DATA

One of the major benefits of integrating industry 4.0 is the amount of data captured by various
sensors and systems. Big data is a term for massive data sets displaying large amounts of
varied and complex structures with the difficulties of storing, analysing, and visualising results
(Sagiroglu & Sinanc 2013). The data captured allows organisations to gain deeper insights into
their business (Davenport, Barth & Bean n.d.). In the case of the defence company, this data
can be used to predict and optimise the factory's logistics. There are three main components
to Big data, namely variety, velocity and volume (Sagiroglu & Sinanc 2013). Variety makes big
data big, volume or the size of data, is larger than terabytes and petabytes, and velocity is
how quickly the data can be captured and stored. The problem that can occur when
implementing Big data is collecting unnecessary data, taking up computer processing time,
and server space. Data should only be collected when a method of analysing said data is

known.

According to (Mourtzis, Vlachou & Milas 2016), there are different levels of a manufacturing
enterprise. The lower level generates data directly from machine tools and operators. This
level of data is the most important and holds the most potential for manufacturers when

analysed correctly.
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6.1.3 SIMULATION

One of the most indispensable tools for digital and advanced manufacturing in this modern
era is computer-aided simulations (Mourtzis, Doukas & Bernidaki 2014). Simulations are a
data visualisation method that allows business to better understand the dynamics of adding
upgrades to their facilities (Rodi¢ 2017). Simulation modelling helps reduce costs, shorten

development cycles as well as increase the quality of manufacturing and its processes.

Simulations are often used in situations where a mathematical model cannot be used to
resolve an issue. This is because simulations can be altered more simply by combining

multiple mathematical models in a visual fashion, as shown below in Figure 2.

Removed due to copyright restriction

Figure 2 Factory simulation model demonstrating what a 3D simulation environment can be

Using simulation, a business can gain insights into complex systems allowing the testing of
new concepts or systems, resource policies and new operation before its real implementation

(Mourtzis et al. 2015).
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However, one of the major drawbacks in simulations is that an in-depth understanding of all
the factors involved is needed to simulate something. Without the understanding, a
simulation is likely to be flawed (‘Advantages and disadvantages of simulation - Computer
simulation - GCSE ICT Revision’ n.d.). In order to mitigate this, a combination of real and
simulated hardware known as Hybrid System Simulation is required. This process is when Real
devices, like the machine tool or controller, are linked to a machine's simulated model to test
the machine's behaviour during manufacturing the system. This method is used to try and

create the most realistic scenarios that a machine will undergo (V G & Patil 2015).

In the case of the defence company, the MIR robot can be used to fine-tune the simulation
by making sure the simulation produces similar times to that of real-world testing done by

the MIR.

6.2 INDUSTRY WORKERS TRUST IN TECHNOLOGY

6.2.1 PHYSICAL

6.2.1.1 MANUALLY REPETITIVE TASKS

One of the main aspects that industry 4.0 and automation will have a large impact on is
reducing manually repetitive tasks done by humans. The lead to reduce repetitive tasks comes
from companies and organisations to improve the process in their business (Leopold, van der
Aa & Reijers 2018). However, this automation can currently only occur in tasks that have

limited flexibility and do not require advanced problem solving (Fantini et al. 2016).

In order to introduce robotics that is designed to take over work from humans for a manually
repetitive task, large amounts of research and work have been placed into the design of

collaborative robots, as shown below in Figure 3 (Djuric, Urbanic & Rickli 2016).
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Figure 3 Collaborative Robot and Person Working Together Safely

Using hybrid teams of robots and humans, robots will compensate for the physical limitations
of human workers, where robots help workers lift heavy items or take over other physical
tasks (Pearce et al. 2018). The next evolution in collaborative robotics is the integration of
intelligent systems that can adapt to the current employee working with the machine and

complement or augment the capabilities of the human operator (Fletcher et al. 2020).

6.2.1.2 COLLABORATIVE HUMAN-MACHINE SAFETY

A key factor when implementing machines that can move 100's of Kgs to tons around is safety,
specifically with the collaborative robots due to the close working proximity to humans
(Chemweno, Pintelon & Decre 2020). Due to this, ISO 15066 has proposed guidelines as to
which designers, integrators, and users need to consider when embedding passive and active
safeguards on the robotic system as well as while designing collaborative areas within the
work environment (14:00-17:00 n.d.). According to (Vysocky & Novak 2016), one of the main
aspects of safety in collaborative robots is not so much the robot but the tools a robot uses.
This means that depending on the given task of the collaborative robot, different safety
procedures need to be firmly in place. (Grahn, Johansen & Eriksson 2017) It is recommended
that collaborative robots be implemented safely. One approach that can be used is to

simulate the environment in which humans and the robot will interact. Further steps then can
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be taken where hands-free gesture controls can be used to remove the human from the
robot's path but still allow a collaborative environment where the robot compensates for the
human and the human can perform the advanced problem solving that may be required

(Nuzzi et al. 2019).

6.2.1.3 IMPROVING INTERNAL LOGISTICS AND TRANSPORTATION

Robots are limited to a factory's workstations, as discussed previously. Another area for
collaborative robots is logistics and transportation. Often the human factor in logistics is
undervalued and rarely considered (Grosse et al. 2017). A key element with dealing with
transportation logistics is that there are different risk factors with inbound and outbound
logistics, as this is a key issue as to when automation should or should not be applied (Cimini
et al. 2019). The key areas of research seem to focus on inbound logistics, particularly in
warehouses (Dewa, Pujawan & Vanany 2017). The key area where human factors and industry
4.0 collied in the warehouse is as mentioned before pertains to where movements are
particularly repetitive, require intensive labour and are time-consuming (Koster, Johnson &
Roy 2017). However, adding robots to reduce fatigue on works is not the only risk with human
factors. Another risk is trust. According to (turvoinc 2017), the main reason for fear and trust

in automation is the potential of job loss.

6.2.2 ORGANISATIONAL

6.2.2.1 BRIDGING THE GAP BETWEEN HUMANS AND MACHINES WITH HYBRID PRODUCTION
ENVIRONMENTS

With the way that industry is currently going, it can be seen that the hybrid production
systems rely on close human-machine collaborations (Shi, Yang & Jiang 2021). Using hybrid
productions systems allow organisations to recoup organisational losses by leveraging the
ingenuity of people, mobile robots, expert knowledge and automation (Becker & Stern 2016).
Due to new interactions between workers and machines that will occur more often in future,
new management methods can be used, thus replacing older, less efficient methodologies

for managing people (Hecklau et al. 2016). This, however, is still in the early stages of research
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as there are many processes that still need to be addressed, such as how to capture the data
and process information between the interaction of people and machines at a work station
on a higher level allowing for true value added work to be captured such as decision-making
and problem-solving skills , creativity, social behaviour and influences, and accounting for

workers’ unique abilities and characteristics (Gorecky et al. 2014).

6.2.2.2 HUMAN-MACHINE INTERACTIONS WILL AFFECT WORK ORGANISATION AND DESIGN

One of the key aspects when dealing with human-machine interactions is determining the
various tasks that humans and robots will do and making a clear division of it (Kadir, Broberg
& Conceicdo 2019). By doing this allows for greater optimisation within the interactive
working environment. According to (Fantini et al. 2016) because of the nature and complexity
of creating human and machine work environments a key factor for an organisation is to try
and build up a positive environment for workers to maintain wellbeing. This is also considered
an area that requires more research as there are many factors when dealing with humans
when adding automated robotic components to their work environment that can be seen as
a threat to their job (Ztotowski n.d.). Thus, only time will tell how the future factory will
operate as organisations continue to upgrade and research current combined manufacturing

techniques.

6.3 ROBOTICS IN ASSISTIVE MANUFACTURING

6.3.1 KEY ISSUES WITH ROBOTICS IN ASSISTIVE MANUFACTURING

6.3.1.1 SAFETY AND MAINTENANCE

When a system has only a small amount of AGVs, AGV failure will not cause major congestion.
The AGVs can also be easily changed with an AGV from backup. However, as AGV systems
grow and move to a larger scale, many industries are starting to use the technology (Vis 2006).
When increasing the number of active AGVs on a site, system malfunctions can start to cause
serious congestion and restrict travel routes. This means that safe and reliable use of AGVs is

crucial to a business to assure the efficiency and productivity of such kinds of AGV systems.
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Due to the impact that AGV failure can have on a system, there has been a large focus of
research into the improvement of AGVs. Such research includes the safety requirements and
safety functions for a decentralised, controlled AGV system (Trenkle, Seibold & Stoll 2013).
Another example of further research is conducted by (Krnjak et al. 2015), where the paper
investigates an algorithm that prevents the occurrence of deadlock and lives lock situations.
In a paper by (Ebben 2001), a method that was designed to manage failure for an
underground transport system is investigated. A few failure scenarios in the research used
system recovery, equipment failure, AGV failure, and repair as the main focus points. From
the research, a method of using a separate AGV to move the failed AGV away by means of a
tugging system was suggested. This method removes the potential hazard from the scene and
tasks the AGV to a designated repair location. The paper further showed that implementing

AGVs that will wait on standby help to maintain the ideal performance of the AGV system.

(Tavana, Fazlollahtabar & R. 2014) created an algorithm optimising an automated factory
using time and cost measures. The algorithm uses a neural network to define suitable weights
for time and cost objectives. (Tavana, Fazlollahtabar & R. 2014) The reliability of the
manufacturing process as a method for figuring out the cost function by looking at the
steadiness and stability of the system should be considered, however by using this method,
it is not possible to determine the root cause of AGV failures as these faults can exist outside

of manufacturing.

In the paper (‘Improving safety and efficiency of AGVs at warehouse black spots - IEEE
Conference Publication’ n.d.), there is a focus on the safe operation of AGVs at warehouse
blackspots such as intersections and how the AGVs decelerate when approaching these. The
main issue the paper is addressing is how the black spot is often void of other vehicles or
workers, thus making the deceleration often unnecessary. In order to maintain a safe and
efficient working environment, the paper suggests adding an environment perception system
consisting of one or several laser scanners in combination with a data processing electronic
control unit (ECU). By adding this type of environment, the AGV system can be considered

safer as the AGV can rely on its onboard sensors plus external sensors to manoeuvre corners.
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(O’Connor 1994) wrote that the system's reliability could be calculated by the probability that
the system is fully operational over a period of time. Thus it can be seen that an AGV
maintenance schedule should be put into place. (Németh et al. 2019) created a simulation
using Siemens Plant Simulation as part of the simulation software, an AGV maintenance
schedule is included in the simulation run. Currently, the two most widely adopted
maintenance options in industry are preventative and corrective maintenance, where
preventative maintenance is conducted periodically. Corrective is conducted upon failure
(‘Maintenance Theory of Reliability, Springer Series in Reliability Engineering by Toshio
Nakagawa | 9781852339395 | Booktopia’ n.d.). of one of the major consequences when
running simulations is that either method has implications for safety and for time output, this
area, however, lacks study due to the fact that most manufactures supply their own
maintenance thus taking away this responsibility from the business getting the AGVs installed

(Lei et al. 2010).

6.3.2 ROBOTICS IN SHIPBUILDING

Shipbuilding is a key part of the Australian defence industry conducted here in South
Australia. It is of strategic importance for Australia due to the nature of the current economy
(‘defence-briefing-note-oct17.pdf’ n.d.) as the shipbuilding and other naval projects generate
long-term employment for Australian workers. According to (Andritsos & Perez-Prat 2000),
one of the most promising fields of improvements for shipbuilding is the integration of

modern technology in the manufacturing process.

According to (‘4 Top Robotics Solutions Impacting The Shipbuilding Industry’ 2019), four main
areas are impacting the current automation in the shipping industry. Welding & Cutting
Robotics, Painting Robotics, Wearable Robotics & Exoskeletons and Collaborative Robotics.
These automations are great; however, they require that the employees working in similar
areas require a certain level of skill to understand and troubleshoot any faults or

unpredictability in the machines (Klumpp 2018).
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6.3.3 METHODS OF TRANSPORTING GOODS

According to (Romaine 2018), one method used to transfer raw materials, work-in-process,
or finished goods is conveyor belts. Conveyor belts have been around since the 1800s,
according to (Dijkhuizen 2017). During this time, there have been many advancements.
Conveyor belts are designed to systematically carry and transport material, typically in an
industrial or controlled environment (‘How Do Conveyor Belts Work? | Belt Functions, Uses
& Applications’ 2019). Whilst this method is good at moving large quantities of products
around a production site, there are drawbacks with the use of them (FERGAL 2018).
Implementing Conveyor belts would require large amounts of space and lack portability, with
the cost being almost twice as much as implementing mobile robots. This outcome is
undesirable as large amounts of logistics are involved in manufacturing and moving large

components that rely on a flexible infrastructure.

Another alternative to AGVs is forklifts. Forklifts have lower upfront cost as well as the ability
to move over uneven surfaces easily while operating at faster speeds than AGVs (‘Forklifts vs.

Automated Guided Vehicles’ n.d.).

Furthermore, drones are yet another vehicle that can be used in the logistics process of
moving materials around the shipyard. Drone delivery is currently a sharply divided topic
among industry professionals as some see it as a stunt and others as a game-changer (‘Mobile
Robots and Drones in Material Handling and Logistics 2018-2038: IDTechEx’ n.d.). Drone
deliveries largest problems are that it offers limited productivity in comparison to traditional
means of delivery as drones require constant battery recharging with limited distances and
trips (Shavarani et al. 2018). Due to this and the fact and that constant large structures are

moving in a shipyard, causes potential safety hazards for use of this method (Korman 2019).

All three methods described above provide a means of moving products from one area of the
shipbuilding facility to the other, however, as shown, each method provided implies either an
increase in cost, increase in logistic operations or increase in safety hazards. According to

(Schneider n.d.), it is still within a company's best interest to automate as it will lower costs
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as well as increase production quality. Thus, it is considered a necessary step to attempt to

add automation to the shipbuilding process.

16.3.3.1 AGVS

6.3.3.1.1 THROUGHPUT

When working with automation, specifically AGVs, one of the key aspects is the job
throughput, which is a value that is measured with respect to quantity and time. (Srinivasan,
Bozer & Cho 1994) discuss a general-purpose model that can approximate the throughput
capacity of a material handling system used in a manufacturing setting. Using the model
developed by (Srinivasan, Bozer & Cho 1994), the throughput can be approximated prior to

running simulations.

In research conducted by (Peters & Yang 1997), a modified algorithm is used to solve the
layout design problem. In order to do this, the paper suggested a network flow formulation
to determine the number and location of shortcuts for the inter bay transport system. This is
shown below in a spine layout in Figure 4. By using this design layout, costs are reduced

considerably.

28



Removed due to copyright restriction

Figure 4 Spine configuration for where AGVs can travel in a simple factory

Another method proposed by (Mousavi et al. 2017) is a mathematical model that was
developed and integrated with evolutionary algorithms to optimise the task scheduling of
AGVs with the objectives of minimising makespan and number of AGVs while considering the

AGVs' battery charge with The hybrid GA-PSO algorithm producing the best result.

Another study by (Lyu et al. 2019) looks at the AGV scheduling problem in a flexible
manufacturing system. This is done by simultaneously considering the optimal number of
AGVs. The main difference between this study and previous ones is that it does not initially
assume a fixed number of AGVs. It also factors in various routing problems and transport
time. In order to do this, the algorithm is genetic-based combined with the Dijkstra algorithm

that is based on a time window.

(Digani et al. 2019) offers a solution that uses ad-hoc pre-defined roadmaps. What this means

is that the algorithm attempts to reduce the time that the AGV spends moving through
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complex traffic situations, thus maximising the overall throughput of the system. However,
the research report does make the following assumptions: No external obstacles (e.g. people,
manual forklifts), the velocity along a segment is constant, each segment can be occupied by
at most one AGV, and each AGV has a different pair of initial and final positions-The algorithm

by (Digani et al. 2019) provides optimal paths, as shown below in Figure 5:

Removed due to copyright restriction

Figure 5 AGV Path Maps From (Digani et al. 2019)

6.3.3.1.2 UNIT LOAD

A unit load is the number of items arranged or packaged as a single unit, typically on a pallet,
to facilitate handling, transportation, and storage (‘What does unit load mean?’ n.d.). Thus, it
is a key component in cost reduction as the greater the unit load of an AGV the few trips
required to achieve a given task (Kuo, Krishnamurthy & Malmborg 2007). (Kuo, Krishnamurthy
& Malmborg 2007) states that the unit load significantly impacts the operational efficiency of
an AGV-based manufacturing system, especially as global supply chains have seen a
significant increase in the use of automation. This is also supported by an older paper written

by (Egbelu 1993).

The unit load is of significant importance as it directly affects the overall productivity of a

manufacturing plant. Thus, in its nature has a large area of research dedicated to it. The main
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focus of the research is to obtain the best unit load size using tools of mathematical
programming, heuristics and simulation. Modern operation research or integration of
methods will further assist in being useful for major FMS types of industries to determine unit

loadings.

One common example of the unit load problem is known as the knapsack problem. This is
because the knapsack problem is an optimisation problem where a constrained number of
items can fit in a backpack and each item has a value and a weight. The aim is to fit as much
value into the knapsack without breaking the knapsack weight constraint (‘What is the
Knapsack Problem? - Definition from Techopedia’ n.d.). This problem is relevant to the unit
load as a common aspect of warehouse management is to-do with the collection of resources
within the given AGV weight range. However due to the style that the defence company is
trying to achieve these components would be preselected prior to distribution of the AGV,
which will not be utilised as part of this thesis. As per discussion with the defence company
the system will likely use whole crates which will have pre designated components inside the

given crate.

In order to determine a unit load size, a rule of thumb that is used is to adopt a wide-shallow
warehouse layout when the item demands are approximately equal, whereas a narrow-deep

layout is preferred when the demand curves are steep (Guo, Yu & Koster 2016).

Looking at research from (Egbelu 1991), a method for selecting the unit-load size is that for
each value of unit-load size generated by the search routine, the number of unit loads from a
batch size is calculated. For each unit-load size generated, a corresponding minimum
manufacturing time for the batch is determined. By implementing a method like this, the
defence company will have a high chance of optimisation as the nature of shipbuilding
requires different unique parts that by using a model that optimises the number of parts and

delivery time of the parts would be ideal.

In a research paper by (Mahadevan & Narendran 1992), integer programming formulation of
the problem of finding the optimal unit load size is analysed. The papers use an existing

analytical model to decide the number of AGVs required. The model is created by
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(MAHADEVAN & NARENDRAN 1990). The algorithm for the paper reduces the cost by using a
function that has inputs of the sum of the costs of the MHVs and the pallets. With more
modern methods as covered by (Riazi, Bengtsson & Lennartson 2020), the main focus for cost
reduction in AGV systems is makespan, maximum lateness, and the sum of tardiness for an
AGV system, as well as the energy consumption of the AGVs. The study was able to determine
that cruise velocity and travelled distances is the main factor in energy costs. Thus, it was
determined that optimising the productivity-related performance criteria also reduces energy

consumption through less travelled distance.

6.3.3.1.3 FLOW PATH DESIGN

The flow path design for AGV systems is extremely important. The layout of the system will
determine the overall distance that the AGVs will travel. The main objective when designing
an AGV flow path is to try and minimise the total travel of loaded vehicles (KASPI &
TANCHOCO 1990). The first flow model was formulated by (GASKINS & TANCHOCO 1987).
The paper described the use of a zero-one integer programming problem. The paper does not
simulate anything and describes that a simulation would be best to determine a flow path.
The mathematical model does, however, allow for quick analysis of a general solution. (KASPI
& TANCHOCO 1990) use a computationally efficient procedure that is based on the branch-
and-bound technique. The model described has the purpose of finding the direction of flow
for each section within network’s flow path. The flow path network represents the pickup and
delivery stations, aisles and aisle intersections, within a manufacturing plant. The paper by
(Kaspi, Kesselman & Tanchoco 2002) provides an improved algorithm where only the
intersection nodes of the network are included in the branch-and-bound algorithm. The main
objective of the model is to set directions to the arcs in an undirected graph which represents
the flow path network. This is done in order to show that the total vehicle travel distance is
minimised. The from and to flow matrix includes both empty and loaded vehicles traveling at
full capacity. This research aims to reduce the total travel distance. Initially research focused

on the travel of loaded vehicles only but later extended to the empty vehicles too.
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However, as AGV technology has progressed, so has flow path design. (Yan, Dunnett &
Jackson 2018) found that; a Coloured Petri Net (CPN) method is a valid method for conducting

performance assessment and route evaluation of multi-AGV systems.
Five CPN Systems in the paper are as displayed below:

1. Path Petri nets (PPN) — for describing the layout configuration of the system.

2. Master Petri nets (MPN) — for governing the mission progress or phase change of
individual AGVs in the system.

3. Recycle Petri nets (RPN) — for describing the recycling process of failed AGVs.

4. Corrective maintenance Petri nets (CMPN) — for defining the corrective maintenance
of failed AGVs in the system.

5. Periodic maintenance Petri nets (PMPN) — for defining the periodic maintenance of all

AGVs in the system.
The systems, even though they are described individually, still pass data through the system.

In a paper written by (Sedehi & Farahani 2009), an algorithm for calculating the flow path
design is used with a focus on single-loop AGV systems. The proposed algorithm determines

the block layout, AGV single-loop flow path and pickup delivery stations simultaneously.

A Literature Review on Material Handling using AGV:

6.3.3.1.4 FLEET SIZE

Fleet size is the number of AGVs that will be used to transfer various good in a manufacturing
facility ('6.4 Optimising Vehicle Size and Fleet Size' n.d.). According to (Tao Yifei et al. 2010),
there are a few factors that affect how many AGVs are used. The main one is the layout of
the guided path. Secondly are the location of the load transfer points and the type of strategy
used for dispatching vehicles. The aforementioned paper mainly revolves around using
gueuing software for an analysis of the number of AGVs needed. (Egbelu 1987) proposes a

few methods which are simple, rough cut, hand calculation method, this type of method is
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only useful at the early stages of evaluation as it can only factor theoretical results and cannot

understand routing.

In a paper by (Rajotia, Shanker & Batra 1998), a model is created to obtain the optimal fleet
size by determining the time an AGV spends in a system using three points, the origin point,
the load pickup point, and the unload delivery point. Using this mathematical model and
parameters were used to determine the number of AGVs needed. This allows for a good

starting point without the use of simulation.

In a study conducted by (Fethi & Mehdi 2019), three networks were tested using ARENA
software as previously described. It showed that there is a threshold limit for when AGV Fleets
reach their maximum point where adding more into the system will either see no change in

productivity or decrease productivity.

(Vivaldini et al. 2015) looked at a method where the complete material handling task is a
journey mapped such that the minimum number of AGVs required to do the task is found.
This can be approximated by adding the travel times (loading, unloading and waiting time)

divided by the available time of the AGV.

6.3.3.1.5 MOBILE ROBOTS WITH MATLAB

MATLAB is one of the most used programming platforms designed specifically for engineers
and scientists. MATLAB has tools that can be used to analyse data, develop algorithms and
create models and applications. MATLAB has a new robotic system toolbox that now
incorporates algorithms with a focus on mobile robotics or ground vehicle applications. The
Toolbox allows for the entire mobile robotics workflow from mapping to planning and control

to be created (‘Mobile Robot Algorithm Design - MATLAB & Simulink’ n.d.).

(Mahulea & Kloetzer 2015) created a free program that allows for a robot to do simple path
planning motion control and modelling, using a Graphical User Interface (GUI). Using the
software is a good way of getting an idea as to some of the capabilities of the MATLAB Robot

toolbox.
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(‘MARS - Multi-Agent Robot Simulator’ n.d.) is another software that has been created that
simulates a powerful platform for mobile type robots in structured and unstructured
environments. It simulates a team of robots moving in a 2D workspace. Both holonomic and
non-holonomic vehicles are simulated. The model created by (Casini & Garulli 2016) is used
for Simultaneous Localisation and Mapping (SLAM) or path planning in structured or

unstructured 2D workspaces.

Further work that has been done in the MATLAB simulation environment is Control and
Simulate Multiple Warehouse Robots (‘Control and Simulate Multiple Warehouse Robots -
MATLAB & Simulink’ n.d.). The example shows a system that simulates multiple robots
working in a warehouse. The simulation uses state flow figures where a central scheduler can

send various commands to the robots.

6.3.3.1.6 A* NAVIGATION

A* navigation is one of the best methods for finding the shortest path (‘A* Search Algorithm’
2016). A* is a graph and path travels search algorithm. The algorithm works by using a system
of weights. Where the goal is to find the most cost effect path i.e. the lowest weighting which

is likely to be the shortest path.

The A* algorithm works by keeping a tree of paths that originate from the start node, which
is where the object is when the algorithm starts. The algorithm iterates through its main loop
trying the most cost effect path each time, the loop will run until the algorithm reaches the
main goal of the system (‘A* search algorithm’ 2021). Figure 6 below shows a representation

of this algorithm (‘Introduction to A*' n.d.).
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Figure 6 Demonstration of A* navigation algorithm from the red dot to the blue dot

The line in Figure 6 above represents the shortest path and the high lightest squares are

everywhere the algorithm checked.

6.3.3.1.7 COLLISION AVOIDANCE

In a paper written by (Chia-Han Lin & Ling-Ling Wang 1997) a fuzzy approach to collision
avoidance was used. The aim of the paper is to find the optimal configuration of the minimum
number of sensors that provide the robot with the clearest view. The initial model that they
used 24 sensors mounted on a rectangular AGV this results in a sensor every 15°. This paper
focuses more on the aspect of what the robot can see however in a paper by (Yan, Zhang &
Qi 2017a) the Collison avoidance occurred when the AGV is route finding, this is because the
system that is developed prevents dead lock thus when an AGV has found its route it blocks
off other AGVs from using certain points in its route preventing the robot from common

inContact with other AGVs thus there is no need to navigate around them.

In the paper “Collision avoidance among AGVs at junctions” by (Arora, Raina & Mittal 2000) a
unique approach is taken to avoid collisions in a unidirectional system by incorporating 2
controllers, the controllers for the intersection will be chosen depending on the scenario

when the AGVs approach the intersection.

The most applicable approach for this research topic will be the one by (Chia-Han Lin & Ling-

Ling Wang 1997) as it focuses on the sensors of the system, since the system that is being
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developed does not really on a flow path the method of locking routes depending on
scenarios does not apply. Thus, the AGV will need to make navigation decisions based on the
current width it has to move in and the speed at which it is traveling along with the distance
from the object. This means that having optimal sensors is ideal for free roaming AGV as it

will allow the AGV to have the greatest amount of freedom and safety.
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6.3.3.1.8 COST

Table 1 below shows the cost of an AGV broken down into five sections, preventative
maintenance, corrective maintenance, AGV purchase cost based on the type of AGYV,
installation Costs, and running costs. These costs are not 100% accurate of the system but can
give an approximate value of the system cost for the initial purchase and set up and yearly

running costs.
Table 1 Costs of a two AGVs for 1 year

Maintenance Per AGV

Preventative Maintenance

w

Number Per year

N

Number Technicians

Total Working Hours Per Maintenance hr
Cost Per Technician 140 hr
Spare Parts 20000 S

=
)]

Corrective Maintenance

:
1
o
I ¢
i ¢+

AGV Purchase Cost Based on Type

Automated guided carts (AGCS) 38000 S
Automated forklifts S

Installation Costs

:

Charger

5

Charge Station cost

3

(0]



Control Unit 1500 S
Transportation

Factory Acceptance Test

10%

AGV system training

Project documentation

Running Cost

:

Yearly cost extras

N

Number of AGVs
Years Active

Total AGV Cost years Active $387,056

[N

Using the cost table rough calculations can be made by changing the number of AGVs and
active years, as an example 2 AGV s operating for 1 year will cost approximately $380,000+
when using automated forklifts. However, the following years costs will be approximately

$87000.
6.4 PERFORMANCE CRITERIA

There are many ways to assess an AGV fleet performance. Some criteria that are often used
are material handling cost, travel distance, queue length (Beamon 1998). In manufacturing,
the majority of performance measures are time-based. (Qi et al. 2018) states that the
performance of an AGV is affected by transport efficiencies, such as traffic-control policies
and warehouse layouts. The paper then focuses on algorithms that mitigate collision and
solve deadlocks. When trying to mitigate deadlocks and collision, it is key to have a flow path

design that can achieve the required performance criteria.

A common method in performance optimisation is the minimisation of the total vehicle travel
distance from a given layout (GASKINS & TANCHOCO 1987). Further study by (Kaspi,
Kesselman & Tanchoco 2002) factors in the travel time with a loaded and unloaded vehicle.
An objective function used by (Lim et al. 2002) further progress as it uses travel time which
includes the loaded and empty vehicle travel whilst also factoring in the waiting time caused

by congestion or vehicle interferences. Based on this knowledge, the algorithm does have the

39



potential to be further increased by incorporating the algorithm discussed earlier in
(‘lmproving safety and efficiency of AGVs at warehouse black spots - IEEE Conference
Publication’ n.d.) where the AGV can have external sensors located at blind spots and
junctions that can allow for AGVs to progress without having to slow down if the area is

deemed safe to do so.

In a paper by (KIM & TANCHOCOJ 1993), the travel cost is a major factor as well as the cost of
each path segment. In another paper by (Chen, Mcginnis & Zhou 1999), a model is developed
from which the total vehicle travel time, as well as the trip failure rate, is used as a
performance measure. (Talbot 2003) factors in the number of AGVs that are required and the
guided path length to measure the overall performance of the system. It can be seen that

overall using multi-criteria objective functions. A better-quality outcome can be achieved.

Overall, the above papers achieved satisfactory results with each method. However, it can be
seen that there is a clear focus on cost, travel time of the AGVs and the waiting time in the
AGV queue. In a paper by (Johnson 2001), a focus on the empty vehicle traffic is highlighted,
and it shows how strongly this traffic influences various aspects such as flow path design and
vehicle requirements. This is because an empty vehicle holds a greater cost as it takes up

space on the warehouse floor as well as energy and travel time costs.

6.5 AGV SCHEDULING AND DISPATCHING

AGV scheduling and dispatching are the most crucial aspects of an AGV system as it is
responsible for when, where and how an AGV is to operate. An AGV scheduling system
normally consists of 2 types of schedule. This is offline and online scheduling. Offline
scheduling is when you know in advance what the AGV is to-do and, therefore, can have
everything already pre-planned. Online scheduling is for a more dynamic environment.
Offline scheduling is the least favoured due to the fact that if there is a change, it can result
in the failure of the system (Le-Anh & de Koster 2004). Thus, online scheduling is the most
widely used method. However, when integrating a dynamic system, it must be noted that one
of the most crucial things, which has previously been mentioned, is to prevent deadlock while

selecting routing (‘Conflict-free shortest-time bidirectional AGV routeing: International
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Journal of Production Research: Vol 29, No 12’ n.d.). For this reason and in order to save time
warehouses have started to integrate multi-load AGVs. This is where an AGV is allowed to
detour from the shortest path as long as it is picking up something on the way (Tanchoco &
Co 1994). In the paper by (Bilge & Tanchoco 1997), the benefits of integrating multi-load AGVs

are that the system becomes significantly less bottlenecked.

6.6 KNOWLEDGE GAP

The above literature review holds valuable information that will allow for a good foundation
when designing the AGV fleet system. However, there are some key areas that have been

identified as a knowledge gap and are described below:

e The research area of AGV integration seems to mainly focus on optimal paths instead
of the optimal number of AGVs.
e Akey area that is missed is the overall reliability of an AGV system and longevity, i.e.,
when will an AGV need to be replaced due to longevity or upgrade.
e Development of adaptable AGV Systems for fleet management
For the purpose of the thesis the key aspects that will be focused on is the development of
an adaptable system where the number of AGVs can be changed and the effects on a system

can be viewed.
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7 METHOD AND RESULTS

A method is a crucial aspect when it comes to an understanding the project and developing
it. In order to solve the problem at hand, a certain procedure must be followed in order to
achieve satisfactory results. The flowing diagram displays a methodology that can be followed

for simulation software and results verification.

Removed due to copyright

restriction

Figure 7 Software methodology diagram
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Looking at the diagram, it can be seen that there are three main stages in the methodology.
These stages are Problem Understanding, Software Research and Simulation Process, which

in return will produce the results of the system.

7.1 PROBLEM UNDERSTANDING

In order to achieve the required results, a good foundational understanding is needed about
the problem. This involved having numerous meetings with key people at Flinders and the
defence company in order to produce the required outcomes of the system. The key

outcomes from these meetings are discussed below.
The current method of AGV calculation:

Currently, there is no method of calculating the number of AGVs needed. This is due to the
shipyard being under construction and zones not being finalised. Thus, having a tool that is

adaptable is ideal for the defence company’s current situation.
Visualisation of the system:

The defence company would like a system that is visual as a non-visual system could lead to
major problems such as incorrect data input, thus giving skewed results or a false final answer.
Without the visual system, this type of error could be hard to detect. The visual system will
at least display the system such that a view would be able to have a better understanding as
to what went wrong. The visual system will also allow for better communication within the
various departments or among businesses when trying to convey the reasoning behind their

decisions for the number of AGVs required.

7.2 TESTING SCENARIOS

It is understood that it is not truly possible to test the real time behaviour of a system until it
is built and placed into use within the shipyard. This has been taken into consideration from
the defence company, however, having the AGV system will allow them to improve their

designs without adding extra cost or getting an external company to keep readjusting quotes.
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7.3 SOFTWARE REQUIREMENTS

When deciding on the software to use in a project, there are four key steps that need to be

implemented in order to choose the best software for the job.

The first step is to look at the big picture and create a simple plan. This step is important as it
takes into consideration key aspects such as who the people are that will be using the end
software, the cost available for purchasing the software as well as the timeline, thus factoring

in the overall usability of the software for the developer.

The second step is prioritising the needs of both the end customer, which in this case is the
defence company and the programmer. There is never a one size fits all when it comes to
software development as every software has trade-offs. Thus, the following aspects that this

step considers when choosing the software is:

e Must — These are the features that the software must include in order for it to be a
viable option

e Should — The features that the software should have but are not necessarily a deal
breaker if the feature does not exist

e Could — These features will be nice to have in the software

Some of the other key criteria notes that should be considered:

e How well supported is the software?
e How many tutorials are there to learn the software?

e How reputable is the company?

The defence company wants to incorporate AGV simulation software to gain better results
prior to integration, know the behaviour of the system, solve any problems they may have
during the designing process and obtain the optimal number of AGVs in various scenarios.
There is a wide range of software's that can be used to create this simulation, with varying
tools and functionalities. Thus, in order to determine the software of use, research varying

software's were researched.
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In order to determine the software to be used, a method called a MoSCoW is used. This
method was developed by Dai Clegg in 1994. It works by looking at a series of features based
on importance. MoSCoW stands for Must, Should, Could and Won't. for this stage of the
process. The won't is used as this aspect is hard to label due to the nature of the software
being investigated being very adaptable since it's built from scratch. Must is the most crucial
parts that the software must satisfy in order to be useful for both the developer and end
customer. Should are features that are helpful for the development of the software includes

these and could are features that do not need to be present but would be nice to have.

Table 2 MoSCoW on the requirements for the software to build the system

Prior Knowledge

Tutorials for software

Adaptability

Visualisation

Free version

Using the MoSCoW diagram above, three pieces of software were finalised upon to be Unity,

Gazebo and MATLAB. In order to make the final decision on which software is used, a Pugh
matrix is used. The Pugh matrix works by assigning a positive score when the software
satisfies the given criteria or a null score if it does not. The final weighting shows which

software should be used as it covers the greatest aspects of features.
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To make the final decision about which software fulfils the company’'s requirement, the Pugh
matrix method has been applied. This technique, designed by Professor Stuart Pugh,
evaluates several design concepts through different criteria (Burge, 2009). If a concept design
satisfies the criteria, it receives a positive score; otherwise, it receives a negative score or null
score. These criteria can also be weighed with a higher or lower rate regarding how important

it is for the project.

Decision to be made:

Unity Gazebo MATLAB
Easy to use 3 2 g
Prior Knowlege 4 3 4
Tutorials for 5 5 5
software

Adaptability 4 5 4
Visulisation 5 4 3
Free version 5 5 5

Figure 8 MoSCoW diagram for software to create the adaptive fleet model

All of the above software can be used to create an AGV fleet management system; however,
the Unity program scored the highest. The key factors that set Unity out are that there was

prior knowledge on how to use the software, allowing for a quicker grasp of the system. Many
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online tutorials for the software and the fact that it's free and designed for the visualisation
of games or systems. Using Unity provides the necessary freedom to experiment and adapt
the model in a more user-friendly way than the other two as well as giving the ability to easily
compile the project into an application that can be run independently on other computers.
Unity does allow the option to integrate ROS into it, allowing for some greater control in
robotic systems; however, it is more ideal to use the inbuilt unity functions with C# due to the

learning that will still be required in completing the project and the available online resources.

7.4 OPTIONS

Options for attempting to create an adaptive AGV fleet system

When creating an adaptive AGV fleet, many different approaches can be taken to create a
successful simulation. In order to evaluate the specific options to see which is most viable to

attempt, Table 4 below is created, with the options as given.

Option A: Use industry software to create a large scale system of the shipyard

In this option, the current shipyard can be modelled inside current industry software such as
AnyLlogic to provide a realistic model of how the shipyard might work. However, this option
does not allow for full customise ability and has a more significant learning curve. Another
problem that is encountered with this is that to make a system at that scale. The software will
need to be purchased to allow for both the complexity in the number of comments and allow
for time frames of greater than 1 hour. Thus, it is not an ideal solution due to the costs needed

to create the system.

Option B: Use Unity with a large scale shipyard to create the system

With a project like this, one option in creating an adaptive shipyard AGV fleet is to use the
current existing shipyard as the base and design it such that the AGVs can traverse to different
warehouses on the base. This method's pros are that it allows a full-scale model and real-time
estimations as the AGVS will likely be traversing the same types of distances between the

various buildings.
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Option C: Use Unity to create a smaller system to represent the context of the shipyard

This option will allow for a more straightforward proof of concept showing the logic of the
system rather than the entire system in action in the shipyard. The pros of this system are
that it will allow for faster testing of the software and the code allowing for real-time speeds

to be tested and faster simulation speeds. This method will use C# in Unity.

Option D: Use industry software to create small scale system

This option uses the industry software AnylLogic to create a proof of concept of the AGV

system on a small scale simulated to option C.

Using the evaluation scale in Table 3 below the 4 options are compared to each other in Table

4

Table 3 Options Evaluation Scale

Evaluation Scale

Bad Fair Good
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Table 4 Evaluation of Options

Weighted
Option A OptionB OptionC OptionD
Value

Visual representation of the

system

Difficulty

Time to implement

Flexibility

Looking at Table 4 above it can be seen that the best option for this project is B where the

current the defence company shipyard is used to create the test simulation.
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7.5 OPTION B

Create a 3-Dimensional (3D) model of the shipyard:

For the 3D model of the shipyard, a program called SketchUp was used in conjunction with
the site plan. Sketchup is a 3D modelling software that is primarily used in architectural,
interior design, landscape architecture, civil and mechanical engineering. In order to create a
working model for the system, the buildings, floor and path are created separately. By doing
this, Unity is able to identify each set of objects as their own entity, thus allowing for specific

scripts to reference the CAD files independently.

Figure 9 Overview of the shipyard with the new buildings on the left hand side

The Cad files are imported into unity and are scaled 200:1. This reduces the overall polygon
count of the simulation, allowing it to run smoother. This was done as it does not have any

impact on the outcomes of the system.
Create delivery points:

The initial simulation involved creating nine drop-off locations, and three pickup locations and
an AGV spawn location. The spawn location was an arbitrary location that was chosen and

can be easily adjusted. Figure 10 shows the location of the various points.
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AGV Spawn Location
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Figure 10 location of the various pickup and drop off points for the shipyard, green is where the AGVs can travel

AGV testing model:

In order to create a simulation model, the AGV was set as a sphere. This added a layer of
simplicity and did not obstruct the functionality of the AGV controller. The MIR robot was a
potential model to use; however, these are not outdoor AGVs and could change the user's
perspective on the system as they might focus on the functionality of the specific robot

instead of the system as a whole which is the aim of the project.

The model functions in a very linear fashion where the user initiates the number of AGVs and
number of resources, then spawns the AGVs and allocates the AGVs to a specific pick up point
when it becomes available. Since the location of the resource is known, the AGV uses A*
navigation to calculate the fastest route to the location. Once the AGV reaches the pickup
location, it is then allocated a drop-off point at random, and the pickup location is freed up
for another AGV to pick up resources. Once the AGV reaches the drop-off point, it is then
assigned a new pickup location, and the cycle continues. The diagram below gives a clear

indication of the process.
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Figure 11 Option B block diagram of the main AGV controller

Set Number of AGVs

o For this model, the number of AGVs is set at the start of the simulation. This is
done by taking the user input prior to starting the simulation. The number is
then grabbed by the AGV spawn object.

Spawn AGVs

o The spawn object uses the AGV object to instantiate the required number of
AGVs that the user set.

o AGV object: this object is designed to take input from the AGV controller where
it can be given specific tasks mainly focusing on objectives such as given a
location to traverse to. The object uses A* navigation to manoeuvre to the
given location.

Find Available pickup location.

o The AGV Controller is given an array of the pickup locations. The number of
locations can be any given number; however, the locations must be
predetermined and allocated a game object. By allocating a game object as the
location, the AGV controller can see it. The AGV controller will select a location
from the array and lock it, preventing other AGVs from being allocated to this
location.

Move available AGV to pick up point.

o Once the AGV controller has been allocated a location, it will continuously

move towards the location using A* navigation until it is within a suitable range

of the pickup point. At this point, the AGV will notify the controller that it has
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arrived. The controller will then, at random, designate a drop off location from
the pre-specified array of the drop off locations.
Move AGV to drop off point.
o Using the method discussed above, the AGV will navigate to the designated
drop off point.
Drop off product
o Once at the drop-off point, the AGV will then allocate itself as free and notify
the AGV controller.
Allocate resources
o The resources for this simulation have been given as pipe spools, bolts, and
nails. These are just arbitrary things; however, based on the current setup
provide no significance as the system does not allocate based on resource
request but at random.
Spawn resources
o There are fields that allow for the user to input the required number of each
of the three materials; however, these fields go unused as the AGVs are
randomly allocated to move components to the various drop off points.
Resource request
o Resource request works by randomly generating a certain amount of resources
between 0 and 10. The resources are then linked to each of the location

objects that have been pre-selected before the simulation starts.

7.5.1

OPTION B RESULTS:

To test the viability of the simulation, 3 tests were conducted on the AGV system. Each test

consists of 3 runs allowing for a total of 9 simulations to be run and evaluated. Since the model

did not have any internal timing systems, the AGVs were timed with an external timer. The

AGVs were manually sped up in order to save time. The simulations are such that when all

the AGVs reached a deadlock, the simulation would be considered done, and the timers

stopped.
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The number of AGVs 3:

Looking at the table and figures below in table 3 and figures 12 and 13, it can be seen that
the AGV simulation did not last very long until deadlock occurred. As can be seen, the system
outputted an actual Idle time between 28 and 32 percent of the time. This is significantly
larger than the 0 percent it should be. The reason the system should be at 0 percent Idle is
that in the simulation, there are three pickup locations that exist and nine drop-off locations.
This means that the AGVs should not have any downtime as they should be constantly active

with either delivering or picking up a package.

Table 5 Runtime until deadlock 3 AGVs

Delivering Pick up Idle % (Should) Idle % (Actual)

1 235 2:52 2:41 0 32
2:05 2:31 2:07 0 31
1:55 2:30 2=33) 0 28
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Simulation Run's: 3 AGVs
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Figure 12 Idle, delivery and pickup times until deadlock occurred for 3 AGVs
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Figure 13 Idle, delivery and pickup times until deadlock occurred in terms of time percentages for 3 AGVs

When looking at the three simulations, it can be seen that there is only a slight variation in
the AGV values between the three simulations. It can be seen that the first run took the
longest amount of time; however, in the time was spread evenly between idle, delivering and

pickup.

Looking at the results of the 3 AGVs, it is clear that there is a logic error as the AGVs are getting

locked up and once at a delivery location are not able to move for a random amount of time
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from which the AGV will not get locked up and begin to move. The reason for this is because
the system works in a linear fashion from which every frame checks an if statement to see if
there are any AGVs ready to use, then a separate one to see the other AGVs that are in use.
Unity runs the code using a constant update loop, which directly associates with every frame
of the program, allowing for real time visualisation of the system. However, because it's
checking an array and only using the first element in the array, the program will often skip
over and erase other AGVs in the array. This causes the AGVs to not get assigned tasks causing

the deadlock.
The number of AGVs 6:

Due to the initial start time of the AGV system and the fact that only 3 AGVs can be assigned
at a time to pick up, and Idle value of 10% is estimated. The data in Table 6, Figure 14 and

Figure 15 shows that the AGV had Idle time between 31 and 34 percent.

Table 6 Runtime until deadlock 6 AGVs

Delivering Idle % (Should) Idle % (Actual)

1 3:42 4:09 4:15 10 31
296 276 287 10 34
4:10 4:29 4:46 10 il
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Figure 14 Idle, delivery and pickup times until deadlock occurred for 6 AGVs
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Figure 15 Idle, delivery and pickup times until deadlock occurred in terms of time percentages for 6 AGVs

The simulation behaves more realistically than the previous simulation in terms of idle actual
vs what the idle value should have been. However, the actual idle value is almost identical to
that of the 3 AGV run. This value is definitely not correct, as doubling the AGV number should

have a large impact on a normal system, further proving the logic fault of the system.
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The number of AGVs 12:

Due to the initial start time of the AGV system and the fact that only 3 AGVs can be assigned
at a time to pick up, and Idle value of 25% is estimated. The data in Table 5 and Figure 16 and

Figure 17 shows that the AGV had Idle time between 33 and 35 percent.

Table 7 Runtime until deadlock 12 AGVs

Delivering Idle % (Should) Idle % (Actual)

1 4:00 3:56 3:59 25 34
4:56 4:21 4:56 25 35
3:59 3:54 4:01 25 33

Simulation Run's: 12 AGVs
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Figure 16 Idle, delivery and pickup times until deadlock occurred for 12 AGVs
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Simulation Run's: 12 AGVs
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Figure 17 Idle, delivery and pickup times until deadlock occurred in terms of percentage for 12 AGVs

As the number of AGVs increased, the Idle times became closer to the values that they should
be; however, as discussed above, the idle times are staying very consistent as can be seen,

the idle value of 12 AGVs is almost identical to when there were 3 AGVs.
Problems with simulation:

Overall, it can be seen in the Figure 18 below that changing the number of AGVs in the system
had little to no effect on the system as all the measurable points of the system. This further
proves that the simulation is not viable and needs major improvements. It should be noted,
though, that the idle time did increase as the number of AGVs increased. This is what is
expected; however, this result can be assumed to be unrelated based on all other evidence

of the system not working.
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Figure 18 Comparison of time percentages between 3,6 and 12 AGVs

Implementing a system like this on a real scale caused considerable problems with the

simulation preventing it from achieving any usable results. There are four key problems with

the simulation discussed above in the Figure 10.

1. Flawed logic

Looking at the diagram above, it seems like the process should somewhat work
where essentially a AGV gets an object, drops off an object and gets another
one. However, due to the scale, the system was running on some issues that
arise with the logic. A major issue that can be seen in the model is the fact that
once a pickup location is claimed by an AGV, it cannot be claimed by another
AGV, which means that an AGV on the other side of the yard can claim a spot,
and the AGV next to the pickup location will not be able to move. Shown in

Figure 19
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Figure 19 AGV grouping at a single dropoff location

b. This leads to the second issue with the logic. Since the AGV cannot claim a
pickup location, it will wait at the drop-off point, preventing other AGVs from

delivering their object. Shown in Figure 20

Figure 20 AGV blocking others from delivering parcels

c. Various other factors also contributed to the flawed logic as the system runs
many different scripts on different objects in each frame. It is potential for
AGVs to become locked in an infinite loop if something did get triggered

correctly.
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d. The AGVs also did not have any type of charge logic. Thus, this model assumed
an infinite battery which would skew the results if data was able to be
captured.

2. Delivery points

a. The system had too much of a focus on the various delivery points and not so
much the adaptability of the delivery points. This means that the handover
would be difficult for the software. This aspect also did not meet the main goal
of adaptability since everything was very fixed and picked at random.

3. Difficult to automate data captured — collect data with timing.

a. Asthelogicinthe main AGV controller was flawed and caused lockups of AGVs,
the data obtained was not useful and prevented most of the data from being
captured and displayed correctly. However, the system was able to be timed
until complete deadlock. The idle, delivering and pickup times were captured
using manual timers.

b. The only function aspect of the system was the colour changing of the AGV,
determining if it had a product or not. This is more visual data for the user as
opposed to actual metric data.

4. The system can only run in real-time.

a. Duetothe setup of the functions and speed controlling factors that the original
scripts worked off of, there was no possible way of controlling the AGVs speed,
thus resulting in a simulation that only ran in real-time, which is not feasible
for a simulation of this type.

5. Collision of waiting objects

a. During the simulation Runs, the collision of waiting objects was also a major
flaw, as when an AGV was able to move to go and pickup another item, it would
knock other AGVs, which would then cause them to move freely and settle in

positions such as shown in Figure 21 below.
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Figure 21 Collision with other AGVs causing them to roam into the middle of a path

7.6 OPTION D

Due to the shortcomings of Option B, the next option in the table suggests that option C,
where a smaller simulation of the unity system is used; however, this is not ideal as the
failures of option B are linked to logic errors. Due to the logic errors, it was decided to use
option D, where a small test system will be created in industry software as a testing point to

fine-tune the system's logic to implement it in option C then.

7.6.1 MATLAB:
Method

Due to the failure of the first model in option B another method that was attempted was to
try and use MATLAB (‘Control and Simulate Multiple Warehouse Robots - MATLAB & Simulink
- MathWorks Australia’ n.d.) and integrate some premade AGV scheduling systems to try and
build a viable simulation. Learning from the previous mistake, the model was scaled-down,
and a replica of line zero was used. LineZero is the defence company’s current industry 4.0
testing facility located at the Tonsley precinct. The benefit of using this model is the size of
the area will allow for quick real-time simulation and the potential of using a real AGV to

replicate the simulation.
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Figure 22 LineZero (on right) converted to a binary occupancy grid (on left)

7.6.1.1 HOW THE MATLAB SIMULATION WORKS

The system scheduler works by controlling the whole system output. It commands the AGVs
to collect packages from the loading station and deliver them to a specific unloading station.
The trajectory of the AGV is set based on the location of the various unloading and loading
stations, this allows the controller to generate velocity commands for the AGV. The
commands are relayed to the differential drive robot which executes the velocity commands
and returns ground-truth poses of the AGV. The controller then uses the poses to track the

status of the robots. Figure 23 below shows the robot control system.

AGV AGV Single AGV
Scheduler Controller Velocity

Figure 23 MATLAB AGV Control system

The AGV Scheduler uses a state controller in order to handle the allocations of the AGVs. The
reason that the central schedule can work with so many AGVs at the same time is because it

uses a for loop for each subsystem (Simulink) which contains an array of AGV component
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units that are constantly tracking each of the AGV states. This means that each iteration of
the entire system involves a full iteration through all the AGVs giving the ability for all of them
to look and function simultaneously as all the commands are output at the same time to the

various AGVs.

The robot controller of the system gets given a delivery command that contains information
the allows the robot to plan the path to the next delivery or drop off point. Once the path is
determined, velocity commands are generated, allowing the robot to move towards the
object. The robot uses a similar type for each loop in order to update all of its components
and notify the system when it has reached its goal. Once reaching its goal, the status of the

AGV is updated to allow the system.

A binary occupancy grid is made of LineZero, as shown above. This is what is used so that
MATLAB can distinguish where the robot is allowed to travel. The spawn location of the AGV
is then defined through a quartonian system. This can be seen in the code snippet below,

where the charging stations, unloading stations and loading stations are defined.

chargingStations = [27,13;27,15;27,17];
unloadingStations = [12,13;12,35;21,32];
loadingStation = [29,29];

The simulation is then built and shown below in Figure 24. The benefits that this MATLAB
simulation achieved, that phase one did not, is the ability to capture various pieces of data.
This is due to the way that MATLAB is structured, allowing for data output to be easily

captured and stored.

65



Figure 24 MATLAB LineZero AGV Spawn location (left) and parcel movement (right)

In order to test the simulation and gain an understanding of the impact that is increasing the
number of AGVs has on the system, the various test was run. The test consisted of 3 runs with
a fixed number of AGVs with ten randomly generated delivery points to each of the drop-off
locations. The test was carried out with 2, 3 and 4 AGVs making a total of 9 runs to simulate
the delivery in line zero. The test only considers the total time to complete all the tasks. This
is because the way the system works will always result in 0% idle times due to the fact that
the AGVs are always assigned a given task and will just wait in a queue with the AGVs, thus
not contributing to idle time. The system is also only designed to consider the general effect

of increasing the number of AGVs on the system.

7.6.1.2 RESULTS FOR MATLAB
Number of AGVs 2

The first test in Table 8 and Figure 25 consists of 2 AGVs in the system where the results lie
between 2234 and 2304, giving an average of 2270 seconds which is approximately 37

minutes.
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Table 8 Runtime until 10 parcel deliveries 2 AGVs

Total Time

Total Times 2 AGVs

[y
N
w

Run

Figure 25 Runtime until 10 parcel deliveries 2 AGVs run comparison

The simulation worked as expected, where all ten packages were delivered to the stations in
a reasonable time given both the distance of travel and the amount of AGVs. It can be seen
that from the figures above, there was very little variability in the simulations. This means
that the AGVs consistently behaved the same even with the item’s delivery points being
randomly generated. One of the causes for the consistency in the data is due to the fact that
the pathways in the simulation are very narrow, only allowing for 1 AGV at a time. Since the
systems method of collision prevention is to simply stop one of the AGVs from moving and
allow the other to pass throw, it does not matter what order the delivery points are if they

are evenly distributed as the AGVs will almost always perform the same, as shown above.
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Number of AGVs 3

The second test in Table 9 and Figure 26 consists of 3 AGVs where the results lie between

1831 and 1845, giving an average of 1839 seconds which is approximately 31 minutes.

Table 9 Runtime until 10 parcel deliveries 3 AGVs

Total Time

Total Times 3 AGVs

Time (s)
[y
o
o
o

Run

Figure 26 Runtime until 10 parcel deliveries 3 AGVs run comparison

Adding the extra AGV had an average of 19% efficiency increase on the AGV system. The
system can also be seen to be behaving very similar to the 2 AGV system described above,
where the outcomes of the tests were extremely similar. This is due to the same reasons as
discussed above in regards to the method the system handles AGV collisions, and the

distributions points are chosen at random but distributed evenly.
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Number of AGVs 4

The third test in Table 10 and Figure 27 consists of 4 AGVs where the results lie between 1456

and 1599, giving an average of 1522 seconds which is approximately 25 minutes.

Table 10 Runtime until 10 parcel deliveries 4 AGVs

Total Time

Total Times 4 AGVs

1800
1600
1400
1200
1000
800
600
400
200

Time (s)

Run

Figure 27 Runtime until 10 parcel deliveries 4 AGVs run comparison

Adding the extra AGV for a total of 4 AGVs adds 17% efficiency in the system compared to the
3 AGVs with a total of 33% increase from 2 AGVs. The 4 AGVs have a more noticeable
difference between the runs in terms of time taken compared to the previous runs with 2 and

3 AGVs. The reason for the difference is because as the system has an increase in AGVs, so
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does the choke points increase where the AGVs collide with each other while transporting

their items.

The simulation was run until the maximum of 6 AGVs. Adding any extra AGVs caused a
deadlock in the system. It was found that the system could only achieve up to 6 AGVs. The

Figure 28 below can be seen containing the results merged with the previous simulations.

Overall Results MATLAB
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Figure 28 Runtime to number of AGV ratio for all runs

Looking at the simulation in Figure 28 above, it can be seen that the AGVs follow a linear line
of improvement up until 4 AGVs. After 4 AGVs, in this case, most systems would start to
plateau as increasing the number of AGVs has no further impact on the system. In the Figure
28 above, the system starts to increase in the time values instead of plateau. This shows that
after a system with 4 AGVs, adding more starts to cause a significant amount of congestion,
which also justifies why the system could not handle more than 6 AGVs as the congestion
becomes too great for the AGVs to navigate. However, it should be noted that the system
only went into deadlock on 7 AGVs and 8 AGVs on their last two parcel delivery. The reason
for this is likely due to the AGVs idling around the loading point instead of heading back to
base, thus further justifying the importance of moving AGVs away from the system when they

are not in use.
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Another observation that what witnessed in the results is the fact that as the number of AGVs
increased, so did the variability in the Range of the times for the system. The reason for this
is because since the system randomly generates its delivery points for the items, the AGVs
will encounter different choke points, and the more AGVs that get added to a system, the
greater the choke points become. There are two main methods that can be used to combat
this. One being that the AGV speed is increased, allowing the AGVs to traverse the map faster
will allow for quicker movement through a choke point. The second method is to add more
space for the AGVs to travel. This could either be with a wider area for which the AGVs can
move through or by controlling the paths for which AGVs can travel. The major choke point

for the simulation can be seen below in Figure 29

Figure 29 AGVs Moving through each other

Another issue that skewed the results was the fact that the simulation allowed in odd
circumstances for the AGV to travel through the walls of the building, as shown below inf

Figure 30
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Figure 30 AGV moving through walls

This problem was caused due to the close proximity that AGVs could get to the wall, and once
crossed, the occupancy grid broke the logic of the AGV as to where it is allowed to travel. The
simulation setup is also difficult as the occupancy grid needs to be created from an image that
is built from solid whites and blacks. When trying to create the shipyard on the size needed
to simulate the AGVs accurately will be cumbersome, as shown below. The AGV spawn, pick
up and drop off locations will also need to be exactly placed using the quaternion coordinates.
This then reduces the adaptability for the defence company as the shipyard changes. Running

varying simulations will too be difficult.

Figure 31 Failed attempt at creating binary occupancy grid for shipyard

7.6.2 ANYLOGIC:
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Taking the knowledge gained from the past two attempts, it was decided that the best
approach would be to use software that is used in industry to simulate AGVs in order to gain
an understanding of how these systems work and how the software handles the AGV logic
and fleet management. The software, as previously done, was finalised down to 4 main
pieces of software by using a very similar MoSCoW diagram; however, this time, the prior
knowledge is not as important as the software need to be learnt due to there being no prior

knowledge.

Table 11 MoSCoW for software criteria

Easy to use

Prior Knowledge

Tutorials for software

Adaptability

Visualisation

Free version

The final decision was then again decided with a Pugh matrix where the final software was

found to be AnyLogic, FlexSim, PlantSimualtion and Arena shown in Figure 32.
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Decision to be made:

Anylogic FlexSim Piant Arena
Simulation
Easy lo use 5 4 4 4
Tutorials for 5 5 3 3
software
AGV fleet size 5 4 4 4
calculation
Detailed output 5 4 5 4
data
Free version £l 5 4 4

Figure 32 MoSCoW diagram for industry software to learn how to create an adaptive model

All of the software above has the ability to be used to simulate the AGVs in the shipyard;
however, AnylLogic received the highest score. This is due to its user-friendliness of the
program. There are various tutorials the software thoroughly goes through in step by step
basics method. This is ideal, especially due to the time frame that the software needs to be
learnt in. A further bonus is that AnylLogic provides students with full access to the software
to use all the features, with the only downside being that the simulation can only go for one
hour. This does not affect the project as the software is mainly used to learn how an AGV fleet

is controlled in industry.

After having a further meeting with the defence company, a simple system area was decided
to be used for testing. The system is one distribution centre and three warehouses shown in
Figure 33. The simulation works by having the number of AGVs and their travel speed selected
at the start of the simulation. Goods will then come into the warehouse, are stored, and then
moved to the various warehouses. The AGVs, in this case, are separated into indoor and

outdoor AGVs.
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The unique aspect that Anylogic offers is the fact that the view can be switched during
simulation to 3D or 2D statistical. The 2D statistical is set up to track the AGVs travel time to
and from delivery while also tracking the Idle time of the AGVs. The view also provides a heat

map of the AGV travel locations allowing for trend lines in the AGVs path to be identified.

o

Figure 33 simple warehouse distribution simulation

The key learning that was achieved by creating the simulation in industry software is the
method at which the system controls the AGV. Since AnyLogic used block programming, the
logic can easily be broken down. This then allows for a strong foundational understanding of
the process in which AGVs are allocated loads and how the AGV interacts with the loads and
loading area. This new gained logic is the foundation for the final Unity model in an attempt

to correct the first failed project. The new logic can be seen in Figure 34
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Figure 34 Logic diagram created to move parcels with an AGV fleet

The logic Flow:
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1. Parts to be delivered come in

The start of the simulation involves setting the incoming goods to 2000. This is done as the
student edition of the software only allows for 1-hour simulation, so an arbitrarily large

number was used such that the AGVs would always have items to deliver.
2. Conveyor belt moves a component.

In order to create a sufficient pickup point for the AGVs, a Conveyor belt is used to deliver 1
item at a time; thus, in order for the AGV to recognise the location, the Conveyor belt must
have both a start and an end to the system detects the Conveyor belt and moves it when

there are objects spawned onto it.
3. AGV Controller allocates an AGV

Once a parcel is in the loading zone, the system then allocates an available AGV. This is
handled by AnyLogic built in the AGV controller. The AnyLogic AGV controller is the brains
behind the system and allows for a multitude of actions to occur when using either groups or

a single AGV.
4, AGV Controller selects a rack location

Once the AGV is designated a parcel, the system is able to allocate the AGV a specific rack
position. For this simulation, the AGV is only given the column of where the part should be
stored; it can then determine on which of the three levels to store the object depending on

occupancy.
5. AGV Controller Releases AGV

The AGV controller monitors the AGVs states, and once a parcel is delivered, it triggers a

release function which puts the AGV back into the system to be used.

6. AGV Controller selects AGV to move an item from the main warehouse to either

warehouse one or warehouse 2
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The system that was designed moves goods from the main distribution warehouses to 3 three
other warehouses, the flow of materials was a number that was approximated during
meetings with the defence company for test purposes where 70% would go to warehouse 1
and 30% to warehouse 2. The AGVs would then, depending on the number of deliveries
occurring, move components from either warehouse 1 or 2 into warehouse 3. This process
essentially simulates a small setup where components move between different stages in

manufacturing to meet at a final assembly point.
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7.6.2.1 RESULTS

As specified above in the MATLAB portion of the AGV system, one method for controlling

chokepoints is to enable speed control. In order to test this, the AnylLogic system was set up

such that it allowed for the user to input the number of AGVs and the speed at which they

were able to traverse the map.

When running the simulation, it was found that the system was deterministic. This meant that

there was no point in repeating any of the experiments. The experiment was set up such that

there were three levels of AGV numbers tested at three different speeds. This results in a

total of 9 simulations for the system. The results for the runs can be seen below in Table 12

AnyLogic AGV tests with varying speeds and Figure 35

Table 12 AnyLogic AGV tests with varying speeds

Speed Number of AGVS Idle
4 1279
6 1264
8 1182
4 1602
6 1586
8 1650
4 1721
6 1748
8 1764

Delivering

1232
1238
1296
1081
1039
1090
980
979
985

Pickup

953
1003
1009

838

867

791

831

783

746
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Number of AGVs Vs Total Time
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Figure 35 Amount of time spent delivering parcels Vs AGV numbers

Looking at the system, it can be seen for the most part that adding more AGVs to the system
improved the overall productivity. However, in the case of the AGVs running at 0.5 m/s, it can

be seen that the more AGVs that are put in the system, the worse the system got.

The reason for the increase in time for the AGVs travelling at 0.5m/s can be factored down to
2 causes. Firstly, due to the chokepoints that were encountered in the MATLAB simulation
above. The second cause is because this simulation works off having 3 AGVs in the distribution
centre and 1 AGV delivering between warehouses, and since the system does not track idle
time due to the 1 hour of simulation time permitted, the other values of pickup and drop-off
were amplified due to the slow traversal of the AGV resulting in less idle time as getting to

destinations took longer.

The main chokeholds in the system can be seen in the Figure 36 below, where the green

highlights are where AGVs travel and spent a longer amount of time.
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Figure 36 Choke points for parcel delivery

Looking at the overall times of the system, it can be seen that the performance improved as
the number of AGVs increased. This is especially prominent when the speed and the AGV
increases. Figure 37 shows that when the AGVs are at their slowest, increasing the number of
AGVs has a negative impact, this is caused by the time in which it takes AGVs to navigate
around one another, thus when increasing the speed, the number of AGVs has a more positive

impact as they are able to traverse each other faster.
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AGVs Speed Vs Total Time
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Figure 37 AGVs of varying speed and number vs the amount of time spent delivering parcels

Problems with the simulation:

Even though the system provided a much greater understanding as to how an AGV controller
operates and the implementation of one, it was not without its own faults that could prove

troublesome when attempting to implement an adaptative model.
e No Charge Logic

The way that the current AnyLogic system works is by making the AGVs return to base when
there is no task for them. This is the current solution to the charging logic. This, however,
does not apply inthe real world as AGVs will run out of battery unless it is specifically managed
and told when to go and charge. One example discovered is in a business called Orora, where
the AGVs charge for two minutes every hour on high current chargers. This logic is built into

the AGV controller.
e Collison and path logic

The collision and path logic seemed to be somewhat odd as sometimes an AGV would be

resting in an Idle position until getting clipped by another AGV resulting in the other AGV
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going into an infinite spin until requested by the AGV controller to stop. It should be noted

that this did not have any functional effect on the system.

e Path weightings

Another feature that is difficult to incorporate in the software is path weightings. Path
weightings allow the AGVs to take paths that are normally blocked off to them unless their
current path is blocked and less efficient to travel. Having path logic in a simulation allows
much greater control when creating AGV logic as it allows for structured flexibility in the
system. This is not achievable at all in AnyLogic or without advanced levels of knowledge of

the software program.

e 3D models

Another problem encountered in the Anylogic system is the ability to integrate custom
models into the simulation. While it is not impossible to add custom 3D models to AnyLogic,
it is not ideal as there are a few conversions that normal 3D models will need to go through.

This is due to the fact that AnyLogic prefers to get its users to use their 3D objects.

e The number of items delivered.

Another test was done to calculate the throughput of the system based on the 1-hour time

frame given by AnyLogic. This is shown in Figure 38 and Figure 39
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Figure 38 Total number of parcel deliveries within 1 hour of simulation with varying number of AGVs
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Figure 39 How speed effects throughput of the system with varying number of AGVs

It can be seen that as the speed and the number of AGVs is increased so as the overall
throughput of the system did. The results however for the most part show a linear/ almost
exponential growth particularly in Figure 38. Figure 39 however does start to show some
plateauing when the simulation was run with the AGVs traveling at 2 m/s. The main limitation
in this test is the fact that the simulation can only run for an hour thus making it difficult to

find the optimal number when it comes to testing. This however was not the purpose of the
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simulation, which was to demonstrate how does an industry software handle an AGV fleet

from which it did achieve this.
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7.7 OPTION C:

Considering the knowledge gained from the previous phases between the previous Unity
model, MATLAB and AnyLogic, a new AGV system is created. The goal of the new system is to

compensate for the flaws found in previous systems.

e Control logic

o State machine

The main method of controlling the system was determined to be a state machine. The
reasons a state machine is the best choice for this kind of system is because of the way in
which Unity calls the function frame by frame. As seen previously in phase one, when a state
machine was not used, there were ample ways for Unity to skip frames and AGV commands,

especially as the number of AGVs increased.

The state machine allows for the system to recover even if a frame is skipped as each AGV
keeps track of its state, and if it is in the incorrect state, the system will normally fix this within
a frame or two, meaning there are no noticeable control flaws on the system. Figure 40 below
shows what this state machine looks like and the main logic flow of the system. This state is

run every frame in order to keep the system up to date.
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Figure 40 State machine logic for Option C AGV controller

When an AGV is moving to a certain destination, it is given a state as the AGV reaches said
destination. The AGV then notifies the controller. Depending on the previous state, the
system will designate the AGV as a new state along with a new goal location. This then allows
for some of the workload to be taken off the AGV controller as the AGVs are directly put in

charge of monitoring and notifying the system of state changes.

The system will iterate through every AGV and check to see if the AGV has changed state once
per frame in order to prevent logic flaws that could end in deadlock, as seen in Option B. This
method is better than the method in Option B as it does not rely on arrays that contain an
AGV when it's ready to use and a separate array that contains AGVs in use. The system just

looks at each AGV as it is, then assigning it a new task when it's complete.

e AGV Speed control — how it works

The new method of controlling the AGV also allows for a system to be integrated which allows
the speed of the AGV to be controlled up to 100x, allowing for long term simulations to be

carried out.
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The time is integrated into the system by a method of using a universal clock from which all
aspects of the simulation reference. What this allows for is the user to speed up the clock,

which then directly speeds up all other elements of the system to match the new clock speed.
e AGV data tracking — how it works

Since the new system in Option Cis far more streamlined than the previous Option B version,
thanks to the help of the MATLAB and AnylLogic AGV system. Data tracking becomes simpler,
as the AGV controller loops through each of the AGVs, the amount of time spent on that
particular AGV state is captured. This allows for an overall system view of how the AGVs are

performing and allows for the user to see if the amount of AGVs is too little or too much.
e Battery Logic

In a study done by (Hamdy n.d.) it was found that the AGV has a battery consumption rate of
0.0011 per ft which is then equal to 0.3 * 0.0011 = 0.00033 per meter. The constant is found
to have 90% accuracy which is acceptable since the system is not mimicking specific AGV. It
should be noted that this value compensates for a loaded and unloaded AGV thus creating

the 10% discrepancy in the accuracy.
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7.7.1 OPTION C RESULTS:

In order to prove the system functionality, an initial first test was created, where the object
of the system was to deliver 200 parcels to 2 warehouses from a signal distribution centre.
The distribution of the parcels followed a similar logic to that of the AnyLogic in Option D,
where 30% of the parcels were allocated to one warehouse and 70% to the other. Figure 41

below shows the setup of the simulation.

Figure 41 Option C simulation warehouses and distribution centre

Looking at Figure 41 above, it can be seen that the simulation is set up such that the middle
has an increased waiting to it. What this means is that the AGV will not move into this zone
unless other paths are blocked, and that becomes the quickest option based on weightings.
This type of feature was not present in any of the previous simulations, thus giving this one a

more flexible environment to work with.

The simulation was run with varying numbers of AGVs. The results can be seen below in Figure

42.
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Time To deliver 200 parcels Vs Number of AGVs
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Figure 42 The amount of time the system took to deliver 200 parcels

As can be seen in the graph above, as the number of AGVs increases, the overall speed and
performance of the system increased, allowing for the parcel to be delivered in a quicker time
frame. However, the system does show that as the number increased, the graph starts to
plateau. This is because the simulation is reaching its maximum number of AGVs, and the

impact of adding more AGVs is minuscule.

This type of result is as expected as no AGV system is ever linear, even proven by the MATLAB
Option D results where the system still had time increases with the AGVs being able to pass
through one another due to the AGVs overcrowding and preventing other AGVs from

delivering.

In order to mitigate bias in the simulation, it was run another 30 times with varying AGV
numbers. However, this time the value between which drop off points being targeted were
randomised, allowing for a more diverse delivery pattern. The results for this are shown below

in Figure 43.
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Figure 43 The amount of time the system took to deliver 200 parcels averages

Looking at the system above, it can be seen that the trend of time plateauing still holds true
from the initial test in Figure 42 previously shown, thus showing that the system does start to

behave as expected even with randomised outputs.

Another test of the system is to test the throughput. This is like the one conducted in
Anylogic, where the systems test how many deliveries can be done in 1 hour of simulation
time. The test, as before, randomised the drop off points. The simulation is first tested when
the AGVs have not dropped off time, thus resulting in the maximum number of AGVs the
simulation can absolutely handle under the most optimal conditions. Figure 44 below shows

the results of the simulation.
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Throughput of the system
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Figure 44 Throughput of the system between two warehouses with no wait time on the AGV

Looking at the simulation, it can be seen that the system behaves in a linear fashion until
about 50 AGVs. After 50 AGVs, the system begins to drop off as the AGVs start to cause traffic
jams resulting in AGVs unable to maneuverer around as easily. However, when setting the
simulation to behave like a normal system where AGVs have to pickup and drop off products
with an average time of 30 seconds for a pickup or drop off as found by (Azimi, Haleh &

Alidoost 2010), the following Figure 45 is created.
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Figure 45 Throughput of the system between two warehouses with 30 second wait time on the AGV
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As it can be seen, the system starts to behave as expected as the AGVs start to queue up the
plateau occurs with far fewer AGVs which in this case is around 7 AGVs. This demonstrates
that the system is starting to behave like a normal system, and the AGV controller is directing

AGVs correctly and preventing deadlock, unlike the Option B and MATLAB simulations.
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8 PRELIMINARY INVESTIGATION INTO HUMAN FACTORS

In order to gain an understanding of how AGVs can have an impact on people in a working
with and amongst the AGVS. And attempt was made to incorporate human factors research

into the project.

Incorporating human factors into the project required a questionnaire and ethics application
was created. The ethics application focused on "How can autonomous vehicles be effectively
used for effective fleet delivery in manned and unmanned teaming of last-mile delivery
vehicles and what is the impact on worker productivity, safety and trust in these emerging

technologies?”

The people to be interviewed were the defence company employees with experience in

working in shipyard and recent exposure to relevant technologies in industry 4.0.

The interview was to cover key human factors related to technology acceptance including
performance expectancy, effort expectancy, safety / trust in technology, culture,

innovativeness and behavioural intention (Venkatesh et al., 2003).

Due to COVID-19 however there was great difficulty in conducting the interviews thus they
were not included. In order to gain data, a pilot study was conducted with the defence
company’s Research and Technology team as well as an onsite visit to another small and
medium sized enterprise (SME) ORORA Glass to see how they had integrated AGVs into their

warehouse along with their current forklift drivers.
8.1 ORORA GLASS VISIT

One key aspect to the research into AGV integration with people was to visit a site that had
accomplished a feature like this. One of the unique aspects of the ORORA Glass AGV
integration was creating a separate warehouse where only AGVS where allowed. The AGVs

stacked items form the production line.
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What this allowed ORORA to achieves was take out the repetitive tasks of the drivers and let
them focus on the more complex task of loading trucks and managing the weight distribution

of the different glass bottle types.

When talking to the logistics team and the head forklift driver it was found that incorporating
such technology had greatly reduces incidents of falling pallets and had reduced stress on
drivers preloading pallets. Thus, this resulted in increased work health safety of the drivers

and warehouse workers.

8.2 RESEARCH WITH THE DEFENCE COMPANY

Throughout the process, various meetings were held with key subject matter experts from
the defence company. These meetings were to show the system as well as get feedback on

the system.

The initial concept was to integrate into the current shipyard the AGVs however, as meetings
progressed and the defence company was still planning the location of the facilities, It became

a greater focus on having the system be more adaptable.

The system progressed from having the AGVs travelling around the shipyard to a more simple

example.

When having the meetings with the R&T team, the key areas of discussion were mainly

around the performance expectancy and effort expectancy.

8.2.1 PERFORMANCE EXPECTANCY

The performance expectancy of a system can be defined as the degree for which an individual
believes that by using said system it will help the attain gains in their given job (Venkatesh et

al. 2003, p. 447).

One of the performance expectancies of the system was that it was not too important as to

what happens to the package once it reaches its destination, as stated by a participant below.
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“I think the internals of the other buildings is not so much a concern because it is just not going
to be that much space to be storing things in the other buildings, as soon as it gets dropped

off, it will get used.”

This shows that the system mainly focuses on delivering the components between the
buildings as the defence company might try and do a lean manufacturing environment where
the parts only arrive as needed. Another aspect of the simulation is that the level of graphic
detail is not too much of a priority, but rather the logic of the system needs to be correct, as
stated by a participant when asked about the different Visual elements that could be added

to make the simulation look better.

“l am not a visual person. | do not care. The actual functionality | care about.”

8.2.2 EFFORT EXPECTANCY

The effort expectancy of the system is defined as the degree of ease in using the system

(Venkatesh et al. 2003, p. 450).
Effort expectancy is defined as the degree of ease associated with the use of the system.

in terms of the effort expectancy, it was made clear that it would be ideal to have a slider
system that allows the various variables to be adjusted, such as the number of AGVs and

speed.
“The important thing is to have all these things that we are talking about as sliders.”

This will provide a more on the fly adaptability to the system allowing the user to make
changes to the system in real-time. This is a consideration for future improvements to the

project.

8.2.3 CULTURE

The culture aspect is the degree to which the company uses technology in order to make

decisions. Culture of using the system can also be impacted by a social aspect by which degree
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the individual perceives that others believe they should use the system (Venkatesh et al.

2003, p. 451).

From the various general discussion with the R&T team, there is a strong culture towards
simulation as a method of making decisions; however, the level of the impact varies between
the different aspects of the shipyard. When implementing an AGV system, the simulation
plays a very large role as it allows for a value to be obtained as to how many AGVs will be
needed, the speeds for which the AGVs can travel and various other metrics that the team is

interested in.

Simulation technology also seems to be picking up in the shipping industry as it allows for

cost-effective rapid prototyping without the need to manufacture components right away.

8.2.4 INNOVATIVENESS

Innovativeness is an idea or product that features new methods; advanced and original

(‘innovativeness’ n.d.).

From discussion with the R&T team, there is potential for innovativeness in modelling in the
shipyard; this is further backed up by creating various research projects that focus on
simulation, such as the one shown in this thesis. The R&T team has various other projects that
focus on simulation as a method of creating more understanding for employees and creating

visualisations for onsite visitors and government officials overseeing the project.

8.2.5 BEHAVIOURAL INTENTION

Behavioural intention is the extent for which user will use the given system in their job

(Venkatesh et al. 2003, p. 456).

Talking with the R&T team during the project discussion about the system showed that the
simulation developed could be used by the defence company; however, it would not be used
to make a final decision as this would be the AGV manufactures' job their industry level AGV

software.
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8.3 FUTURE PROGRESS

Due to the States and business opening up now future progress can be made by going and
performing the original interviews on the defence company employees with experience in
working in the shipyard. These interviews are the most crucial as it foster an increased
understanding of how these system can be integrated as well as the impact it will have on

those who. Will actually directly interact with a system like this.
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9 DISCUSSION

9.1 OPTION B:

Phase one of the project was the initial attempt at understanding the problem and using unity
to create a solution. Option B allowed for a greater understating of AGV systems and how
unity works and how data and objects are created and based between various scripts. The
key takeaway from Option B is how crucial scheduling and AGV increases are on a system and
that if the logic in a system is flawed, it can result in extremely large delays and large traffic

jams.

9.1.1 AGV SCHEDULING DURING IDLE TIMES

The paper A framework for selecting idle vehicle home locations in an automated guided
vehicle system (C-H & Egbelu 2000). Dwell points were created for AGVs. These points are
intersections that have the optimum distance between all pickup points in their area. Using
this methodology, AGVs have the shortest distance possible on average when assigned a task.

An illustration of this can be seen in the Figure 46 below.

Removed due to copyright

restriction

Figure 46 Location to store AGV during idle times for (C-H & Egbelu 2000) system
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To develop a system like this, key pickup locations will need to be able to, in theory, must be
able to hold the given number of AGVs in the case of no deliveries required. However, one of
the key problems with this simulation is that they do not specify when the AGV should move
back to the Idle base but instead take a mathematical approach using heuristics to calculate
the optimal idle position in a system with the optimal solution being found 84% of the time.
(Moussa 2020) on the other hand in the article Manufacturing 4.0 Operations Scheduling with
AGV Battery Management Constraints describes how to tell when the AGV should go to an
Idle location based on the current battery charge of the system. This type of system is
modelled on an AGV operation that is nonstop thus requiring careful management of the
AGVs battery level when delivering and picking up objects. Thus, it is assumed the AGV is
never idle. Using the conditions below, a cost function is used to calculate the optimal
charging location while the AGV is in transit, based on the various conditions the AGV could

be in.

1. The nearest battery station.
2. The farthest reachable battery station on the current route.
3. The first battery station encountered on the current route.

4. The battery station leads to minimum delay.

In a study by (Leite et al. 2015), they simulated a plant using an AGV system in an industrial
environment and analyses the advantages and disadvantages of the project. The simulation

can be seen below in the Figure 47
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Removed due to

copyright
restriction

Figure 47 (Leite et al. 2015) simulated plant

In the simulation, the system used 7 AGVs from which the average Idle time for all the AGVs
was 0.16%, with an approximately 5% downtime of the system and 95% overall utilisations.
This can be seen in the Figure 48 below. When comparing this with the results obtained from
Option B, it is clear that the Option B ship simulation has extremely different results where a
value of over 30% idle time is achieved. Comparing this to the 0.16% found in an industry-
standard simulation, it can be seen that the model is flawed. The Option B model also
achieved an overall utilisation of 70%, which is 25% less than the industry standard model

shown above.

Removed due to copyright restriction

Figure 48 Percentages of AGV use in (Leite et al. 2015) study
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The Option B model can be seen to be missing some key features as outlined in all three of
the simulations. It can be seen that by potentially applying the methodology from selecting
idle locations and a battery management system, Option B could potentially reach a

utilisation rate of 95%.

9.1.2 WHAT SHOULD BE THE EFFECTS OF INCREASING AGVS IN A SYSTEM

When looking at the paper written by (Lyu et al. 2019b) where the paper has a main focuses
on AGV scheduling in a flexible manufacturing system by simultaneously considering the
optimal number of AGVs this means the study will look at the effects of a system in parcel

delivery time with respect to the number of AGVs added into the system.

Looking at the graph below in Figure 49 as the number of AGVs in the system increased, the
system's performance increased. Looking at the Figure 49 when there is only one vehicle in
the system, the waiting time for the AGV is zero as the system 100% utilises the AGV;
however, the overall time that it took to deliver all parcels is at its peak. When there are 7
AGVs in the system, the operations are performing at their peak. However, the waiting time
for the AGVs is also at its peaking, meaning that the AGV utilisation is extremely low, thus

adding lots of unnecessary cost to the system.

Removed due to

copyright restriction

Figure 49 (Lyu et al. 2019b) AGV number vs time for deliveries to complete

101



The key difference when looking at this data as opposed to the data from Option B in the
Figure 18 above is that as the number of AGVs was increased in Option B, the system did not
react in the same manner. The system behaved identically as more AGVs entered the system
except for the added congestion at certain delivery points. One of the core reasons for this is
due to the system locking up, causing AGVs to not finish performing deliveries due to the
congestion. The systems Idle time also does not have the same response as there is no
exponential growth occurring but rather a continuous 30% idle time no matter the number

of AGVs utilised.

It can be expected that the data of the Option B system should follow the trend identified in
the Figure 49 above when it comes to the time to complete tasks based on the number of

AGVs.

9.1.3 REALTIME SYSTEMS VS SPED UP SYSTEMS

When comparing Option B of the project to other simulations, the time for which the
simulation runs come nowhere close. Looking at (Leite et al. 2015) where the AGVs were
utilised for 90, in order to accomplish this a simulation would require a system that can adapt
in speed; otherwise, in order to get any valuable data out of the system, a person would have
to wait 90 days for the simulation to complete. At its current state phase, one simulation is
only slightly faster than a normal AGV, resulting in a simulation time of approximately 75 days
to simulate the same system. This is extremely undesirable for a system and is a key aspect

of the simulation that needs to be addressed.

One of the key differences in the simulation models is the software used for the simulation.
The previous examples in the discussion all use industry software allowing for large time
scales to be simulated. One way to replicate this kind of process the system clock for unity
will need to be scaled while then converting all aspect of the simulation to the function of the

new clock, thus allowing the speed of AGVs and battery calculations to work faster.
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9.1.4 OVERALL DEDUCTIONS

The overall deductions from Option B are that the system needs major improvements to
prevent deadlock and allow for the user to control the speed of the simulation allowing for
greater control. In order to do this, these real systems are to be investigated to understand

how the industry approaches these problems.

9.2 OPTION D:

Option D focuses on adapting and learning how pre-built systems operate and how to
incorporate those features into unity. This phase is split into two aspects: MATLAB and the

other on an industry software called AnyLogic.

MATLAB

In MATLAB, a simulation of LineZero at Tonsley is used to move parcels from 1 pickup point
to three drop-off points. Through the use of occupancy grids AGVs are programmed where

they can travel.

9.2.1 COMPARE TO LITERATURE REVIEW SOURCES WITH AGV INCREASE ON THE
SYSTEM.

When comparing the MATLAB AGV system to the one created by (Lyu et al. 2019b) in the
paper "approach to Integrated Scheduling Problems Considering Optimal Number of
Automated Guided Vehicles and Conflict-Free Routing in Flexible Manufacturing Systems"
seen in Figure 28 above, it can be seen that the system does not follow the same curve but
rather decreases until it reaches 4 AGVs then the system starts to increase as more AGVs are
added. As opposed to the data in Figure 49 which starts to plateau as the AGV number
increases showing no further performance improvements after approximately 4 AGVs are
added. This plateau is what is to be expected out of the MATLAB AGV system; however, this
is not the case. There are two main causes for this issue, as discussed in the results. The first
reason is the choke points in the system, which in this case, the main choke point is the pickup

area where all the AGVs gather waiting to be assigned a parcel. The second cause is the
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method for which the AGVs use to traverse each other, that being that one AGV will be
brought to a stop and the other AGV being allowed to move through it. What can happen is
that the AGVs can take a while to traverse through a large number of AGVs as the system will
give one priority to move then the next and so on until all the AGVs have moved. Figure 50

below explains this situation with a simple example.
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Figure 50 MATLAB time increase as number of AGV increases

Looking at the Figure 50 above, it can be seen that an AGV takes 4 seconds to pass another
AGV due to stopping and organising which AGV gets priority each time. This means that as
there are more AGVs introduced into the system navigating each AGV takes longer. Thus, it
can be seen that in an AGV system, it is crucial for AGVs to have the ability to navigate around
each other, thus reducing this time delay and allowing the system to behave like the one in
the Figure 49 above. This type of system will prove troublesome if a business is to expand or
get more orders than usual as it will just cause all the orders to take longer when trying to use

more AGVs.
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9.2.2 AGV SCHEDULING DURING IDLE TIMES

The AGV system works by taking all available AGVs and programming them move to the
distribution location. This results in the distribution location becoming the waiting area for
AGVs to get assigned packages. Comparing this to other systems such as the one made by (C-
H & Egbelu 2000), where the AGVs are assigned waiting areas that give them the optimal
distance to the various loading zones, the performance is far below expected. As can be seen,
by the data obtained from the Option D MATLAB simulation, it is not ideal to have a system
that does not have a waiting zone for the AGVs as this causes the system to perform worse

as the number of AGVs is increased due to traffic jams as shown.

9.2.3 CHOKEPOINTS AND DEADLOCKS IN AGV SYSTEMS

Due to the path size is given for the AGVs in the simulation, it can be treated the same as a
bi-directional AGV simulation. When comparing the simulation to other bi-directional
systems, it can be seen that there is no method for handling deadlocks and blocking. The
paper "Shortest Routing of Bidirectional Automated Guided Vehicles Avoiding Deadlock and
Blocking" by (Wu & Zhou 2007) shows that adding a method compensates for a deadlock can
exponentially help a system. The paper shows that one of the best methods for preventing
deadlock is to calculate all AGVs paths that are active before assigning the current AGV a path.
By using this method, the AGVs are able to manoeuvre far more effectively as priorities are
given even before the AGV moves, allowing for a system in Figure 50 to behave in a manner
where the AGV going the opposite direction to the three AGVs could just pass through all

three at the same time without recalculation.

Another major aspect between the MATLAB Option D simulation and other AGV models is its
method of handling AGV collisions such that the system allows AGVs to pass through one
another. Other models do not have this feature as it causes simulation issues and reduces the
overall accuracy of the system significantly especially if the simulation runs for a three-month

time frame.
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The paper “Multi-AGVs Collision-Avoidance and Deadlock-Control for Item-To-Human
Automated Warehouse", written by (Yan, Zhang & Qi 2017b), discusses the impact of
deadlock in an AGV system. The paper proposes various ways to try and mitigate deadlocks
by proposing rules and various control strategies. Below in Figure 51 is the map of the

warehouse and the graphs obtained in their study on deadlock.

Removed due to

copyright
restriction

Figure 51 Grid warehouse layout in (Yan, Zhang & Qi 2017b) study

Removed due to copyright restriction

Figure 52 impact of AGV amount in relation to through put for (Yan, Zhang & Qi 2017b) study

Looking at the graph in the Figure 52 above, it can be seen that as the number of AGVs enters
a system, the average delay increases. What this shows that the MATLAB Option D model is
somewhat correct with its values as the system responds. In the same way, the more AGVs,
the greater the delays. However, the key difference is the system proposed by (Yan, Zhang &
Qi 2017b) has controls in place to mitigate the effect and overall prevent the deadlock. This
is proven by the system handling 40+ AGVs while the MATLAB system cannot run a simulation

with greater than 6 AGVs. One of the key aspects of the simulations that allows it to avoid

106



deadlock is to control the AGV and control which lane is accessible to the AGVs. What this
means is that the AGV cannot take a path that has already been claimed. This method does
result in some AGVs travelling a greater distance; however, overall it prevents collisions and

deadlock while also reducing the total time.

The AnyLogic Simulation focused on a small warehouse simulation in order to understand the
impacts of AGV fleet size increase on throughput as the simulation could only run for 1 hour,

thus making throughput a key result from said simulation.

9.2.4 COMPARE TO LITERATURE REVIEW SOURCES WITH AGV INCREASE ON THE SYSTEM

Comparing a similar study done by (Valmiki et al. 2018), where the throughput of a system
was compared to the number of AGVs. The following results in Figure 53 were achieved from

their simulations in a small manufacturing environment.

Removed due to copyright restriction

Figure 53 (Valmiki et al. 2018) warehouse study and AGV throughput

Looking at the Figure 53 above, it can be seen that as the number of AGVs increased, the
system had a higher throughput until approximately 15 AGVs. After this point, the system

started to plateau, which has been seen in previous models.

When comparing this to the AnylLogic throughput, there are some similarities when taking
the scale difference of the simulations into account. As this simulation is on a smaller scale
inside a factory-direct throughput comparison is not possible. However, some trends can start

to be seen in the Anylogic data.
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The main trend that can start to be noted on the Option D AnyLogic simulation is when the
speed is set to 2 m/s as the AGVs start to come closer to the limits of the system, a small curve
is almost observable. This is as expected as AnyLogic is an industry software and is designed

to manage AGYV fleets at an industry level.

The simulation, however, is only for learning and understanding purposes; thus, the level of
depth that the simulation can achieve is nowhere near the scale shown in the Figure 53 above.
The key differences between the simulations are the number of AGVs that the simulation is
designed to handle, the Anylogic has the ability to simulate 8 AGVs with the current

configuration while the other simulates is shown to simulate at least 20 AGVs.

9.2.5 AGV SCHEDULING DURING IDLE TIMES

When scheduling the AGVs, the system makes the Idle AGVs return to the closest available
home base, similar to the system shown by (Moussa 2020). The key difference, however, is
that the Option D AnyLogic does not take the battery or other external factors such as battery
life of the vehicle. The furthest reachable battery station on the current route. The first
battery station encountered on the current route or the battery station that leads to
minimum delay into consideration when choosing the idle location. This is mainly because the
simulation does not factor in charge of the AGV, which is a major flaw addressed in (Moussa
2020) simulations. Since the AnyLogic simulation only runs for 1 hour due to the educational
use limits, it is not possible to simulate these effects of battery on the system. (Hamdy n.d.)
discusses that this is a common problem in many AGV simulations where the battery of a

system is not taken into consideration

9.2.6 CHOKEPOINTS IN AGV SYSTEMS

As previously mentioned, chokepoints have been a key problem with the AGV simulations.
The Option D AnyLogic system handles these chokepoints very well. One of the key reasons
is the ability for the AGVs to easily navigate each other based on the logic that is used in the
Anylogic free roam AGV feature. Since the simulation does not require the AGVs to follow a

particular flow path, it allows the system to calculate many different paths around a particular
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object. This being said, there are still some choke points in the shelving area of the system as
it provides a small area for many AGVs to traverse. The open plan AGVs navigate the system
just as efficiently as flow path AGVs in terms of overall time as when the AGVs are in closer
proximity. More care is taken when manoeuvring one another, while the open space

navigation makes up for any time delays caused by the congestion in the system.

9.2.7 DETERMINISTIC SYSTEMS

The results of the AGV system are deterministic, meaning that there is no randomness. This
was tested by changing the various values in the system, and no change was noticed when
using exactly the same values between runs. One of the key reasons that a deterministic
system can be beneficial is that it can prevent a system's deadlock. This is used in database
systems often (Ren, Thomson & Abadi 2014); however, it can apply to AGVs system as
manoeuvring through a system can be similar to navigating databases in particular graph
databases. However, determinist systems also come at disadvantages. More pre-calculations

are needed to run the system; thus, initial loading and start-up times can take a while.

9.2.8 OVERALL DEDUCTIONS

The overall deductions that can be made is that the collision logic on the AGV needs to
account for more than just one move into the future as the system will end up in a deadlock,
as demonstrated by the MATLAB code. The system should also be robust enough to prevent
AGVs from travelling through walls and clipping each other. It can also be seen that battery
charge is a key feature that is missing from the two AGV systems and is a necessary feature
for simulations to run for more than 1 hour. The AnylLogic system behaved as expected but
lacked data due to simulation time frame and the initial setup of the system with a number
of AGVs but overall served its purpose in providing a deeper understanding of how fleet
management is done in an industry setting and the types of commands and states that an

AGV can be in.
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9.3 OPTION C: UPDATED AGV CONTROL

9.3.1 AGV SCHEDULING DURING IDLE TIMES

In the Option C simulation, the AGVs Idle time is handled differently from that in the AnyLogic
and in the system (Moussa 2020). In the Option C simulation, the AGVs currently return to
their original Homebase, where they are spawned. When the AGVs are at the base, they also
start to charge. However, one of the key issues with this design is the fact that the AGVs will
always spawn in one location. Thus extra care needs to be taken into account when selecting
the base location as it needs to be in the optimal area as shown by (C-H & Egbelu 2000) in
Figure 46 above. Some problems that can also occur from the Option C model is the fact that
the user has no choice to try and diversify charging locations that will allow for unique

charging logic to take place, such as the list below found in (Moussa 2020) paper.

The nearest battery station.
The farthest reachable battery station on the current route.

The first battery station encountered on the current route.

S e

The battery station leads to minimum delay.

In order to incorporate something like this into the system, a process can be put in place
where the user can drag locations on the map, and the software will automatically populate

that area with the optimal number of AGVs that can comfortably fit in said area.

9.3.2 BATTERY CHARGING

As stated before, each AGV is spawned with its own charging station. This is not an ideal
situation as it increases purchase cost, maintenance cost, and space that the system takes up.
When looking at companies such as ORORA, the head of logistics stated that the ratio is 0.42:1

for charging stations (Watson 2021). Figure 54 below depicts this relationship.
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Figure 54 Industry charging station to AGV ratio

This type of situation is ideal, especially in 24/7 manufacturing environments, as it is
extremely unlikely that all AGVs will need to be charged at the same time, and even if that is
the case, the AGVs should not go to charge when they are just about to run out of battery as
allowing the battery to drop below 20% is not good for the system. Thus, the AGV should

always have at least 20% battery, thus giving it time to wait or finish a delivery while waiting.

In order to create a simulation that follows this relationship, the charging logic will need to
be adjusted. According to a paper by NEC Energy Solutions (‘When-it-comes-to-powering-
your-AGVs-whitepaper-FINAL.pdf’ n.d.), there are two main types of charging methods. The
first method is to charge the AGV for 2 hours every 6 hours, thus resulting in 75% uptime for
the AGV. The second method is to charge for ten minutes every 5 hours, resulting in 97%
uptime. It is specified that having a battery that can charge fast, i.e. high current capable
battery, will be better for the system in the long run. The latter method is also used by Orora
for charging their AGVs with slightly stricter controls where the AGV has to charge for two

minutes every hour.

This type of logic can be added to the system by randomising the charging time between all
the AGVs every hour. The AGVs can then be stored in an array that the AGV controller checks.

If the AGV is doing a task, it can allow it to finish then send it to charge once complete allowing
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for full completion of tasks and allowing the AGV not to have to charge at exactly the
dedicated time. Another method would just be to divide the hour by however many AGVs
there are; thus, if there are 6 AGVs every 10 minutes, a new AGV can be sent to charge for

two minutes.

9.3.3 CHOKEPOINTS AND DEADLOCKS IN AGV SYSTEMS

This new system is vastly better than both the Option B and Option D MATLAB simulations
when it comes to handling deadlocks and choke points. This is due to the system's ability to
avoid obstacles as well as because it functions as a free roam AGV, allowing it to traverse as
it sees most optimal. The main choke point of the system occurs at the delivery points as the
number of AGVs increase, as demonstrated in the throughput Figure 43 above. The system

also performs better than some of the other AGV examples listed above because of this fact.

9.3.4 NUMBER OF AGV INCREASE ON THE SYSTEM

When comparing the behaviour of the system to other studies, it is clear that similar trends
start to exist. When looking at Figure 53 above on the system's throughput of a similar size
from the study by (Valmiki et al. 2018), it is clear the trend and flatting of the curve are very
similar. The study did manage to achieve higher throughput for the AGVs, but this is because
of various factors. One of the core ones would be tuning the AGV pickup/drop off times and
the speed at which the AGV can move, which are not clarified in the study. The study also
considers and focuses on adjusting variables such as the carrying capacity of each AGV, buffer

size at machining stations, number of pallets, and number of AGV's.

In order to make the system behave more like the one shown in the Figure 53 the carrying
capacity should directly affect the speed of the machine as well as allowing the user to set up

buffers on the various drop off points.

The other comparison of the system is with the study conducted by (Yan, Zhang & Qi 2017b)
where the throughput is also calculated and the graph in Figure 43 above has a similar output

to Figure 53 What this shows is that the system is starting to simulate the basic output of
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other systems from various studies showing that the state machine switch was a success over
the other more linear method of organising the number of AGVs. Another factor that should
be noted is that by using the state machine, the number of AGVs can be dramatically

increased given the correct area size in the simulation.

However, the key difference when comparing the AGVs systems is that the current Option C
model is not as organised as the ones shown. This is partly due to the system being designed
from scratch and, in particular, to be flexible, while the other systems are for known situations
with pre-existing software. The scales of the operations are also different. A greater focus was
placed on the trends of the data and not the raw values, as AGV behaviour, when it comes to

fleet size increase, is fairly universal.

9.3.5 OVERALL DEDUCTIONS

Overall, Option C behaves like other models in previous studies where the AGV fleet size
trends match the previous studies. The model is adaptable as the various pickup locations and
drop off locations that can be changed along with the number of each of the aforementioned
locations. The number of AGVs can also be changed while allowing for the simulation time to
be either increased or decreased as well as the ability to control the number of parcels

delivered or the amount of time the simulation can run for with simple code changes.

However, there are still limitations to the simulation as it does not consider a specific type of
AGV nor does it assume the AGVs will break down. The current system also works off
spawning a charging station per an AGV in order to provide a return point, this should be
optimised to match the research given by (Moussa 2020) as previously mentioned. There is
also no consideration of the operations of working with manned versus unmanned machines

as the simulation logic would be the same for a manned forklift vs unmanned one.

This simulation however does show that incorporating AGVs into a manufacturing
environment can increase productivity as the system is extremely predictable and can be

simulated to get accurate results.
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10 CONCLUSIONS AND FUTURE WORK

Overall, it can clearly be seen that incorporating AGVs into a company proves beneficial as
shown through the literature review and the various software that is designed to show

business how implementing AGVs and automation can improve productivity.

The system was able to function as expected by doing the three-phase process where the
final AGV system was able to simulate an AGV system where the number of AGVs could be

set as well as having the ability to move/add drop off and pickup locations.

There are however some limitations to the system where the AGVs do not break down and
the system does not consider interaction between manned forklifts and the AGVs, and the
system cannot be used for final quotes on AGV systems due to these limitations. There is still
future work that needs to be done in order to improve the system. Below are suggestions

that should be conducted and considered for further research:

1. A key aspect that was incorporated in the Anylogic system was a heatmap.
Incorporating the heat map will add valuable information to the system. By
incorporating a heatmap the user will be able to see key points in which AGVs are
spending most of their time whether that be due to queuing or waiting to bypass other
AGVs. The knowledge gained by a heatmap will allow for change to occur that will
better the system overall

2. Another aspect that would add value to the system is to incorporate pedestrians. By
adding pedestrians, the time values for AGVs will become more accurate while also
allowing for the user to see the impacts of certain foot paths to the AGV systems.

3. Further research can also be conducted towards finding the impact of different
material handling and AGV choice. Idle the system will allow for the user to select an
AGV from a predefined list as well as an average parcel weight thus increasing the
accuracy of the system especially when it comes to battery usage and charge times.

4. One of the key components that is missing is a simple user interface that will allow for
the various locations and drop-off points to be selected without having to reconnect

the new location in code. This can be done by allowing the user to select if they want
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to place a drop off point or pickup then detecting where they click and apply that as

the point in the system.

This project has been an exceptional learning experience in both programming as well as the
knowledge gained in the process of developing an AGV fleet control system that needed to
operate under various conditions while keeping track of all the AGVs. The project has also
demonstrated the complexities of having to integrate said systems into a manufacturing

environment.
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11 APPENDIX

11.1 TYPES OF AGVS

(‘Automated Guided Vehicles (AGV) Meaning & Types’ 2019)

Automated Guided Carts (AGC): These are the most basic of AGVs and do not normally have
many features. The systems can use magnetic strips or a large variety of sensors allowing this
AGV type to transport a large variety of materials. These AGVs are often used for sorting,

storage, and cross-docking applications

Forklift AGVs: These AGVs are another very commonly used AGV which focus on preforming

the tasks of moving pallets like normal forklifts.

Towing AGVs: To move nonpowered trailers similar to trains Towing AGVs are used. These
AGVs normally move heavy loads across large distances. This type of AGV is often called an

autonomous train.

Unit Load Handlers: These AGVs are designed to carry discrete loads such as individual objects

and pallets.

Heavy Burden Carriers: The AGVS are designed to carry very large loads which are for large
scale assembly. These are a niche type of AGV and can vary depending on the industry and

large object being carried.

Autonomous Mobile Robots (AMRs): This is the most intelligent AGV as they are equipped
with large amounts of sensors and intelligent navigation systems. These types of AGVs are
normally used to navigate complex environments such as a shipyard. The unique aspect of
these AGVs is that they do not require much change in infrastructure thus can be intergraded
into a workplace more easily. Having a s system like this could be ideal for a place like Shipyard

where there is still uncertainty where buildings and locations of things will be.
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11.2 OTHER SIMULATION SOFTWARE

Some of the other software that can be used are Gazebo and Unity. These can be used to
create accurate 3D simulations. Gazebo has a strong focus on robot control, while unity has

a focus on creating dynamic environments with the intent of video game development.

It should also be considered that there are software’s that are used by industry to simulate
AGVs. One very notable piece of software is AnylLogic (‘AnylLogic: Simulation Modeling
Software Tools & Solutions for Business’ n.d.). Anylogic is a software that is used for
optimising and designing warehouse layout and operations. The tool is used by many
industries to provide powerful simulation models that can provide information on forecasting
and current operations. The simulation software comes with many libraries and models such
that it can be intergraded with many different industries such as rail logistics, oil & Gas but

mostly in supply chain and logistics.

Another piece of industry software is FlexSim (‘3D Simulation Modeling and Analysis
Software’ n.d.). This software is used to model 3D native environments, FlexSim also has
factors in place that can provide more realistic variability in simulations using a large data set
of statistical distributions and random numbers. The key difference between AnylLogic as
spoken about above is that FlexSim does not offer the same number of features for the

student version as AnyLogic does.

ARENA (‘Arena Simulation’ n.d.) is another simulation software the competes with FlexSim
and AnyLogic. Arena specialises in modelling process flow in order to determine bottle necks
and inventory problems in a factory. The software uses block logic in order to create the

simulations.
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11.3 INTERVIEW LETTER OF INTRODUCTION

Dear Sir/ Madame

I hold the position of Associate Professor in the College of Science and Engineering at Flinders

University.

This letter is to introduce Mr Richard Ellis who is a Master of Robotic Engineering student in

the College of Science and Engineering at Flinders University.

His research is part of a project entitled “Developing A Flexible and Adaptive Shipyard Fleet
for Last Mile Delivery”. The objective of this project is to explore the effective use of
autonomous technologies to transport goods in shipbuilding as part of the warehouse and

distribution strategy, that can involve autonomous ground vehicles, drones and forklifts.

You are invited to participate in an interview that will require approximately 30 minutes of

your time (up to an hour). The interview will be undertaken face-to-face at Tonsley.

Be assured that any information provided will be treated in the strictest confidence and none
of the participants will be individually identifiable in the resulting thesis, report or other

publications. You are, of course, entirely free to decline to answer particular questions.

The research team anticipates no risks from your involvement in this study. We endeavour to
reduce any inconvenience to you by conducting the interview at a time and place of your
choosing, wherever possible. However, if you have any concerns regarding anticipated or

actual risks or discomforts, please raise them with the research team.

Participation is voluntary and you may refuse to answer any questions or withdraw from the
study at any time without effect or consequences. A consent form is attached and must be
returned signed prior to the interview taking place. If you have any questions about the
project or your participation in it, please contact Russell.brinkworth@flinders.edu.au for

more information.
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Interview findings will be analysed and presented in the Master Thesis written by Richard Ellis.

If you agree, an email with a link to the report will be linked to the participants.
Thank you for your attention and assistance.

Yours sincerely

Dr Russell Brinkworth

Associate Professor

College of Science and Engineering

This research project has been approved by the Flinders University Social and Behavioural
Research Ethics Committee (Project number XXXX). For more information regarding ethical
approval of the project the Executive Officer of the Committee can be contacted by telephone

on 8201 3116, by fax on 8201 2035 or by email human.researchethics@flinders.edu.au
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11.4 INTERVIEW INFORMATION SHEET

Title: Developing A Flexible and Adaptive Shipyard Fleet for Last Mile Delivery
Researchers:

Richard Ellis

College of Science and Engineering

Flinders University

Email: Richard.ellis@flinders.edu.au

Description of the study

As part of the Ship building program, The Defence Company is interested in implementing
Autonomous Ground Vehicles (AGVs) to move components and materials to various locations
in the shipyard. This is intended to not only increase cost efficiencies but also improve safety

for workers by way of reduction of heavy lifting.

The study would provide modelling and intelligence to inform decision making within the
defence company into fleet delivery strategy and specifically the number of vehicles required

under various scenarios for effective performance.

Purpose of the study

The objective of this project is to explore the effective use of autonomous technologies to
transport goods in shipbuilding as part of the warehouse and distribution strategy, that can

involve autonomous ground vehicles, drones and forklifts.

What will | be asked to do?

120



You are invited to attend a one-on-one interview with a researcher who will ask you a few

guestions regarding your views about your:

e familiarity and experience with technologies,

e experiences of working in manufacturing environments

e expectations of the contributions of digital technologies to business outcomes,

e attitudes and beliefs about using technology, and

e ideas for how technology could be successfully implemented to support the

workforce.

Participation is entirely voluntary, and you may withdraw at any stage without disadvantage
to your relationship with Flinders University and its staff and students. The interview will take
about 30 minutes and be conducted either by face-to-face or tele/video conference via

computer at a time that is convenient for you.

With your consent, the interview will be audio recorded using a digital voice recorder to help
with reviewing the results. Once recorded, the interview will be transcribed (typed-up) and

stored as a computer file.
What benefit will | gain from being involved in this study?

Before the interview, you would be able a simulation on a computer of the modelling system
including AGVs. This experience can give you an insight into a potential future application in
shipbuilding. Also, sharing of your experiences and thoughts will contribute to identifying
barriers and limitations that helps accelerate the uptake and diffusion of innovative

technologies in shipbuilding in Australia.
Will I be identifiable by being involved in this study?

All responses will be confidential and anonymous and not identifiable to you. All information
and results obtained in this study will be stored in a secure way, with access restricted to

relevant researchers.

Are there any risks or discomforts if | am involved?
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The researchers anticipate few risks from your involvement in this study beyond a time
commitment. However, if the interview unintentionally triggers distress relating to workplace
incidents, please contact your EAP provider or Lifeline on 13 11 14, free of charge to all
participants. If you have any concerns regarding anticipated or actual risks or discomforts,

please raise them with the researcher.
How do | agree to participate?

Participation is voluntary. You may answer ‘no comment’ or refuse to answer any questions,
and you are free to withdraw from the interview at any time without effect or consequences.
A consent form accompanies this information sheet. If you agree to participate please read
and sign the form and send it back to us at richard.ellis@flinders.edu.au. Where this is not

possible, verbal consent will be gained and recorded prior to the interview commencing.

How will | receive feedback?

A summary of the main findings of the study would be provided to all participants on

conclusion of the study, via email.

Thank you for taking the time to read this information sheet, and we hope that you will accept

our invitation to be involved.

This research project has been approved by the Flinders University Social and Behavioural
Research Ethics Committee in South Australia (Project number INSERT PROJECT No. here
following approval). For queries regarding the ethics approval of this project please contact
the Executive Officer of the Committee via telephone on +61 8 8201 3116 or email

human.researchethics@flinders.edu.au
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11.5 INTERVIEW GUIDE

Preamble [read to participants after reading the information sheet and achieving consent]

As part of the Ship building program, Defence Company Australia is interested in
implementing Autonomous Ground Vehicles (AGVs) and potentially aerial drones to move
components and materials to various locations in the shipyard. This is intended to not only
increase cost efficiencies but also improve safety for workers by way of reduction of heavy

lifting.

Consequently, the objective of this project is to explore the effective use of autonomous
technologies to transport goods in shipbuilding as part of the warehouse and distribution

strategy, that can involve AGVs, drones and forklifts.

The study has developed a modelling, simulation of the number of vehicles required under

various scenarios for effective performance.

This interview helps us to better understand your perspectives in the use of these

technologies.

‘ 11.5.1 PERFORMANCE EXPECTANCY

Would the use of the technology assist employees with their performance?

‘ 11.5.2 EFFORT EXPECTANCY
Is the tool easy to use?

What would allow for simpler interaction with the simulation?

11.5.3 SAFETY / TRUST IN TECHNOLOGY

Do you have any safety concerns in the use of AGVs in the shipyard?

Do you trust the technology? Is it reliable?
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In what situations would drones be useful? What would be the benefit? Dlivery of small

consumables, unplanned small items quickly, stock taking? RFID reading?

Do you have any safety concerns in the use of drones in the shipyard?

Do you trust the technology?

11.5.4 CULTURE

What is the current culture to the use of simulation software as a major factor when making

decisions?

Do you think there is a culture in shipbuilding to use this simulation technology?

11.5.5 OUTCOMES

On a scale of 1-5 (where 1 = no impact and 5= impact), to what extent would these

technologies lead to an increase in

Safety
Accuracy
Productivity

Cost Efficiency

vk e

Innovation

Explain your selections.

11.5.6 INNOVATIVENESS
Do you think the use of modelling would lead to innovativeness in the shipyard?

How would you expect the simulation to evolve over time?
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11.5.7 BEHAVIOURAL INTENTION

Would you use such as simulation system?

Yes/No. Why/ why not?

11.5.8 DEMOGRAPHIC

guestions [survey can match to different technology types and level of awareness]

© N o U A~ W N

What is your age? — provide 5 year age bands? OR do we need 2 separate protocols

for the 2 groups

What is your sex? M,F, other

What is your highest qualification?

How many years have your worked in shipbuilding?
What is your job role?

Were you born in Australia? Y, N, where?

Is English your first language?

Are you from an Aboriginal/Torres Strait Islander background? Y N
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