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Abstract

This work has investigated how head-mounted-displays can enable more efficient and better work
conditions for warehouse workers. Head-mounted-displays have increased in popularity among
companies because of an increase in the field of e-commerce, therefore warehouse labour was an
interesting area to review.

The purpose of this project has been to investigate how head-mounted-displays can simplify
warehouse work and to find an area where Tangar can be utilized. Tangar is an application to
facilitate indoor navigation by helping users to reach points of interest.

Through a mixed methodology approach that utilizes both quantitative and qualitative methods, a
broad understanding in warehouse and inventory management have been established. The
potentials of head-mounted display were evaluated using empirical and theoretical studies. Based
on an early concept that was evaluated by a collaboration with a warehouse-solution company,
factors that are of importance in warehouse management were identified. A decision to direct the
project towards order picking was taken as it is a fundamental process within warehouse
management.

Three concepts were generated that harness the benefits of head-mounted-displays. With an
informed decision the benefits for each of the concepts were compared with important parameters
for a profitable warehouse management. It turned out that "Pick-by-Light", a common system in
warehouse management, can be made virtual using head-mounted-displays. Since the system had
never previously been operated virtually, an extensive study needed to be done in order to evaluate
the viability in order-picking to propose a final concept. An experimental environment was set for
the empirical studies, and two other common order picking systems were compared to the virtual
Pick-by-Light system. Quantitative data in the form of time measurements from the order picking
as well as picking errors and qualitative data from a NASA-TLX survey, was extracted from
twelve users. A total of 360 samples from the quantitative study and 36 questionnaires from the
qualitative study was then analysed. The result resembled those from similar studies with a
conventional Pick-by-Light system. Thus, parallels were drawn that indicated that the virtual
system had good potential to perform at least as well as a regular Pick-by-Light.



A virtual Pick-by-Light system might be able to reduce implementation-, work- and operational
costs as the use of material is replaced by a virtual product, and also no installation is required.
With the combination of Tangar, there is also a potential that a virtual Pick-by-Light system could
be more efficient and accurate. The disadvantages of the conventional Pick-by-Light system are
also that confirmations are ineffective and that workers find it difficult to get an overview of pick-
places. Which can potentially be eliminated with the proposed concept. However, a new generation
of hardware and further studies are required in order to establish a final concept.

The Magic Leap One, which is the head-mounted-display used in the project, is new. Many
problems regarding the display have been discovered during the project and affected the results of
the user studies. Further studies need to be done with other displays to determine the validity of
the results of this work. In summary, this work gives an introduction in how "Mixed-reality" can
be used in warehouse management and recommendations for continued work.

Keywords: Mixed-Reality, Augmented Reality, Warehouse Management, Head-mounted-display,
product development, Tangar.
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Sammanfattning

Det hér arbetet har undersokt hur huvudmonterade skarmar kan mojliggora ett effektivare och
béttre arbete for lager-personal. Huvudmonterade skarmar har dkat i popularitet bland foretaget pa
grund av 6kningen inom e-handel och darfor var lagerarbete ett intressant omrade att undersoka.

Syftet med det har projektet har varit att underséka hur huvudmonterade skarmar fortsatt skulle
kunna forenkla lagerarbete samt att ta hitta ett omrade dar Tangar kan anvandas. Tangar ar en
applikation som forenklar inomhus navigering genom att leda anvandaren till valda
intressepunkter.

Genom en metodisk undersokning som utnyttjar bade kvantitativa och kvalitativa metoder, har en
bred bakgrund inom lagerhantering kunnat upprattas. Potentialen av att anvanda huvudmonterade
skarmar har undersokts genom empiriska och teoretiska studier. Baserat pa ett tidigt koncept som
utvarderas genom ett samarbete med ett sakkunnigt foretag, identifierades flertalet faktorer som ér
av vikt i lagerhantering. Ett beslut om att rikta projektet mot order-plockning togs da det &r en
fundamental process inom lagerabete.

Tre koncept genererades som utnyttjar fordelarna med huvudmonterade skarmar. Genom att ta ett
informativt beslut, kunde fordelarna for var och ett av koncepten jamforas med viktiga parametrar
for ett Ionsamt lagerarbete. Det visade sig att “Pick-by-Light”, ett vanligt system inom
lagerhantering, kunde goras virtuellt med hjalp av huvudmonterade sk&rmar. | och med att
systemet tidigare aldrig utforts virtuellt, behévdes en omfattande studie goras for att evaluera dess
potential inom order-plockning for att kunna foresla ett slutgiltigt koncept. En experimentell miljo
sattes upp som ram for de empiriska studierna och tva andra vanliga order-plocknings system
kunde jamforas mot det virtuella Pick-by-Light systemet. Kvantitativa data i form av order-
plockningstider samt plock-fel och kvalitativa data fran observationer samt en NASA-TLX enkat,
kunde extraheras fran tolv anvandare. Totalt kunde 360 stickprov fran den kvantitative studien och
36 enkater fran den kvalitative studien darefter analyseras.



Resultatet liknade det som observerats i liknande studier dér ett vanligt Pick-by-Light system
evaluerats. Darmed kunde paralleller dras som visade att det virtuella systemet hade god potential
till att kunna prestera atminstone lika bra som ett vanliga Pick-by-Light systemet och ett koncept
togs fram for vidare utveckling.

Ett virtuellt Pick-by-Light system skulle kunna reducera implementerings-, arbetes- samt
driftkostnader i och med att materialatgdngen ersatts av en virtuell produkt, samt att ingen
installation krdvs. 1 och med kombinationen av Tangar finns det dven potential att konceptet ar
mer effektivt och exakt. De nackdelar med det traditionella Pick-by-Light systemet ar ocksa att
plock-bekréftelser gors ineffektivt och att arbetare har svart att fa en dverblick géllande plock-
stéllen. Vilket skulle kunna elimineras med det foreslagna konceptet. Dock krévs en ny generation
hardvara och vidare studier for att kunna faststélla ett slutgiltigt koncept.

Magic Leap One, som &r den huvudmonterade sk&rmen som anvands i projektet ar véldigt ny.
Manga problem gallande displayen har upptackts under projektet och paverkat resultatet av
anvandarstudierna. Fortsatta studier skulle behdva goras med andra displayer for att faststélla
validiteten av resultaten fran det har arbetet. Sammanfattningsvis ger det har arbetet en
introduktion om hur "Mixed-reality” kan anvandas inom lagerhantering samt rekommendationer
till fortsatt arbete.

Nyckelord: Mixed-Reality, Augmented Reality, Lagerhantering, Head-mounted-display,
Produktutveckling, Tangar.
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1 INTRODUCTION

This section outlines the background of this thesis. The motivation of the thesis will be presented
along with the purpose and the goals. Delimitations will be elaborated and presented in the end,
followed by the research question to be answered.

In a collaborative work with the company Tangar Technologies AB, this thesis aimed at exploring
how head-mounted-displays (HMDs) further can create new possibilities in warehouses and to
investigate how their already existing technology “Tangar” can be used within the field of
warehouse management.

Magic Leap (Magic Leap, 2019) offers the novel head-mounted and see-through mixed reality
display Magic Leap One, which was the head-mounted-display (HMD) used in this project. It is
one of the most advanced devices in its category in 2019. Magic Leap One is a mixed reality HMD,
claiming to be able to combine both virtual and augmented reality. This implied that a user would
be able to visualise and interact with virtual objects in real space (Milgram, 1994).

Tangar is an indoor-tracking-application that can provide the user with detailed information to
facilitate finding selected objects using augmented reality. Operating within a point-cloud, Tangar
can help users navigate between multiple points of interest using a hand-held device. The
application has already proven successful in locations such as stores where it enables efficient
grocery shopping and combining it with HMDs might provide more possibilities for the
application to grow.

1.1 Background

Wearable Augmented Reality Devices, also known within the category HMDs, are forecasted to
be used more frequently in the future and the global revenue of AR & VR products is expected to
grow from US 3.8 billion dollars (in 2017) to 56.4 billion (in 2022). Dozens of different HMDs
exists already, capable of visually conveying information to the user and augmenting the
surrounding environment with virtual objects. Two well-known devices are Google Glass and
Microsoft HoloLens. Products like this, has the potential to improve new working conditions for
companies and societies. As information is visually conveyed to the user, information can be
accessible anywhere. In addition, through digitalization, Internet of things (1oT) and other, devices
can communicate autonomously with each other, which enables communication between users,
processes and more through the glasses. The research on HMDs for practical applications within
the industry is voluminous. Recent studies and applications show the impact of using HMDs in for
instance clinical applications and warehouse management to help the employees to perform their
work with better performance and to stay connected (Rauschnabel, 2015). But even for instance
museums can include HMDs in their practices to immerse the experience for the customers (Choi,
2017).

The new era with 5G, the fifth area of wireless networks, will bring tremendous network speed
and capacity and open new business opportunities. The field of AR and VR are two that will be
heavily influenced by 5G. With 5G, computations could be made wirelessly, and the need of
expensive hardware equipment might diminish which would induce an extensive opportunity for
HMDs (Shankaranarayanan, 2017).



Recent studies within the field of warehouse management have introduced the usage of HMDs and
the impact of using it in the industry. Patrik Fager!, a PHD-student at Chalmers University with
focus on logistics, points out a few of the benefits of using HMDs in warehouses, such as, being
able to confirm picks in a more efficient way when the picking density is high, compared to the
convenient practices, and the fact that the warehouse worker does not need to recall the information
about orders, but can have them accessible during an entire pick-round. This is also emphasized
by related studies. Much focus in related studies has been on order-picking which accounts up for
60% of the total warehouse operational costs and how the order-picking process can be
streamlined. In addition, the other costs such as the implementation of a picking-system,
construction of a warehouse environment, operational costs and assignment of orders are important
factors as well (Richards, 213-214) (Boysen, 2019).

Warehouses targeted at the field of e-commerce, mostly Business to customer (B2C), face the
challenge of the intensification of items to be managed. A dilemma for warehouses is that
productivity and accuracy must increase in order to adapt to the inquiry from customers, while the
pressure to reduce the costs of the warehouse is increased (Richards, 118). For that reason, when
fortifying or establishing a warehouse, it is advisable to consider implementing modern
technology. Especially when it comes to order-picking. where there will be a substantial number
of items to manage. For that reason, any improvement in terms of a more efficient warehouse
management is being researched (Zuchowski, 2016).

1.2 Thesis motivation

Due to the intensification of e-commerce and the viable usage of HMDs, this study was aimed at
exploring how HMDs further can create new possibilities for warehouse management. Previous
research has explored the usage of picking orders with heads-up-displays (HUD) in warehouses
and observed a comprehensive increase in productivity and accuracy. With the help of Tangar
technologies AB, this thesis explored how an indoor tracking application can facilitate warehouse
management and either replace or enhance the conventional practices. Tangar Technologies AB
believed that warehouses can become more efficient with the usage of their technology and a goal
of this project was to investigate where Tangar, in combination with HMDs can be utilized in
warehouses.

The application helps users to easily navigate large areas with a high number of items, such as
shopping centres and warehouses but can also be used to navigate other areas such as hotels or
large facilities. The potential of the application has already proven existential through empirical
studies.

The intensification of e-commerce will put warehouses in the need of new solutions, especially in
Europe. Approximately 80% of warehouses in Western Europe is still maintained using a
traditional picker-to-part approach, where warehouse workers traverse the aisles of a warehouse,
picking orders depending on the customers’ inquiries. More sophisticated warehouses have
implemented automated systems that deliver the items to the operators, see for instance shelf-
moving robots in the category “parts-to-picker” (Amazon Robotics, 2015). However,
implementing an automated system comes with great investments and management costs and is

! Fager, Patrik; Doktorand, Teknikens ekonomi och organization.
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often applicable only in large distributions centres (Dembinska, 2016). Moreover, warehouses also
face the challenge of inventory management due to the intensification of e-commerce. Real-time
inventory and flexibility regarding storage changes constitute a large portion of the costs while
operating a warehouse. A study made by Ye Shi et al. highlights the importance of dynamic
warehouse size planning that addresses the forecast of customer demands. In the supply chain,
warehouse size planning is one of the most important activities in terms of having an adequate
overall efficiency. A poor warehouse planning can result in an excess of storage space which
increases the costs of the warehouse management. If the warehouse space is too small, costs
regarding additional space may arise along with additional response times. Previous studies have
emphasised this and the warehouse space uncertainty that daunts warehouses has been under
research (Shi, 2018).

Since the type of warehouse decides what information conveying technology for guiding the order-
picker to be used, it was not possible to determined initially in the project what type of warehouse
to be investigated, but only that warehouses applying to picker-to-parts practices will be explored
(Baumann, 2013). In Chapter 5, concepts were elaborated, and a specific warehouse solution was
determined. User-tests motivated a final solution and, in the end, a concept utilizing Tangar was
proposed for further development.

1.3 Purpose

The purpose of this project was to further investigate how HMDs can create new possibilities in
warehouses and to propose an area in which Tangar, provided by Tangar Technologies AB can be
used.

Two main goals of this thesis were to:

e Investigate how Tangar can be incorporated in HMDs for warehouse applications.
e |dentify a suitable area for Tangar within warehouse applications.

1.4 Delimitations

Using indoor-navigation with the help of a mixed reality head-mounted-display can naturally be
implemented in various fields. However, as this project is limited to twenty weeks, roughly 800
hours of work, this project aims to suggest a solution for warehouses.

There are various head-mounted displays suitable for these kinds of projects, and development
among the different devices are capacious. Within this project, Tangar Technologies AB provided
a Magic Leap One as the HMD to be used. Further, Magic Leap One was recently released and is
of novel technology. Thus, the documentation of the device is limited and for that reason, this
project will try to reveal potential usage at this very early stage.

HMDs, in general, have potential within the field of logistics and can be used. However, there are
technical and social challenges that must be considered while implementing such solutions. When
it comes to technical parameters such as battery-life, network performance issues, privacy and so
forth, this study leaves parameters like this for future research (Glockner, 2014).



1.5 Research Question

A research question was formulated that makes up the base of the project. Methods were chosen
accordingly to solving the question.

What are the challenges and opportunities of using a head-mounted-and-see-through augmented
reality display in warehouses to find designated targets, as compared to conventional management
practices, as measured by objective performance metrics and subjective user experience
evaluation methods?

Subjective user experience evaluation methods:

- Direct observations.
- Interviews.
- NASA-TLX questionnaire.
Obijective performance evaluation methods:
- Paired two-sided t-test.
- Measuring time to complete an order run.
- Tracking the quantity of errors associate with the order runs.
Sub-research questions:
- What are the current state-of-the-art practices for warehouse workers?
- What are the advantages and disadvantages of such practices?
- What research has been made within the field of logistics?



2 METHOD

This section outlines the design of the methodology used to analyse and solve the research
question. A mixed methodology approach is used within this project combining both quantitative
and qualitative methods.

Understanding the “Magic Leap One” required an extensive pre-study regarding the HMD and
similar related products in general. Since the Magic Leap One was recently released, it was not
very documented in terms of technical details. In order to understand the capabilities of the display,
a review of existing documentation and tests were made.

The used method was meticulously chosen in account of giving solutions for the research question,
see Figure 2.1. With a mixed methodology approach, both quantitative and qualitative methods
were used as data gathering techniques. It was advantageously to validate the results using both
quantitative and qualitative data as the project involves subjective data from users (Osvalder, Rose,
Karlsson, 479-480).

[ Conc -
[55 . ‘ X onceptual design,
: [ | Direct observations and | | Ideation and concept | [ g 2
Literature review — —> P Prototype —> analysis and
conclusions

mnterviews development

Figure 2.1: Overview of the different stages of the thesis.

By using a continuous data-gathering approach necessary information was gathered throughout
the thesis. By using such a method, it was possible to complete information after the initial study.
It was also recommended to use such an approach since it can be very difficult to know the
background particularly suited for a project early in the process (Osvalder, Rose, Karlsson, Eklund,
Odenrick, 593).

2.1 Literature study

Initially an extensive literature study was made with the purpose of accruing vital knowledge
regarding the technology of the Magic Leap One and what fields of warehouse management that
can make use of HMDs. The literature review was based on:

e The market of HMDs.

e Research articles regarding HMDs.

¢ Related research.

e Literature regarding Magic Leap One

With the help of web-based sources such as the ACM Digital Library, high quality information
within various areas was gathered. Related research influenced the decisions made regarding user-
studies, layout of the experimental design and so forth.



2.2 Interviews and observations

Apart from the literature review, interviews were conducted at Tangar to gain necessary
knowledge regarding the applications. The interviews were semi-structured and aimed at the
creator of the application and the application manager.

To get an insight within the field of warehouse management, a company was visited a few times.
That company has long experience of designing innovative warehouse solutions, mainly focusing
on voice-recognition products for the supply chain. An initial concept was shown to that company
early in the project in order to generate early comprehension regarding HMDs. That concept also
helped to get the warehouse-solutions-company in the right mindset and facilitate the acquaintance
of the capabilities that Magic Leap One holds. During the concept demonstration, subjective
feedback was extracted from users by letting them explain their thoughts about that concept. The
users were also observed during each try.

In addition to the meetings, a study was made in collaboration with KTHs’ library where one of
the librarians were observed during a day at work. During the observation, the librarian was
prompted to describe the way of solving the task that was given for the day that mostly concerned
finding ordered items. The complexity of findings items in a library, by reading a paper-based
picklist, was particularly observed. After the observation, a semi-structured interview was held
with the librarian. The aim of the interview was to grasp the methods typically used for managing
a library and whether new products were going to be implemented in the future that may resemble
or operate through HMDs.

2.3 Initial concept development using HMD

An initial concept was made to demonstrate how Tangar can function using HMDs, and to estimate
the potential of implementing the application for HMDs. In addition, that early development
generated knowledge about the display and involved the warehouse-solutions company early in
the project. The concept was developed based on previous research about pick-by-vision (see
chapter 3 and 4), in order to resemble Tangar using HMDs.

Based on research regarding pick-by-vision, also known as vision picking, a concept was created
using the 3D-environment platform Unity (Unity Technologies, 2019). The concept was designed
with the guidance of a previous study (Schwerdtfeger, 2011). Graphical visualizations were
created within the 3D — environment platform, and with the help of Magic Leap One’s support for
Unity through the Lumin SDK, provided by Magic Leap, a concept was generated (Magic Leap,
2019).

Five users tested the concept and after the tests, a concluding discussion was held where the users
were able to give feedback regarding the concept.

2.4 ldeation

Based on the feedback of the first user-test, input regarding the infirmities was examined and was
compared against related research and a more thorough ideation-process was initiated. The
ideation process was targeted at finding appropriate concepts that might impact the warehouse
management in general.



Approximately 80% of the warehouses in western-Europe has not adopted to an automated
warehouse management, therefore as mentioned in chapter 1, the concepts were aimed to improve
traditional picker-to-part systems. In general, 60% of the total operational costs of a warehouse is
through order-picking, and for that reason it was investigated how Tangar in combination with
HMDs can benefit the process of order-picking (Weaver, 2010).

Based on the findings regarding conventional order-picking practices, three concepts were
generated that were later evaluated.

2.5 Informed decision

When evaluating the concepts, an informed decision was made motivated by the identified
variables of having a sustainable warehouse. Benefits and drawbacks for each of the concepts were
set against each other in order to be able to be compare them towards their correlative warehouse-
management practice. In the end, one concept was identified to hold the most benefits and was
decided to further develop.

2.6 Pick-by-Light using HMD

Creating the concept denoted as virtual-Pick-by-Light in combination with Tangar, was made,
similarly to the initial concept, through development in the 3D-environment platform Unity (Unity
Technologies, 2019). Initially, a plan for configuring the application was set up, investigating what
tools and knowledge regarding the software development kit (SDK) that was needed. Sketches
were made regarding the layout of the application and practical knowledge regarding interaction-
design was used, see results in appendix C. The interaction with the application is based on the
usability goals presented in (Preece, 14). The application was tested using pilot-studies during the
development in order to comprehend user’s experiences. The aim of the studies was also to
investigate potential errors in advance, to reduce the risk of having them during the user tests.

In order to be able to place the virtual signs, a 3D mesh had to be generated. Like Tangar, a virtual
Pick-by-Light system should operate within a pre-defined mesh or point cloud, representing the
environment in which the work should be done. Hence, continuous meshing is not required, but
features within the real environment can be identified in order to orient the mesh accordingly to
the real space. However, in the scope of this thesis, a simplified meshing-technique was used. The
Lumin SDK, provided by Magic Leap, offered an existing build for real-time meshing, which was
used in order to place signs.

2.7 User studies

User tests were made to explore the performance of a virtual Pick-by-Light system, compared to
the traditional Pick-by-Light system, by having multiple participants conducting order-picking
tasks in a simulated warehouse environment, see Figure 2.2.



Figure 2.2: Illustration of how a “pick” was performed during the order-picking rounds.

Establishing a Pick-by-Light system would be both time-consuming and expensive. Hence, it was
decided to compare the gualitative and quantitative data generated from testing the virtual Pick-
by-Light, against the already existing studies. An experimental design was set in order to conduct
the user tests.

A total of 360 pick-runs were completed by 12 participants. For each pick-run, the total time to
complete an order was measured, and the amount of errors was registered. Each participant was
able to be backtracked to when comparing the quantitative results with the qualitative, as each
participant had a unique ID. Each of the users made 10 picking-runs for each of the three systems,
resulting in a total of 30 runs for each participant. Each was given instructions before testing a
system. In addition to the instructions, each participant also conducted a test-run for each of the
systems, with detailed instructions wherever needed.

The virtual Pick-by-Light system was tested against two other conventional practices. The first,
paper-based order lists. It was operated such that the participant followed instruction printed on a
paper. The second practice was Pick-by-HUD. Each participant was able to see the layout of the
shelving unit visually represented through the HMD, see experimental design. Each user picked
items based on the order visually conveyed to the user. The order in which the participant picked
items was free to decide for each run, regardless of the system.

The practices were chosen with respect to the given timeframe and to collate to related studies.
The Pick-by-HUD system has seen prominent in studies such as (Anhong, 2015), (Weaver, 2010),
(Wu, 2015) in terms of picking efficiency and accuracy, while the Pick-by-Paper had performed
less efficient.

None of the participants had previously worked in a warehouse, thus, previous experience was
neglected during the trials. A few of the participants had used a HMD before, such as a VR-headset
or a Magic Leap One, while some had no such experience.

To counterbalance the effect that the order of the user-studies might have had, the participants
performed the tests in different orders. A total of six permutations exist for a test using three
systems, thus two data samples were generated for each user-study. After a participant successfully
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completed all 30 runs, the NASA task-load-index was given. Three surveys, one for each system,
was then filled by the participant in order to gather subjective data regarding each of the systems.

2.8 Analysis of user-data

A paired two-sided t-test was made for the data gathered by the quantitative and qualitative
evaluation methods. In order to investigate whether the mean difference between the observations
from the user tests (the time to complete an order), differ, the three different systems were set up
against each other. Similarly, when evaluating the qualitative results of the NASA-TLX survey,
the t-test was used in order to determine whether there was a significant difference in the estimated
workload for each system. Further, when analysing the NASA-TLX, the simplified approach was
used, thus the sub-weighting of the subscales was not needed. Such an approach has been used by
researchers more recently. The simplified version has demonstrated to be sensitive and fast as
compared to the traditional method (Colligan, 2015), (Bustamente, 2008).
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3 THEORETICAL FRAME OF REFERENCE

This section outlines the theoretical frame of reference that has been used in this project. Here,
the literature is presented, which motivates the decisions made in the thesis.

3.1 Tangar

Tangar is an augmented reality application currently supported for handheld devices. Its main
purpose is to help users navigate indoor locations such as stores, but new fields are being
investigated continuously. The application has been tested in stores where users found the
application successful in facilitating indoor navigation.

With the help of a pre-defined point-cloud of the surrounding area to navigate, Tangar operates
through an algorithm that allow horizontal navigation to and between items. This is possible by
placing a virtual marker at each product’s location or by using digital signs. These signs can also
be programmed to illuminate as the practitioner approaches it?.

3.2 Mixed Reality (MR)

The definition of Augmented Reality (AR) according to (Azuma, 1997) is to be able to see the real
world around you but still have virtual objects super imposed with the real world. In contrast to
Virtual Reality (VR) this is not possible as the user is immersed into a Virtual Reality. In such, the
user cannot see the real environment around the user, only a synthetic (Azuma, 1997). (Stoltz,
2017) Presents the definition of a system utilizing AR. It should:

- Operate in real time.
- Blend the virtual elements with the real space.
- Be integrated in a 3D environment (Stoltz, 2017).

Several studies have emphasised the strength of AR and (Stoltz, 2017) presents a few of them. In
a study made by (Cirulis, 2013) it was further explored how AR can help warehouse workers in
decision making based on computer generated visualizations and that the successful use of AR in
other industries confirms its potential (Cirulis, 2013).

The definition of Mixed Reality according to (Milgram, 1994) is the merging of real and the virtual
worlds. As seen in Figure 3.1, the Virtuality Continuum is presented. On the sides, the extrema are
presented, as viewing the real world (without the need of electrical equipment) on the left and the
virtual world on the right (e.g. through a virtual simulator). In between those, the extrema of the
virtual continuum, lies Mixed Reality (MR) (Milgram, 1994).

Mixed Reality (MR)

~ -
Real Angmen ted Augmented virtual
Environment  Reality (AR} Virtudity (AY)  Environment

Virtuality Continuum (W)

Figure 3.1 Illustration of the virtuality continuum (Milgram, 1994).

2 Max Bergmark, Developer of Tangar, Tangar Technologies AB Stockholm.
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3.3 Usage of head-mounted-displays

HMDs can convey visual information to a user by projecting content in the users’ field of view.
This is done through the placement of a mounted screen on wearable glasses, or through
holographic waveguides (Grayson, 2017). In the users’ perspective, the projected content by the
display is distinct and overlaid on top of the real environment in which the device is used. HMDs
are able to understand the real environment that is close to a user and augment it with virtual
objects (Azuma, 1997).

HMDs are worn as normal glasses, however, the design of them may vary. HMDs such as Magic
Leap and Microsoft’s HoloLens have the computer integrated within the glasses or as an external
device. Both Microsoft’s HoloLens and Magic Leap One are rather large, and the size of the
glasses often reflect their technical capacity. In addition to the HMDs mentioned above, a more
compact device called Vuzix blade have already been established on the market. Even though its
slim appearance, it claims to be able to augment real space with virtual content. It is being used in
warehouses and the aim is that it eventually will look as any normal glasses (VUZIX, 2019). New
start-ups are already specialising in wearable augmented reality displays in line with the positive
forecasts, and the advantages of using the new technologies (Rauschnabel, 2015).

Smart glasses applied in warehouses are often heads up displays, which means that a fragment of
the users’ vision is obscured by a lit-up screen. This screen is often mounted at the side of the
glasses but in some products, the computational power has been observed to be integrated within
the glasses (Rauschnabel, 2015). The HMDs that convey information through the former, on the
side of the glasses differs from head-mounted displays such as Magic Leap One, Vuzix and others.
In such displays Waveguide displays are used, which is essentially a transparent screen lit up from
the sides. A prism is used to guide laser towards the human eye. Waveguides have been used for
a long time before it’s integration in HMDs. Such as in fibre optic cables (Grayson, 2017).

Eyestrain or eye discomfort has in association with the intensification of HMDs been researched.
As the Magic Leap One was just released, the impacts of wearing it is indistinct. In order to reduce
the visual implications that can affect the eyes of the wearer, Magic Leap specifically designed
calibration techniques aimed for recognizing eye patterns of the users, and to give a more
comfortable experience (Magic Leap — Care Center, 2019). In a research article by Jing Yuan et
al., their aim was to investigate how visually induced motion sickness impacts the user well as
visual effects associated with head-mounted-displays. It can be seen by the analysis that HMDs
significantly increases eye-discomfort while using head-mounted-displays as compared to normal
displays. It was also seen that female users seem to be affected more than male users when it comes
to vision induced motion sickness. However, it is implied that the discomfort will abate as the
HMD market develops. In addition, before the vestibular mismatch in a visual context is optimized,
wearing HMDs will eventually cause eye-discomfort and the need of further research about visual
vestibular mismatch and the user experiences of wearing HMDs is required (Yuan, 2018).

3.4 Head-mounted-displays in Warehouses

The contribution of HMDs compared to scanners, picklists and other convenient practices in
warehouses is that it allows hands-free access to digital information, which eliminates the need of
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having to carry handheld devices, paper lists, printed instructions and so forth. From the interview?®
made at the KTH library, it was strongly implied that having a hands-free work is crucial because
of the physical work when it comes to picking and storing orders.

Research done by Kimberly A.Weaver et al., reveals an early experiment using see-through
augmented reality displays. Their aim of the research was to investigate how order-picking in
warehouses might be improved using an early prototype of a head-mounted display. This
experiment was conducted through investigating four different methods when it comes to order
picking, where some of them were already existing practices for warehouse workers. Twelve users
were evaluated by doing four different tasks, based on Pick-by-Paper (text and graphical based),
Pick-by-Voice and pick-by-heads-up-display, also mentioned as Pick-by-HUD. The study
identified that the head-mounted-display and the graphical paper was most efficient by objectively
measuring the time to complete pre-defined task. The tasks were defined as picking items for three
orders simultaneously and placing the items at appropriate locations (order-batching) (Weaver,
2010).

Vuzix presents several solutions for HDMs in warehouses and other fields. For warehouse
applications, a few product and software’s have been created, utilizing AR. SAP in a collaborative
work with Vuzix has created a solution that allows warehouse pickers to complete tasks more
efficient and safer using HMDs. It provides the user with instructions to facilitate finding the
location of items through visually detailed information about the current order. Other features
induced by the usage of HMDs are for instance an AR-technician that can help the workers in case
of errors related to machinery and more (VUZIX, 2019).

A study about kit preparation for mixed model assembly, by Patrik Fager et.al., highlights the
benefits of using information conveying systems based on Pick-by-Light and Pick-by-HUD, in
locations where movement between orders are low. The article presents four common approaches
for conveying information to the user: Pick by paper, Pick-by-Light, Pick-by-Voice and Pick-by-
HUD. The purpose with the paper was to understand how different types of conveying picking
information impact time-efficiency of kit preparation when confirmations are required. A realistic
laboratory was constructed where users were able to test the different methods. Two different
picking densities were tested, referred to as “low picking density” and “high picking density”. It
was observed that when participant picked orders using a HMD, the performance, as measured by
order-completion time and accuracy, was better than the three other systems in high order
densities. The well-known practice Pick-by-Light was observed to be more practical for low
picking densities. When it comes to Pick-by-Voice, it is discovered that it is associated with low
efficiency overall, which was observed to be caused of the short walking distance within that study.
Having such a short walk between orders also highlighted the importance of efficient
confirmations as a substantial portion of the time of the total picking tour was caused by them
(Fager, 2019).

3.5 Warehouse management

Warehouse management is a complex field and incorporate a high number of different tasks. The
definition is the transitional storage of goods, between the customer and the storage provider

3 Lille-Mo, Librarian, Royal Institute of Technology Stockholm.
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(Boysen, 2019). Its basic functions are receiving, storage, order-picking and shipping of goods,
see Figure 3.2.

Order
Picking

_____________________________________________________________________________________________

Figure 3.2: Traditional warehouse design (Gru, 2007).

In Western Europe, about 80% of all warehouses still operate through the conventional practice
picker-to-port. In such a practice, the workers often visit several shelving units storing goods,
based on customer inquiries that form order-lists (Boysen, 2019).

In the conventional warehouses, difficulties to meet the requirements of the intensification of e-
commerce exist. Within the field, workers complete picking tours by collecting required items
from shelving units, depending on customer orders. If the orders are small, and the goods stored
away from each other, the walking distance is increased, resulting in an amount of unproductive
work. In addition, if the orders are diminutive, the unproductive work of walking between the
shelves compared to the overall value to the customer, is measly. This is counterbalanced through
batch-picking or through having a huge-and costly workforce (Boysen, 2019).

The major drawback of the conventional picker-to-part systems is the time spent walking, since it
creates no value for the customer. The intensification of e-commerce, a few years ago, however,
gave rise to warehouses adapting to automated warehouse management within the B2C segment,
see KIVA-system (now Amazon robotics) (Amazon Robotics, 2015). Such automated systems are
tailored to meet demands that the traditional system is vulnerable against such as short-delivery
times, small orders, large assortments and varying workloads (Boysen, 2019). A drawback with
the automated systems, however, is that they often face the challenge of receiving items with
varying size, which humans handles very well because of our anatomy, and robots adapting to
varying sizes would also yield a much higher implementation cost (Haase, 2017).

Order picking, which is the most intensive task in terms of operational costs in warehouse
management, accounts for up to 60% of the total costs. It is the task of collecting goods, within
the inventory in the warehouse, based on customer orders and sorting the items for distribution.
Traditional order-picking methods enables picking-labor within the warehouse, where printed or
digital lists convey information to the user regarding what items that are ordered from customers.
The benefit of having such a system is the easy management and learnability but it is prone to
errors. Technical tools have been developed that helps the workers to become more accurate and
productive. Still, more than half of the order picking time is spent on events that cause no value-
creation for the customers, such as navigation to a designated item. Some of the developed
techniques to increase the quality and productive are for instance Pick-by-Light, Pick-by-HUD
and pick-by voice (Boysen, 2019) (Guo, 2014).

A vital part of order-picking is to communicate to the warehouse management system (WMS)
once an order has been picked. This event is often mentioned as “confirmation”. Ways of
confirming a pick varies drastically depending on what warehouse practices that are being used.
For instance, most-Pick-by-Light systems require that the user presses a button above the bin for
each of the storage locations that are being picked from. More sophisticated systems use advanced
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systems such as weight measuring pads or sensors that recognizes when the worker reaches inside
the storage rack to pick items (Anhong, 2015).

In general, it is seen that research emphasizes the strength of the more recent technologies such as
Pick-by-Voice, Pick-by-HUD and Pick-by-Light as compared to the conventional methods such
as printed or digital picklists. The main benefit of the three mentioned compared to picklists is that
they allow for a hands-free labor and an easy management of the tools. Hence, workers can rapidly
adapt to the practices and operate safely. However, there are drawbacks with all systems and for
the Pick-by-Light system, the major drawbacks are the high cost for the installation and
modification of the system. For the Pick-by-HUD, the main drawback is the reduced interaction
with the co-workers, which has also been observed in systems executing Pick-by-Voice (Haase,
2017).

When optimizing a warehouse, there are several parameters that influence the efficiency of the
warehouse. The accuracy within order-picking can save a substantial value in terms of warehouse
management. A warehouse with a high picking density of 500 000 items a week can save about
600 000£ by increasing the picking accuracy from 99.8 to 99.96%, which is a difference of only
0.16. Naturally the amount of money is depending on the cost of a mis pick, but the trend is that
accuracy is one of the most crucial parameters within order picking (Richards, 101-102).

There is a significant type of different costs associated with warehouse management. In addition
to the accuracy of picking, factors such as repairs and maintenance, equipment costs, training of
duties, hardware and software costs are vital as well (Richards, 213-214).

In traditional order-picking methods, a picklist is static and cannot be changed after it is printed
(paper-picklists). This implies that the warehouse workers cannot answer to urgent orders, but
merely following the given orders printed on the paper. In more sophisticated systems, such as
Pick-by-Voice, as urgent orders need to be taken care of, the warehouse management system can
answer to this call by letting the workers carrying the Pick-by-Voice hardware know, that a desired
order must be prioritized. Dynamic order-picking processes allows updates to the picklist as the
worker traverses the aisles and there is no need of queuing important orders. By using dynamic
order-processing, it can always be determined whether an order should be prioritized over others.
A problem with urgent calls, however, is that workers may need to interrupt their walking-route
to traverse another isle, unless each of the workers has their own isle to control (as seen in Pick-
by-Light systems, known as zooning). In such practices, as a specific order is demanded, a light
can alert the worker that can collect the item as (s)he walks by (Boysen, 2019).

3.6 Information Conveying systems

In warehouse management, there exist many methods for managing orders and the picking-
information-conveyance method differs. The picking information system govern how fast
information is conveyed to the user, and the different types affects the picking time-efficiency. It
is seen that when picking items, depending if batch or single order picking apply, the efficiency of
the information conveyance system varies drastically (Fager, 2019). It is also advisable to pick an
information conveying system that is well suited to the type of warehouse that is being used. In
section 3.6.1 to 3.6.5, a few common order-picking methods are described.
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3.6.1 Pick-by-Light

The system function by often having a small display and push buttons above or below the bins in
a shelving unit. See figure 3.3.

e = i o e
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»

Figure 3.3: Pick-by-Light system where pushbuttons are above the bins(left) and below the bins(right)
(LIGHTNING PICK, 2019).

To initiate an order, a barcode on a shipping carton or bin is scanned, invoking a new order to the
WMS. When the warehouse manager traverses the aisles, the displays is lit up and the number of
items to be picked it displayed. For systems that require a confirmation when an item is picked,
displays prompts the user to press the button at that bin location as the items are picked. This
informs the WMS that an item has been picked and enables the system to check whether that pick
was made from the correct bin. The button press may also, depending on the layout of the
warehouse trigger the system to show where the product is going to be placed by illuminating
another light above that location (batch-picking) (Anhong, 2015). In previous research, it was seen
that the Pick-by-Light system for the task of order batching; moving one to seven items from
shelving units to an order bin, up to six times, showed to be more prone of skipping picks and
causing errors, than of the Pick-by-HUD system. It was also observed that as the users operated
through the Pick-by-Light system, always stepped back to get an overview of where the next pick
was located. The high amount of errors was also caused by the difficulty of finding lights that were
on the bins’ periphery. Important to notice was that within this study, the users were not required
to confirm the picks by pushing the lit-up button after collection of an item. Enabling this would
cause the Pick-by-Light to be even less efficient in terms of time, but no consensus exists in regards
of accuracy improvements (Fager, 2019).

The Pick-by-Light method is salient when it comes to warehouses where the picking densities is
high and even though that the costs of the system can be up to US $1,200 per meter, the system is
still implemented because of the high accuracy and picking speed compared to other conventional
practices (Anhong, 2015).
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3.6.2 Pick-by-HMDs

In pick-by-HMDs systems, also Pick-by-HUD, the user has a display either mounted or integrated
within the glasses. The picking charts for the shelving unit is showed to the user graphically and
the quantity of items to be picked can be seen at each storage location. Figure 3.4 illustrates an
example of such an interface. In previous research, it is seen that the pick-by-HMD system can
increase the speed of order picking by 30% as compared to paper pick lists. In addition, it has seen
more favourable compared to Pick-by-Voice and other common practices (Anhong, 2015).

Figure 3.4: Illustration of a Pick-by-HUD layout used in a previous study (Anhong, 2015).

3.6.3 Pick-by-Vision

Previous research shows how pick-by-vision has been explored and tested in warehouses. A study
from 2011 explored the viability of a pick-by-vision system and investigated if pick-by-vision can
help to reduce, as mentioned in the literature as the dead-time. This is the time in which the user
received an order and until she/he interprets where that order is located. To find the orders, a
graphical user interface (GUI) conveys the information to the user, see Figure 3.5. The GUI helps
the user to navigate the shortest path to a designated item through following graphical instructions,
such as an arrow that points in the direction where the sought item is located. Previous study shown
no significant increase in pick speed when comparing pick-by-vision and paper-pick lists (Anhong,
2015) (Schwerdtfeger, 2011).

Figure 3.5: Illustration of a pick-by-vision interface used in a previous study (Schwerdtfeger, 2011).

3.6.4 Pick-by-Voice

In Pick-by-Voice systems, each worker wears a small computer attached either to the belt or on
the wrist of the operator. The computer allows input from a microphone mounted on a headset, to
communicate to the WMS. The WMS sends radio-frequency transmissions which is converted
into voice commands to the operator. The picker can then reply by communication with the WMS
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to indicate when an order has been picked. Some benefits with Pick-by-Voice are the accuracy,
reduction of paper usage, hands-free labour, learnability and compatibility (Richards, 100-101).

3.6.5 Order-lists

Order-lists were traditionally printed paper lists that in detail showed the order number, product
code, location and so forth. For the warehouses utilizing a WMS, the order list would be arranged
in a way that the operator can take the shortest path during a pick-run. The user utilizes equipment
to facilitate the transportation and picking of goods, such as a trolley or pallet truck. If an item is
missing, the operator must manually document that in the system) (Richards, 99-100). In recent
research, it is seen that paper-picklists are converted into digital content using CMD (Cart-
mounted-Displays (Guo, 2014).

3.7 Evaluation

To evaluate the early concepts, an informed decision was made (Dare, 1979). By finding the
benefits associated with different concepts and evaluating them against each other, a decision can
be taken. The evaluation was based on variables that were formulated depending on the
background-study.

The first variable, hands-free usage, originated from interviews and observations. Having the
hands free have been requested while carrying the items to the appropriate bin. The second variable
accuracy was observed to be important in previous research. For warehouses processing a large
quantity of orders, just a small change in the accuracy can have large impacts. The third criterium,
efficiency connotes the importance of reducing factors such as walk-and search-time within order-
picking. The efficiency is also implicated by the confirmations made within the field of order-
picking. Having unnecessary or time-consuming confirmations for picking or storing orders will
impact the overall warehouse management. These variables are mostly regarding the importance
of the order-picking process within warehouses.

The following will revolve around the importance of warehouse management in general. The
fourth variable, material costs, was complex because it heavily relies on the chosen system used
for order-picking, the total size of the warehouse, workforce and more. In this thesis, as already
mentioned, the focus was on warehouses utilizing the picker-to-part methodology. Thus, the
material costs imply the general costs of the convenient picker-to-parts systems. In addition to the
material costs, the software costs will be included in the total costs. The software costs depend on
the warehouse itself. Warehouses utilizing a warehouse-managing-system can often integrate their
system within new solutions, and in this thesis such cases are embraced. The criterium
compatibility elaborates how well an integration with Tangar is, and how error-prone such a
transition may be. Additionally, compatibility refer to the combination of using Tangar with
designated conventional warehouse practices. Whether Tangar can be easily integrated in a
warehouse management system will not be addressed in this thesis due to time limitations. In terms
of guidelines of interaction design (Preece, 24), the design must be consistent and not increase the
cognitive load of the user. Flexibility refers to how warehouses reacts to changes. Such changes
can be for instance due to high and low seasons where customer orders vary considerably.
Warehouses with low flexibility can in short be described as static warehouses that is vulnerable
to urgent order calls, or drastic changes that requires alteration in the warehouse layout.
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3.7.1 NASA-TLX

NASA-TLX (Task-Load-Index) is a subjective method aimed at assessing the workload of a task.
It is a multidimensional model of six dimensions: mental demands, physical demands,
performance, time-pressure, exertion and frustration. The benefit of such a method is that it does
not only measure the performance of a task, but also surrounding parameters such as the reason
for having a certain performance (Osvalder, Rose, Karlsson, 509).

The NASA-TLX has its strengths in that it is a well-tested model. The six dimensions are well
selected through extensive studies, A drawback with the method is that it can take some time to
perform it (Osvalder, Rose, Karlsson, 509).

The scale has 20 ticks, where each user subjectively can rate the performance, exertion and so
forth after a task has been made. Each sub-section (dimension) sums up to a total score of 100,
with increments of 5 (Osvalder, Rose, Karlsson, 508-509).

It was decided to use the simplified method as seen in (Colligan, 2015), in order to evaluate the
tasks more accurately and efficiently. Hence, instead of having each user to subjectively complete
the 15 pairwise comparisons, the average of the total mental workload for each individual was
calculated instead (Rubio, 2004).

3.8 Spatial Mapping and Meshing

In order to estimate the shape of the surrounding environment and generate a digital 3D definition,
different techniques can be used. There are two primary techniques to define an area; Image-based
and Range-based Modelling. In short, Image-based modelling entails that a device capture photos
that are analysed continuously. Features in each photo can be identified, such as corners, edges,
floors and so forth and with the camera parameters and the coordinates of each feature,
sophisticated techniques can calculate the differences between the location of these. The generated
mesh can then be updated continuously depending on where the camera is directed (EI-Hakim,
2002).

Range-based Modelling uses active sensors, such as laser scanners in order to construct a digital
3D environment. This approach is very fast and can produce more than 10 000 points each second.
The two types of range-based sensors are triangulation based and time-of-flight sensors. The time
of flight sensors measures the time of a light ray to be emitted and received by waiting for it to
bounce back to the emitting location. The triangulation-based sensor measures light depending on
the direction of the returning light. Since its original direction is known, that difference can be
calculated (El-Hakim, 2002).

In Magic Leap One, meshing of the surrounding environment is possible through something called
Spatial Mapping, or Spatial Understanding, see Figure 3.6.
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Figure 3.6: An illustration of a generated mesh seen through the Magic Leap One. Each triangle is connected
through nodes forming a mesh over two shelving units.

The device is able to reconstruct a digital mesh of the surrounding environment within ten meters
of the user. The spatial mapping is divided into three segments: Meshing, plane extraction and ray
casting. In order to mesh the surrounding area, the Magic Leap One estimates how the surrounding
area looks like through approximating a confidence level regarding how likely it is that the virtual
mesh represents the real environment. In addition, in order to understand the space, plane
extraction is used. If the device recognizes a vertical plane (by knowing that plane is parallel to
gravity) it can be assumed that the plane is a wall. Using the same approach, ceilings, floors, tables
and much more can be recognized. To place an object, something called raycast is used. A raycast
can be thought of as a beam launched from the device. The device can recognize if that ray collides
with for instance a ceiling and instantiate an object there depending on the parameters that
describes that collision point (Circuit Stream, 2018).
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4 EXPERIMENTAL DESIGN

This section outlines the experimental design used throughout user-studies.

When creating the experimental design, research from previous studies was in mind. It was
important to make the tasks and the workspace environment fairly complex to challenge the
participants (Weaver, 2010). The study took place in an existing environment hosted by Tangar
Technologies AB. A shelf with a total of 25 slots were available, however only 9 of these were
used, in order to be comparable to previous work. The shelving unit was divided into three
segments, bins Al to A3, A4 to A6 and A7 to A9. Each of the bins within the shelves were
identified with a unique letter and number. The number was used to navigate to the designated
bins during the user-tests. Each of the nine slots of the shelving unit stored different items. The
items were chosen to be small in order for the user to be able to pick the items easily and to allow
the participants to pick them all in one round. Hence, the order-picking time corresponds to the
same walk-distance for each participant. As seen in Figure 4.1, the items varied from nails and
matches to candles.

Shelves are often ergonomically placed in order to facilitate the work for the users. Thus, an
appropriate height for the shelving units was assigned (Fager, 2019).
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Figure 4.1: An example of the items picked from one run in the user-tests.

The three systems used in the experimental design were virtual Pick-by-Light (see section 6), Pick-
by-HUD and a Pick-by-Paper system displayed in Figure 4.2. The systems were created within the
scope of the thesis and were based on those used in similar projects.

Like many other projects for instance (Anhong, 2015), it was decided to counter-balance the effect
that the order of the user studies might have. Since three systems were tested, a total of six
permutations was identified. Two data samples were generated for each combination by running
the tests with 12 users.
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OrderiD: 31003
Al:l
A3:1
A9:4
AG:1
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Figure 4.2: Top left: An illustration of the virtual-Pick-by-Light system seen through the Magic
Leap One. Bottom left: An illustration of the Pick-by-HUD system seen through the Magic Leap
One. Right: An illustration of two of the orders from the paper-based picklists.

Each user completed a total of 30 order-picking rounds defied as picking 10 random items from
six bins in a shelf. Ten tasks were performed using each of the systems. In order for the picking
tasks to have the same complexity, but have varied picking locations, a total of six unique random
shelves were assigned each run. Then, ten picks were divided among the six shelves resulting in
that four of these picks was able to be distributed using a multinomial distribution. The process
of assigning items for each bin within the shelving unit was made such that each bin was given
one item to be picked, and the remaining items was able to be distributed among the shelves until
the number of distributed items sum up to ten. Hence, each run was created randomly for each of
the participants.

The following section describes the layout of the Pick-by-HUD and the Pick-by-Paper system.

4.1 Pick-by-HUD

As seen in previous research, a graphical representation of the shelving unit is displayed as the
warehouse worker is initiating the pick-run. From the literature it was observed that the layout of
the pick-information using the Pick-by-HUD system often form a matrix. The matrix conveys the
picking information to the user by showing the quantity of items to be picked. For instance, if a
pick is happening at the top right corner in a shelving unit, and the quantity to be picked is two, a
“2” will be placed in that cavity, see bottom left Figure 4.2. Like the initial concept and the virtual
Pick-by-Light, this concept was also developed using the 3D-environment platform Unity.
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4.2 Paper-based picklists

It was decided that the picklist should hold information regarding the bins of the shelving unit to
pick from, and the corresponding quantity. The picklist is illustrated in figure 4.2.

The picklist was created with the help of a C++ script, compiled using the integrated development
environment Visual Studio (Microsoft, 2019. Thus, computer-generated picklists helped to
generate parables to a completely randomized list. The picklist did not organize the rows of each
task, which usually should be the case given that a warehouse utilizes a WMS.
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5 CONCEPT DEVELOPMENT

This chapter describes the concepts that has been created and evaluated in order to eventually
proceed and further develop a specific. The chapter is initiated through explaining the design and
the results of the very first concept that was demonstrated to a warehouse-solution company.
Based on the results, new ideas about concepts were defined and lastly an informed decision was
made in order to proceed.

5.1 Initial concept using HMDs

The concept was created to resemble simple practices convenient in warehouses by the request of
a stakeholder early in the process. The purpose of the concept was to introduce a company to the
project by showing an early prototype regarding how Tangar can work using HMDs. Since order-
picking constitutes to a large portion of the warehouse management, it was decided that the concept
focuses on navigation to designated objects within an order, and then delivered these to a certain
destination. Pick-by-vision, a practice already tested in a warehouse context, resembles Tangar
and inspired the design of the concept. To demonstrate it, it was decided that a scheme of tasks
was constructed along with the intended environment. The design and the experimental layout,
can be seen in Appendix A.

The company housed a small warehouse that constituted the foundation for the demonstration. An
illustration of the concept is shown in Figure 5.1.

§
\

Figure 5.1: Illustration of the initial concept. Two arrows help the user to find the appropriate item, whereas the
closest of the arrows is used for navigation to the shelf and the arrow further away helps the user to distinguish the
items on the shelves. The image is captured inside the 3D development platform Unity.
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The general response of the idea of having indoor navigation in warehouses was that it does not
improve the traditional order-picking process. There are already practical systems such as Pick-
by-Voice that aid the workers with navigation towards designated targets and warehouses are
structured in a way that makes it intuitive to find items. An idea that was proposed by a previous
warehouse worker at Arla, was that the visual communication to the user can be combined with
the already existing Pick-by-Voice system. The Pick-by-Voice system does not facilitate finding
items as the worker has reached a shelving unit, however, with the help of a HMD, graphics might
help the operator. It was also suggested that having a clear border around the “navigation-arrow”,
illustrated in Figure 5.1, was needed in order to interpret it correctly. It was difficult to interpret
the direction that the arrow was pointing, especially if it was pointing on a target behind the user.
It was further suggested that having visual feedback of the item that is being picked can facilitate
the order-picking and potentially make it more efficient.

The meeting with the company suggested that a new prototype should focus on implementing a
solution to easier pick items as the user already reached the actual shelving unit. It was also
encouraged to try combining Pick-by-Voice with HMDs. The thoughts of the workers fortified the
claims that pick-by-vision does not bring additional performance for warehouse management, as
observed by the literature.

5.2 Ideation

By assembling the literature with the feedback from testing an initial concept, a few more was
generated. It was identified earlier in the thesis, that navigation to shelving units inside a warehouse
can already be made smoothly without applications like Tangar, such as pick-by-vision.
Exhortations suggest that Tangar might work well when scanning the shelves for specific items in
an order and can complete pick-by-vision.

No consensus about the potential of combining systems in previous research was generated.
However, some studies encourage it. Therefore, it was found pertinent to combine conventional
practices with Tangar and to evaluate the potential benefits.

A goal of the project was to find a suitable area in which Tangar can create new possibilities using
HMDs. In order to investigate the additional benefits of using HMDs, the three conventional
practices were chosen meticulously based on the literature and it was decided to go further with
concepts that goes well with HMDs.

The first concept Pick-by-Light, in combination with Tangar was chosen because a conventional
Pick-by-Light system can on several prospects benefit of a combination. Combining it with
Tangar, suggests virtualizing the conventional Pick-by-Light system. A virtual Pick-by-Light
system can drastically reduce the total costs as compared to the conventional system. Traditionally,
the costs of a physical Pick-by-Light system is very high, and an extensive investment is needed
to implement it. The total costs of such as system is based on material costs, mounting costs and
software costs. The total costs, as described by (Anhong, 2015) can be as much as US $
1200/meter. In contrast to the price of an HMD, that lies between US $ 350(HoloLenz, Vuzix
Blade) to US $ 2,295 (Magic Leap One), plus additional programming, set up costs and that each
worker should wear one, the price should be a less, considering the size of modern warehouses. It
is believed that the cost of the Magic Leap One is considerably high because of its novelty and
within a few iterations, the costs should be reduced.
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Further, in previous research, it is implied that workers within a Pick-by-Light system has found
it difficult or inefficient to notice the illuminating button that alerts the pick-or put location. The
worker often had to scan the shelving unit from top- to bottom. This was because the lights that
visually convey information to the users can be difficult to see, especially on distance. For that
reason, this concept suggested to use navigation to find picks that the user have difficulties to see,
such as the lights on the user’s periphery view. Where the conventional system lacks, Tangar can
help the user navigate each pick-run which might result in a higher accuracy as well.

In addition to Pick-by-HUD, Pick-by-Light systems have shown prominent results in almost
eliminated the picking-errors as compared to regular paper-pick lists. For that reason, a virtual
system can show similar results, however that would require empirical studies.

The second concept Pick-by-Voice in combination with Tangar builds on allowing the user to
through their voice, communicate with the application. This concept is viable since Tangar already
has support for speech recognition. It is also seen that Pick-by-Voice has shown greater
performance in order-picking than the use of regular picking-lists. Further, it was requested that
Pick-by-Voice can be evaluated in combination with HMDs from the initial user test. Combining
Tangar with Pick-by-Voice should reduce the time in which the user scans the shelf for the right
item. Having graphical illustrations over the appropriate bin can facilitate the picking process.
Pick-by-Voice is simple to learn and very adaptive. A high number of different languages can be
spoken to the WMS enabling for a variety of different users. In previous research, it has been seen
that Pick-by-Voice has been inefficient compared to its competitors in high density order-picking
practices. However, having a graphical representation, indicating the item to be picked may
increase the efficiency for the system and can facilitate confirmations. In general, one of the major
drawbacks with the system has seen to be the inefficient way of receiving orders, since the user
must wait for the computer to perform a synthetic speak describing the order, however if the HMD
convey information visually to the user, that process can be quicker.

The third concept, Tangar in combination with Pick-by-HUD was particularly interesting since the
method has seen favoured in related research.

Pick-by-HUD has provided great improvements in terms of picking speed and accuracy when it
comes to order-picking. In the literature however, it is difficult to distinguish whether Pick-by-
HUD incorporates pick-by-vision.

Regardless, a combination of these might fortify the drawbacks of the method. It is adopted that
the Pick-by-HUD system is already very efficient in terms of conveying graphical information to
the user regarding the picks to be made, and no further efficiency in terms of accuracy and picking-
speed might be achieved in combination with Tangar. However, since the system convey picking-
information to the user by a matrix in the user’s field of view, it becomes very difficult for the user
as that matrix increases in size. In previous research, we see that the matrix sizes of 3 x 4 and 3 x
3 has been used. For larger matrices, Tangar can be used to propose a better design or help the
wielder to sort and scan the shelving units. The Pick-by-HUD system is already salient when it
comes to order-picking. But the combination with Tangar can strengthen it further.

An informed decision paved the way for further development, where, based on the benefits of each
concept compared to its correlative practice, the concept to proceed with was determined. Section
5.3 motivates the decision.
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5.3 Informed decision

The informed decision made in order to evaluate the three concepts was based on a subjective
decision formulated with the support of the background-study. Different variables were, as
described in section 3.6 formulated to help identify which concept that has most potential for a
more sustainable warehouse management, compared towards its correlative conventional practice.
For instance, the concept “Pick-by-Voice in combination with Tangar” is compared to the
conventional Pick-by-Voice practise. Below, each of the conventional practices, Pick-by-Light,
Pick-by-Voice and Pick-by-HUD will be compared to the concepts presented in section 5.2. Since
all three systems were able to be performed with the hands free, no implications were found in that
regard.

Tangar in combination with Pick-by-Light has the potential of re-designing the entire practice it-
self. As seen in the literature, the physical systems required a substantial investment in order to
use the system and it is viable mostly for larger warehouses because of the costs. In addition,
having a virtual environment enables for a substantial amount of flexibility as compared to regular
Pick-by-Light. The regular system is static, and once it is installed, it can be difficult or expensive
to change the layout. A virtual system is more approved for dynamic warehouses. It is easily re-
programmed and virtual signs can be instantiated wherever necessary. It is further seen in the
literature that dynamic warehouses are very important for the sustainability of warehouses.

The addition of Tangar, enables that workers can find signs more easily and does not need to scan
the shelving unit for illuminating buttons, in addition, the accuracy of the overall performance can
be increased by adding additional graphics to the order bins. Much discussion regarding the Pick-
by-Light system has been regarding confirmations. Since confirmations is a vital part in warehouse
management, more sophisticated systems offer novel ways of dealing with them, since pushing
buttons above selected bins is implied as inefficient. Such novel ways are for instance sensors that
detects when workers reach into certain bins. This can easily and cost-efficiently be implemented
using HMDs as well and can reduce the costs even further. The system implementing should not
yield additional software costs. The transition of a virtual system can be made seamlessly since
both the virtual and the physical system will be operated similarly to each other.

Tangar in combination with Pick-by-Voice has potential of increasing the efficiency of Pick-by-
Voice solutions. Currently the conventional practice has seen drawbacks in high order-picking
densities while it has seen prominent in warehouses where the walking distance is at least equal to
the time it takes of receiving coded voice-commands from the computer. Otherwise, the warehouse
worker must wait for the command to finish. Another drawback of the Pick-by-Voice practice is
that the worker must recall the picking information during the entire pick-round. Tangar can in
this regard contribute with novel ways of navigating to designated items in combination with
voice-based commands. Instead of having the computer to tell the orders to the warehouse worker,
graphics can instead display vital information regarding the next or all picks within the order and
then confirm each pick using the voice.

Itis believed that the addition of Tangar can improve the overall efficiency of the system and make
the system viable in areas where the picking density is high, as confirmations can be made faster
and the user does not have to wait for the voice-commands. Since Tangar already has the support
for voice-commands, the compatibility with Pick-by-Voice were vigorous. No major changes in
regard to the software costs is needed given that the WMS easily can be incorporated with Tangar.
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Depending on the hardware used, since most HMDs are quite expensive, additional hardware costs
may appear. Pick-by-Voice is already durable against changes in the warehouse layout, and no
implications was found in that regard.

Tangar in combination with Pick-by-HUD might work in terms of aiding the conventional practice
for larger shelving units. The current practice works very well but has been tested on small shelf
sizes. When it comes to larger sizes, it is difficult to find research that supports the benefits of a
Pick-by-HUD. No previous research has been found during this thesis and since there are no
consensus with regards to previous studies it is assumed that the Pick-by-HUD system does not
perform as well for larger shelving units. It is deemed that, in contrast to the variables presented
in section 3.6 that the time to complete a task can be reduced by integrating Tangar for larger
shelving units. The application can then for instance provide graphics in form of an arrow to point
at bins that need attention based on the current order and add graphics around the order bins within
the shelving unit. To determine what size of the matrix that causes difficulties to operate within,
empirical studies should be made, in addition to analysing literature. Since Pick-by-HUD require
no external hardware than the HMD, it is very flexible already. It was concluded that an integration
with Tangar would not induce a change regarding the flexibility, software and material costs.

An informed decision was made after comparing the different benefits of each of the concepts.
Since the aim of making the informed decision was to identify which conventional practice of
Pick-by-Light, Pick-by-HUD and Pick-by-Voice that benefit most of an amalgamation with the
application, with regards of making warehouse management utilizing the traditional pickers-to-
part method more sustainable, it was decided to go further with Pick-by-Light in combination with
Tangar.

Since the conventional Pick-by-Light system is based on physical signs to interact with and
allegedly not been implemented in HMDs already, as motived by the literature, the next step within
the process was to evaluate how well the virtual-Pick-by-Light system performs compared to a
physical system. It cannot be assumed that they perform equally, since the head-mounted-display
might induce implications not yet observed. Factors such as field of view, technical performance,
comfort, motion sickness and so forth can jeopardize the overall performance.

Next section of the thesis elaborates the virtual-Pick-by-Light concept, and how the design of the
application was made with regards to the literature.
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6 VIRTUAL PICK-BY-LIGHT

In this chapter, the virtual Pick-by-Light concept is elaborated. Its design and functionality are
motivated. The concept was later used during the user studies in order to estimate its performance.

In order to be able to combine Tangar with a Pick-by-Light system, the entire system itself should
be virtualized. Thus, initial, maintenance, installation, and hardware costs can be reduced (see
section 5). It was not yet discovered whether the efficiency of order-picking might be influenced.
Therefore, using the design and functionally of the concept in order to create a prototype, the
concept was evaluated against two conventional warehouse practices, see Chapter 7.

6.1 Design and Functionality

The design of the application is influenced by the physical-Pick-by-Light system. However, a few
changes were made. The major accuracy issue for the Pick-by-Light system as seen by the
literature was that users missed bins in the shelving unit during pick runs. It was also seen that
utilizing traditional confirmations, where operators press a button to confirm a pick, in general is
time inefficient.

Like any Pick-by-Light system, each bin had its own sign. Each is represented by two-digit
identifier, one letter and one number. In order to make the signs intuitive for the participants with
regards to design guidelines, the design was made distinct and uncomplicated, see Figure 6.1. By
using the colours green and red, the user can easily differentiate between the sign’s status. Further,
green and red is a common combination in general to imply Boolean exhortations. It was decided
to have unfinished picks in green, instead of red, in order to convey that red buttons were inactive
during that run and should not be interfered with. To make sure that the participants should not
pick from the same bin multiple times the application disables signs that have been picked from,
see the middle Figure 6.1.

The size and the layout of the buttons were decided through a few pilot-tests that was conducted
within the office, in which the user-studies later took place. Initially the signs were rather large,
and obscured part of the shelving apertures. For that reason, it was decided to scale down the signs
and have them aligned to the right. Additionally, each sign initially showed the two-digit number
of that bin, however, this information was unnecessary during each pick-run and thus, only a
marginal size of that text was decided to be conveyed to the user. Instead of removing it entirely,
a portion of it can be helpful in case that operators need the shelf-information.

It was decided to equip each virtual sign with a sensor. By using the technical capacity of the
Magic Leap One, it was possible to adapt to the state-of-the-art methods of confirming picks. Since
Magic Leap One has support for hand-recognition, each shelving unit was programmed to “detect”
the hands of the participant. Hence, as the worker reaches for the item(s) inside an aperture, the
participant was able to confirm the pick efficiently. If the participant should forget the quantity of
item(s) to pick from the bin, it was decided that the quantity remained until next order was initiated.

In order to communicate which bin to address, a green border was added around the aperture, see
left Figure 6.1. The virtual sensor was also programmed to improve the accuracy, compared to the
conventional system, by detecting if users picked from the wrong container. In the case of such
an event, a trigger occurs, and visual information is conveyed to the user in order to understand
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that picking from that aperture is incorrect, see right Figure 6.1. Having such layout also facilitated
the trials since it was not possible to observe the correct picks during the user-tests as the orders
were randomized.

In order to simulate an actual warehouse practice, an application was programmed using C#,
(which is one of the programming-languages in Unity). Appendix B represents a flowchart of the
program used while testing the virtual pick by light. As seen by the illustration in that Appendix,
the program checks whether the participants hands collide with the virtual sensor.

Figure 6.1: Illustration of the Pick-by-Light sign in three different phases. Left: Sign indicates that a pick is
happening there, and two items shall be picked. Middle: Sign indicating that it has been picked from. Right: User is
trying to pick items that are not in the order.
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7 ANALYSIS OF USER-TESTS

This chapter presents the analysis of the data acquired by the user tests. The qualitative data
acquired from the NASA-TLX surveys and the quantitative data acquired from the measurements
is elaborated in the beginning of this section. In section 7.1, the results from the paired two-sided
t-tests are shown and in section 7.2, a comparison between the virtual and the traditional Pick-
by-Light is made.

The purpose of the tests was to determine the performance of a virtual Pick-by-Light system. In
the event that the system has potential to perform at least equally as well as the conventional
system, it was decided that Tangar should be considered to be implemented into the system. The
combination should yield a reduction in implementation, operational and maintenance costs.

In addition to performance metrics, many factors that impacts the viability of the display has been
evaluated, with the help of the NASA — TLX surveys and through observations.

From the user-evaluation it was seen that the field of view of the device disoriented the participants
initially, but as the tasks proceed, a slight adaption to the device occurred. Neither of the
participants experienced any motion-sickness, however eye discomfort occurred for a few of them,
which can possibly be caused by a lacking eye-calibration while the tests were conducted. Sight
distortion also occurred by light reflecting towards the wearer, causing the wearer to see different
colours even though that the device was off. Upon usage of the device, it eventually became very
warm and produced much excessive heat. This caused some of the participant to sweat, even
though the usage of the device was merely ten-fifteen minutes.

A few of the participants complained about the weight of the device as they wore it. However, as
the tests proceeded, it was purported that the complains were due to the unfamiliarity of using the
display. On the contrary to other wearable displays however, Magic Leap One has the computer
separated from the head-mounted-display, which has turned out to be a good idea as the weight of
the display is then reduced.

In order to estimate the performance of the virtual Pick-by-Light, a total of 360 samples were
analysed. The samples refer to the time it took to complete one order-pick round during the user
studies and the amount of pick-errors. In addition to the time measurements, each of the
participants filled in a NASA-TLX survey. The total values of the 36 TLX surveys, as seen in
Figure 7.1-7.3, shows that participants experienced Pick-by-Light and Pick-by-Paper similarly.
The different participants, according to the NASA-TLX, put in different amounts of effort in the
trials, which might have led to variations in the task-completion time. Importantly though, as the
differences for each user are what is evaluated, it was observed that each participant estimated that
the three tasks were performed with similar amounts of effort. By observing the NASA-TLX, it
can also be seen that the users were the most frustrated by using the Pick-by-Paper- and the Pick-
by-Light methods, which indicates that the users are more prone to be irritated or annoyed while
using these systems than the Pick-by-HUD. However, the mental demand assessments of the two
systems Pick-by-HUD and virtual-Pick-by-Light, show similar results. Another interesting
observation is that the performance (successfulness in accomplishing the tasks) was ranked highest
in the Pick-by-Light and the Pick-by-HUD systems, which also is indicated by the literature. (Note
that low-ranks in the NASA-TLX indicate high performance, see Appendix D). By observing the
NASA-TLX, the overall workload was alleged to be least using the Pick-by-HUD approach, and
highest using the Pick-by-Paper approach.
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Figure 7.1: Workload estimation using NASA-TLX. lllustration of the subjective workload for each participant after
operating the virtual-Pick-by-Light system.
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Figure 7.2: Workload estimation using NASA-TLX. Illustration of the subjective workload for each participant after
operating the paper-based picklists.
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Figure 7.3: Workload estimation using NASA-TLX. Illustration of the subjective workload for each participant after
operating the Pick-by-HUD system.

The mean task-load score, i.e. the evaluated NASA-TLX score, for each of the three systems can
be seen in Figure 7.4. By observing the graph, it can be distinguished that operating through Pick-
by-Paper generates a higher overall workload than the two other systems. Surprisingly, the virtual
Pick-by-Light was not observed to have a workload less than the Pick-by-HUD, which can be
caused by the early development of the display and the simplicity of the Pick-by-HUD system.
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Figure 7.4: Mean Task Load Score for each of the three systems. Tasks are Pick-by-HUD, virtual Pick-by-Light and
Pick-by-Paper respectively.

By observing the box plots in Figure 7.5, the overall adaptability of each task can be assessed.

When an individual adapts the typical pick gets better, here assessed as the median, and the poor

performances are not as serious anymore, assessed with upper extremes. In other words, an

individual develops a successful strategy and learn from the mistakes.

It can be observed that the median of the time for the virtual Pick-by-Light decreased over time.
The medians for the Pick-by-Paper are generally lower in the later trials. However, no such parable
can be observed for the Pick-by-HUD, which appears to have a rather stable median throughout
all attempts. By looking at Figure 7.5 together with Figure 7.6, it can be seen that there are more
upper extreme values for the Pick-by-Paper system and as more trials are made, the upper extremes
seem to abate. For the Pick-by-Light they seem not to disappear, possibly depending more on the
limitations of the early development stage of the display than a lack of adaptability.
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Figure 7.5: Illustration of the performance overview for each trial. The trials are listed from left to right. All 320
samples are shown as dots, indicated by respective colour. Tasks are Pick-by-HUD, virtual Pick-by-Light and Pick-
by-Paper respectively.

Performance overview

[ ] L ]
35- - ¥
. 1 T
° L . :
- [ ]
30 ° [ ] L ] 1 1 ° Y
H 8 ° ° .
- H : T ; s : o o :
o ' o T 1 . e : o Task
c 25- o [
3 . ' ! - » . | 1 e . PBH
[} 0 T H . ° ° e
@ . $ T . . ' H i * PBL
) ° e T 1 [ ] 3 H s
£ 20- - ° ° s s s ° - $ ° PBP
= s : ; ! ! ,
[ ' I = : ] ° = : =
] ) ] T I e A
° ° ] T 1 2 . [ ] ¢ H
15- = H o ’ ] $ , o . g
H ° ] H g H . 9 9
8 r ‘; . ] ° - ; é H
] ° N z | §
10- -
1 2 3 4 5 6 7 8 9 10
Attempt

Figure 7.6: Boxplots showing the spread within each of the three systems. Pick-by-HUD, virtual Pick-by-Light and
Pick-by-Paper is shown respectively from left to right. Tasks are Pick-by-HUD, Pick-by-Light and Pick-by-Paper
respectively.
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Pick-by-HUD was apart from the two other systems reliable, the time of a pick can with great
confidence be expected to be within a rather small interval, no matter the experience of the user.
This agrees well with the result from the qualitative results of the performance as seen by the Pick-
by-HUD NASA-TLX survey, the participants assessed themselves to do well even though they all
lacked experience in warehouse management. For Pick-by-Light and Pick-by-Paper however, the
participants did not think they were performing as good.

Figure 7.7 illustrates the performances of each participant. The results clearly show that the order-
completion times among the participants vary moderately. This could, as observed from the
subjective data be caused by the effort with which each participant performed tasks and the ability
to process the picking-information. Regardless, as already seen above, the most efficient system
was the Pick-by-HUD for all participants. The virtual Pick-by-Light and the paper-based picklists
had more of a competition, however as observed from each individual, the Pick-by-Light approach
seemed to perform faster in terms of time-efficiency.
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Figure 7.7: Overview of the participant performance. Each participant is listed from left to right. Tasks are Pick-by-

HUD, virtual -Pick-by-Light and Pick-by-Paper respectively
It was observed that the amount of errors made by the users was rather high. A total of 22 errors,
out of 360 picks were observed. However, important to note is that the amount of errors only refer
to users picking too many or too few items. This means that the observer of the tasks had no
information regarding the current pick, since that was randomized (see experimental design
Chapter 4). The amount of errors can be seen in Figure 7.8. Twelve of the errors were observed
while participants were performing the order-picking rounds using the virtual Pick-by-Light
system, and nine errors were observed during the Pick-by-Paper trials. However, only one error,
out of 120 picks were observed in the Pick-by-HUD method. As observed by the literature, a slight
change in the accuracy could be crucial for warehouses operating a high quantity of items. For the
Pick-by-Light, the error rate is 10% and for the Pick-by-Paper 7.5% which is a very high number
of errors in terms of warehouse management.
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Figure 7.8: Overview of the errors made for each of the three systems. Tasks are Pick-by-HUD, virtual Pick-by-

Light and Pick-by-Paper respectively.
Eventually, the percentual differences in time could be determined by comparing the difference
means of the systems, see Figure 7.9. The mean completion time of an order-pick while operators
run the Pick-by-Light, Pick-by-HUD and Pick-by-Paper were 18.5s, 13.6, 24.5s respectively.
Thus, the Pick-by-HUD system showed to be 44.6% and 26.6% faster than the Pick-by-Paper and
the Pick-by-Light respectively. The Pick-by-Light, however, was observed to be 24.5% faster than
paper picklists.

Surprisingly, the Pick-by-HUD system was very fast, as compared to other studies. However, the
comprehension of the tasks, layout of the paper picklists and the shelving units differ slightly from
previous studies.
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Figure 7.9: Mean completion time for each order for the three systems. Tasks are Pick-by-HUD, virtual Pick-by-
Light and Pick-by-Paper respectively
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7.1 Paired Two-sided t-tests

The analysis made with the t-tests showed that the time differences between the three systems can
be statistically determined with significance level less than 0.001. Table 7.1 below shows the result
of the paired two-sided t-test for the quantitative data.

Table 7.1: Overview of the results of the quantitative data from the paired Two-sided t-test.

System 1 System 2 Mean diff std P Confidence interval
Pick-by-Paper Pick-by-HUD  10.92 496 <0.001 [10.02, 11.81]
Pick-by-Paper Pick-by-Light 6.00 6.02 <0.001 [4.91,7.09]
Pick-by-Light Pick-by-HUD  4.92 493 <0.001 [4.03,5.81]

The t-test also show that there are significant differences between overall task-load between the
three systems. Table 7.2 below shows the results of the paired two-sided t-test for the qualitative
data.

Table 7.2: Overview of the results of the qualitative data from the paired Two-sided t-test.

System 1 System 2 Mean diff std P Confidence interval
Pick-by-Paper Pick-by-HUD  16.46 10.94 <0.001 [9.51, 23.41]
Pick-by-Paper Pick-by-Light 10.21 12.74 <0.020 [2.11, 18.30]
Pick-by-Light Pick-by-HUD  6.25 6.28 < 0.005 [2.26, 10.24]

7.2 Comparison between virtual Pick-by-Light and Pick-by-
Light

From the literature, a number of studies have presented the performance difference between Pick-
by-HUD and Pick-by-Light. As seen by (Anhong, 2015), the performance intensification in terms
of time to complete an order using Pick-by-HUD compared to Pick-by-Light was 15,2%. However,
as this study had longer trials, the percentual difference varied. It was observed that in (Fager,
2019) the Pick-by-HUD and Pick-by-Light system while performing single-kit preparation was
most favoured for high picking densities as it out-performed the Pick-by-Voice and paper-based
solution. The Pick-by-HUD-system showed better performance than the Pick-by-Light. Again, the
layout of the study differed from this and might affect the overall results.

Most studies that have evaluated the Pick-by-Light system did not use explicit pick confirmations
because it induces more time for each pick run. A study with explicit pick confirmations for Pick-
by-Light has been done in order to demonstrate that time-consuming, but vital part of order-
picking. The study, similar to (Wu, 2015) had higher average task-completion times which differed
from this thesis. Regardless, with explicit pick confirmations, the Pick-by-HUD system performed
33,5% faster than the Pick-by-Light method. However, using the explicit pick confirmations
resulted in fewer errors using the Pick-by-Light system.

Deciding whether to proceed with the virtual Pick-by-Light concept in combination with Tangar
heavily relied on the results of the user-studies. Since the results of the user studies show similar
result than previous studies a proposition for further development was forwarded. Although,
important to notice was that the design of the previous studies deviated slightly from this and in a
more extensive study, the results can be two-fold. Meaning that the results in this study can
converge towards previous studies, but also diverge.
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Nevertheless, it was believed that Tangar can improve the overall performance of the virtual Pick-
by-Light system in addition to the already existing potential.

As observed by the results of the NASA-TLX, the overall workload of the Pick-by-Light system
showed to be intense compared to Pick-by-HUD. Through observing the participants during each
trial, the workload might have been inflated because of the limited field-of-view that the Magic
Leap One offers. In order to subdue that problem, the application can help the user navigate that
limited field of view, but that would only meet the needs while using the Magic Leap One, since
other HMDs might have an extra spacious field of view. In the future, it is believed that the limited
field of view potentially might be expanded to meet correspondence of the human eye.

In the literature, it was also seen that each participant had to take a few steps backwards in order
to see the illuminated buttons, that indicate each pick. The virtual Pick-by-Light had that very
same problem, but for almost all the bins. This was most certainly caused by the Magic Leap One
having trouble to recognize the shelving unit to pick from. As each of the users approached the
shelving units, the virtual signs slightly moved with the user, causing the virtual signs to appear
behind or inside the shelving unit. Thus, each participant was obliged to either recall the picks or
take a few steps backwards in order to see the pick-amount displayed on each of the active signs.
Since the HMDs are early in the development, is was allegedly claimed that, surrounding
circumstances such as light, reflections, colours and more were prone to affect studies like this,
regardless of what HMD that is being used. However, as the development of HMDs proceeds,
such problems was asserted to be resolved.

The high number of mis-picks in the user-studies could be caused by the performance of the head-
mounted-display. Since confirmations for each pick is made through the head-mounted-display
recognizing the hand while picking from a bin, a few errors were observed due to the virtual signs
appearing behind or inside the shelving unit. Thus, a few pickers missed to confirm each pick and
either picked to many or too few items.

It was claimed that the virtual Pick-by-Light using the current version of Magic Leap One did not
show any improvements in terms of order-picking compared to the conventional Pick-by-Light,
which most certainly depend on the early development of the HMD.
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8 VIRTUAL PICK-BY-LIGHT IN COMBINATION WITH
TANGAR

This chapter presents the virtual-Pick-by-Light concept that combines Tangar along with
conceptual design illustrations.

The virtual Pick-by-Light showed better results compared to the conventional paper-based practice
and has the potential to perform as well as the conventional system as the development of HMDs
evolve. For that reason, it was decided to propose a concept that combines Tangar with the virtual
Pick-by-Light to demonstrate a conceptual design which can be taken into account in future
development. In addition to combining Pick-by-Light with Tangar such that the efficiency and
accuracy can be increased, virtualising the conventional practice induces a significant impact on
warehouse management as well.

The conventional system was found out to be troublesome in large assortments. This was because
of the high implementation costs and difficulties of finding the lights at distance. Virtualising the
system can significantly reduce the costs and make the system viable in large assortments with the
aid of indoor navigation. The virtual system in combination with Tangar might also help
warehouses facing problems with labour shortages. Since the physical Pick-by-Light system has
been streamlined through zooning, each worker is crucial (since the workforce is generally very
large). Zooning has seen prominent because the walk-time is significantly reduced. However, by
utilizing a virtual Pick-by-Light system, aided by Tangar, it is claimed that each worker can operate
a larger area. This was motivated through Tangar aiding the worker to find the right items; thus,
the worker does not need to scan the shelving unit and can save some time. Additionally, one
worker can operate several shelves in an aisle, as HMDs can convey visual information to help the
worker to find items at distance. Although, the walking distance for each worker might be
increased as the warehouse worker operates a larger area and whether this reduction in
performance is valid, in contrast to removing workers within an aisle, further research should be
conducted.

The conceptual design of the virtual Pick-by-Light application is illustrated in Figure 8.1. A few
changes of the prototype were made. The idea of conveying picking information through graphical
overlays on the shelving units in an order, was motivated by allowing workers to quickly get an
overview and plan their movement. Such an approach is used in Pick-by-HUD, where users, before
and during the pick-run has the picking-information conveyed. Capitalizing on that was alleged to
be valid as its efficiency has been proven by numerous studies. It also helps the operator to reach
the next destination after picking from a shelving unit, by recalling the pick-locations.
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Figure 8.1: Illustration of how the virtual-Pick-by-Light system can convey points of interest graphicly to the user
through the HMD.

As the operator approaches a shelving unit, the layer that caps that shelf was decided to be replaced
with an individual layer for each bin, see Figure 8.2. Participants generally did not interact with
the identification digits of each sign and was guided by the green border that circumvented the
bins (see section 6). Therefore, it was decided to remove the sign itself, and use graphics to
illustrate each picking location within an order. A few participants encountered errors associated
with the number indicating the quantity of items to be picked, such as that the number being
obscured by the real environment through hardware limitations by the display, or that the number
was not clear enough. Hence, it was decided to further explicate that number.

During the user tests a few participants accidently confirmed picks or forgot the quantity to be
picked. Hence, in order for the system to function smoothly, it is very important that workers can
backtrack in case of errors. Various interactions to tell the WMS system to display a sign again
exists and should be decided using valid studies. In this concept it was proposed that hand gestures
or speech can be used which is supported by the most recent HMDs.

Figure 8.2: Illustration of how the virtual Pick-by-Light system can convey points of interest to the user as (s)he
arrives at a designated shelf.
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As observed by the user-tests and previous literature, one of the main problems with the
conventional Pick-by-Light, also seen by the prototype, was that participants had to take a few
steps back in order to see the remaining signs and the quantity to be picked at each location. Here,
Tangar was decided to be used in order to help users vertically navigate each shelving unit. The
need of scanning each shelving unit demands additional time for each order which was also likely
to be a reason why the virtual Pick-by-Light performed worse than Pick-by-HUD in the user-
studies. It was clearly observed that participants had to take two to three steps backwards in order
to get a distinct overview of the renaming picks in the shelving unit during an order. Hence, to
give the practitioners of the virtual Pick-by-Light potential of outperform the conventional system,
graphics to facilitate the vertical navigation was decided to be proposed, see Figure 8.3. Naturally,
the graphics will vary depending on where the next pick is happening. In the event that multiple
picks are happening in different locations, additional graphics should be used.

Figure 8.3: Illustration of how Tangar’s navigation can help users scan the shelves fast by adding additional
graphics. In this Figure, a pointer helps the user to notice points of interest, if the gaze is pointing elsewhere.

43



As an order has been completed given that there are multiple picks in an aisle, it was decided that
the application transition back to its initial condition. Hence, an overlay is placed on each shelf
that is left in that order, see Figure 8.4. Using such an approach is motivated by having a consistent
functionality that helps warehouse workers to adapt to the system. In addition, by having the
graphics of the designated bins conveyed continuously might increase the cognitive load during
the tasks and should be avoided.

Figure 8.4: Illustration that shows graphical transitions between shelves. As the user finishes picking from a

shelving unit, the next in line is conveyed to the user.
As each pick-run associated with a isle sucessfully has been completed, it was decided to use
Tangar’s navigational techniques to help the worker, operating a warehouse to quicky find next
points of interest. For that reason, when the application would sense that the next pick might be
troublesome for the operator to find, the application would show the path to that next shelving
unit, see Figure 8.5. An arrow, similarly, to the initial concept, helps the wearer of the HMD to
efficiently reach the next destination.

Figure 8.5: Illustration of how Tangar can help the user navigate to next shelf, if the user’s vision is obscured. A
graphical road is projected on the floor to guide the user to the destination.
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Additionally, Tangar have practical ways of conveying meta-data to the user of the application. It
was decided to add additional overlays to the carriages as well as they play an important role in
warehouses. For each carriage, or bins placed on a conveyor, information about an order can be
conveyed to the user. Additionally, different colors representing the priority of orders can be
considered as well, motivated by the importance of dynamic orders. Urgent orders can be color-
coded to be easily differentiated among many orders. An illustration of how such a graphical
representation can look can observed in Figure 8.6.
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Figure 8.6: Illustration showing the orders next in line for the warehouse workers.

By giving picking information to the worker before the run, it can be easier to differentiate between
categories of items during the pick-run. Hence, the worker does not need to search for the
highlighted bins and after completing several pick-runs, each worker may remember where certain
items are placed. Additionally, If the items are similar to each other, which, by the result of the
initial concept showed to be troublesome, the graphical overlay of each bin as presented in Figure
8.3 can help the worker where needed.

The problem however with objects constantly moving, such as carriages or conveyors is the
difficulties of virtually keeping track of them. This would require technology that monitors the
location of the carriage relative to the user, in order to communicate the location of the order-bin
to the warehouse worker. As each bin, constantly moves, since each worker presumably use their
own carriage, a pre-defined mesh will not track these movable objects since it is static. However,
it has been observed that many warehouses that utilize augmented reality or barcode scanners use
QR-codes to track objects, see for instance (Stoltz, 2017). Having an QR-code at each conveyor
could potentially solve the issue with objects constantly moving. Although it requires the HMD to
be able to scan QR-codes. Whether this approach is valid has not been investigated, but it seems
as a feasible approach.
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9 DISCUSSION AND CONCLUSIONS

This section presents the discussion of the results and the conclusions that has been made during
the thesis. The conclusion aims to answer the research question formulated in Chapter 1. The
discussion presents the exhortations and choices that may have affected the results.

9.1 Discussion of the methodology

A mixed methodology approach was used, mainly because the thesis depends on data gathered
from users. Gathering both quantitative and qualitative data facilitated the process of analysing the
user-tests. Since each user subjectively ranked the overall workload using a well-suited method,
the qualitative data could be completed with the quantitative. It could be estimated whether the
results of certain user-studies relied on for instance the performance of the user during each trial
or other factors. A continuous data-gathering approach helped to complete information throughout
the thesis.

Initially, it was encouraged to visit several warehouses in order to gather necessary knowledge
about warehouse management, and it was underestimated how difficult it can be to get in touch
with companies as they generally have a lot to do already. For that reason, most of the knowledge
regarding warehouse management had to be generated through literature and previous research.
Thinking back, it might have been relevant to get in touch with companies before the study started,
in order to make sure that companies are available during the background study. Nevertheless,
necessary knowledge regarding conventional practices in warehouses was gathered, and based on
the literature concepts to help solve the research question was generated. Warehouse management
was found out to be a very complex field and it was initially difficult to get a distinct overview.
Mostly because of the variety of different warehouses, products and solutions.

Throughout the thesis, assumptions have been made in order to proceed and eventually propose a
concept. The assumptions were subjectively taken and should be considered when reading the
report. Since few warehouse companies was visited during the background study, much of the
early progress was based on previous literature and recommendations.

Initially, it was difficult to decide what the aim of the thesis should be. Through the very first user
test, a simple concept was made, denoted as the “initial concept” within the thesis. Much of the
feedback gathered from qualified users testing that concept pawed the way for the further
development. However, since only feedback from one company was acquired, other approaches
could also have been taken that has not been explored within the scope of this thesis. For instance,
navigating unorganized warehouses, exploration of using HMD for the purpose of schooling
novice warehouse workers and more.

As the concept development phase began, about ten weeks of work had been executed, and the
complexity of warehouse management menaced the thesis. In addition, finding a need for an
application, to be used in warehouses, rather than developing an application based on needs was
particularly challenging. Nevertheless, with the help of the supervisor of the project, the entire
project was delimitated, and the aim of the thesis was defined. However, uncertainty about where
to incorporate the provided application still existed. Henceforth, it was decided to propose a few
ideas that might work well with the provided application based on a combination with conventional
practices in warehouses. It was decided to, instead of ideating concepts to be weighed against each
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other, identify where head-mounted-displays in a combination with Tangar could make most
benefit, out of the knowledge that had been generated at that point. Additionally, only three
concepts were found out to be feasible with HMDs.

The final concept was dependant on the informed decision. The variables were carefully chosen
to represent what was interpreted as important for a sustainable warehouse management. However,
as the field of warehouse management is advanced and wide, there can be variables that should
have been taken into account. In addition, one important variable that lead to the virtual Pick-by-
Light was the costs. Important to notice is that the costs of the virtual Pick-by-Light was found out
to be very high and additional sources should confirm this in order to proceed. By browsing the
web, it can be seen that virtual Pick-by-Light systems are expensive, but a thorough cost-analysis
should be conducted.

Much time was spent on evaluating the current potential of HMDs such as Magic Leap One
through web-based searches. Since an obscurity about the potential existed, the Magic Leap One
was early in the project tested through the initial concept. From that test, feedback regarding the
visual interpretations of digital objects was gathered in addition to complaints about the limited
field of view. However, it did not give much input regarding the technical capacity of the device.
Since all the concepts that was evaluated in the thesis should incorporate usage of a HMD, an
extensive user-test was conducted later in the thesis in order to evaluate the viability of the Magic
Leap One.

9.2 Discussion of the results

The user test was reliant on the previous studies. Since there exists more comprehensive studies
regarding state-of-the-art order-picking practices than the studies made within the scope of this
thesis, it was found convenient to use the results from the related studies in order to collate it with
the results of this report. However, the results should be interpreted with the following in mind:
previous studies have a slightly different experimental environment than the one used by this study.
Firstly, the Pick-by-HUD system used in previous research were designed in order to facilitate the
picking process by using colour codes associated with the shelving units. Additionally, the size of
the shelving unites have varied. In one of the previous researches, a shelving unit with three rows
and three bins at each row was used (3x3), and in others a 3x4 layout was used. As the 3x4 is
slightly more advanced, the picking performance might have been affected. Moreover, it was
found out that the participants for the user tests in other studies had more time to practice for each
task. Thus, when the decisive measurements were conducted, the users had already shown proof
that learning effects should not affect the final performance measurements for each test. However,
such accurate tests require much more time per participant and the participants that attended the
user tests within the scope of this thesis, had not that opportunity.

In order to evaluate the data generated in this thesis, each user had to be evaluated in order to see
how much the learning effects influenced the final result. A distinct improvement was not seen
during the user tests, but the performance measurements varied much for Pick-by-Paper and virtual
Pick-by-Light. Little variance was observed from the Pick-by-HUD system which indicate that it
is more predictable than the other systems. By observing Figure 7.5 it can be observed that the
typical picking time for the Pick-by-Light system were going down, but the extreme observations
seem not to disappear. This indicated that the virtual Pick-by-Light system was not as predictable
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than the Pick-by-HUD. However, that can with certainty also be caused of the early evolvement
of Magic Leap One. By observing Figure 7.9 however, similarities with related research was
identified. It was assumed that if the time of each tests was more like the other studies, the
percentual difference should converge to the mean time of other similar studies. Since the mean
time for each test was often 50% less than of other studies, the percentual difference was high. For
instance, the mean difference in the order-picking time between Pick-by-HUD and Pick-by-Light
was observed to be approximately -4,9(26,6% faster than Pick-by-Light) seconds. And in for
instance (Anhong, 2015) the average difference was approximately -6,9(15,2% faster than Pick-
by-Light) seconds. The percentage difference of the results in this thesis compared to that study
was 11,4 units, because the overall time for each task were higher.

Like other studies, it was observed that the amount of miss picks was most frequent with the paper
picklists and the Pick-by-Light system. Important to notice though, is that the amount of errors
observed during the trials did only account for returning with too many or too few items. It could
not be determined whether a user had picked from the wrong bin, since the orders were generated
randomly based on a pre-defined pattern (so that each participant had the same number of picks).

As mentioned, the early development of the HMD used in the project also caused some errors that
impacted the overall performance of the Pick-by-HUD and Pick-by-Light systems. During a few
trials, the display lost its orientation with respect to the surrounding environment. Hence, that trial
had to be restarted. In most cases, when participants operated the virtual Pick-by-Light system and
that error occurred, the virtual signs had to be placed again, thus the signs might have been placed
slightly different than before. This can have affected the performance of that participant. However,
as each participant did not operate under the same conditions, the trial was just restarted in the
event of such an error. It was also observed that the surrounding light may have impacted the
performance of each trial when operating virtual Pick-by-Light. During sunny days, the display
was allegedly less predictable. However, this claim has no lucidity, since it seems that the Magic
Leap One uses an IR-sensor and IR dot projector to measure depth. Nevertheless, as the shelving
unit was recognized by the display, as the user moved it was not able to accurately adapt to the
user’s movement. Hence, the virtual objects did not stay in the same place. It was believed that
this error was likely to be caused by the application being to computational-heavy or that the
shelving unit being too complex to detect. However, no consensus regarding that issue was
clarified and further debugging is needed.

Elven of the twelve participators in the user-tests were all male. This inflicts uncertainties in the
result as well. When it comes to using the HMD, it has not been investigated whether the impact
of wearing it may cause implications associated with gender. As seen in the literature, females
have had more issues with visually induced motion sickness than men. In addition, as the tests
only lasted a couple of minutes, as compared to several hours in a professional setting, no major
issues regarding eyestrain was observed. Few of the participants experienced eye-soreness and
exhaustion after each trial. The eye soreness was likely to be caused by the display, however the
exhaustion from the tasks combined with the excessive heat from the display can also have affected
the performance of the participants.

Some of the participants had impaired vision, hence, they ordinarily use glasses. However, by
using the Magic Leap One, it was very difficult to fit the glasses underneath the display, thus, the
users had to remove the glasses and run the tests with impaired vision. Although the results from
participants with impaired vision did not differentiate from the others and was included within the
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results. Note that these participants equipped their ordinary glasses when operating the paper-lists.
It was neither distinguished whether the users that had used HMDs before the user tests performed
better than the others and for that reason no consensus regarding it was found

Initially, it was planned to account for only the last trials when the comparison was made, but since
it could not be established that the participants had learned the systems, even after ten runs, it was
decided to account with all the 360 samples in the analysis. The best-case scenario is to, as seen in
more extensive studies, perform the definite measurements as the learning curve has evened.

9.3 Conclusions

In a collaborative work with Tangar Technologies AB, this thesis has aimed at investigating how
head-mounted-displays can create new possibilities for warehouses and to propose an area in
which the application Tangar can be used in warehouses. Head-mounted-displays are forecasted
to be on the rise and can potentially be able to facilitate working conditions in several fields and
the aim of this thesis was to elaborate on previous research and investigate the potential usage of
Tangar.

With the intensification of e-commerce, warehouses face the challenge of meeting the customer
requirements, that are for instance low-response times and fast deliveries. Sophisticated
warehouses have adapted to an automated approach, also known as parts to picker in order to meet
these requirements. Such approaches require great investment and usually viable in warehouses
that handles a substantial number of items.

80% of warehouses in Europe operate to the traditional method picker to parts. Warehouse workers
are given order picklists based on the customers inquiries and travel to each item’s location. In
contrast to the automated approach, the traditional approach does not require the same investments
and is much more flexible. However, in order to compete with the automated systems, a huge and
costly workforce is needed, which yield additional costs.

Researchers tries to find novel technigues in order to enhance the traditional method by making
the picking of items more accurate and faster. Order picking is the most resource intensive task in
operating a warehouse. It accounts for up to 60% of the total operational costs. Order picking is
the task of collecting goods within the inventory of a warehouse based on the customers’
requirements and sorting them for distribution. Many products and methods have been developed
in order to streamline this process and researchers are presenting new ways of order-picking
through head-mounted-displays (HMDs).

Four prominent conventional methods are presented in this thesis, whereas dozens of practices
exist. Paper-picklists was found to be a method frequently used in traditional warehouses. The
method was found out to be efficient and easy to learn. Although, the method was observed to be
inefficient in terms of order-completion time, which also was motivated by previous studies. Pick-
by-vision, and Pick-by-HUD are two methods that already have been tested using head-mounted-
displays, also mentioned as heads-up-displays. Pick-by-Light however, like the paper picklists is
not operated through head-mounted-displays, but through physical lights and buttons mounted on
each shelving unit in a warehouse. Pick-by-Voice was found out to be a smart solution where the
worker is able to communicate to the system through the voice and have order-picking information
conveyed from the warehouse management system through a headset.

50



From the literature, it has been observed that the Pick-by-Light and Pick-by-HUD systems are
favourable. However, it depends on which type of warehouse that is being maintained. Both the
Pick-by-HUD and Pick-by-Paper works well in high-density order picking, whereas the Pick-by-
Voice solution works well in the warehouses with low picking density.

The benefits of using HMDs in warehouses are many. VUZIX, an innovative company, already
created several solutions for heads-up-displays in warehouses which have among other increased
the overall efficiency and accuracy of order-picking. In addition, several studies have investigated
the potential of Pick-by-HUD and the results was that Pick-by-HUD in terms of order-picking
outperforms most systems, even the sophisticated system Pick-by-Light. The main advantage of
the Pick-by-HUD system is that the workers can have the hands free and that information is
accessible all the time, thus the worker must not recall any of the picking information during each
tour.

Magic Leap One was used in this project. Through its computational power, combined with the
literature study and user tests of an early prototype, three concepts were generated that had the
potential of increasing order-picking efficiency, as well as improving general warehouse
management. Through an informed decision, it was decided to further develop a concept regarding
Pick-by-Light.

The Pick-by-Light system was discovered to be a very efficient order-picking method. However,
it comes with great costs and is mainly operated in larger warehouses. Several benefits were
identified if the concept itself was virtualized using HMDs. A virtual Pick-by-Light prototype was
generated and tested against two conventional methods in order to determine the viability of the
system.

Observed by the user tests, the Magic Leap One seem to be early in its development, however, the
user tests showed that the virtual Pick-by-Light has the potential of performing like the
conventional system as the display develops.

Lastly, a concept for further development was proposed that combines Tangar. A virtual Pick-by-
Light systemt in combination with Tangar has the potential to aid warehouse operators utilizing
the Pick-by-Light method to be more accurate and faster while picking. The main contribution
with Tangar was to help warehouse operators to find designated items within a shelving unit,
without the need of visually scanning it, and help the workers navigate aisles through horizontal
navigation.

51



52



10 RECOMMENDATIONS AND FUTURE WORK

In this chapter, recommendations on more detailed solutions and/or future work in this field are
presented.

10.1 Recommendations

It is recommended to evaluate the potential of combining head-mounted-displays with Pick-by-
Voice, regardless if indoor-navigation is being used. Pick-by-Voice has been identified to be a
cost-efficient method with high learnability. It is flexible and can resist against changes in the
layout of a warehouse. Its’ downside was seen to be its inefficiency in high picking densities.

Initially, through the background-study, a few sources were observed from warehouses that was
unorganized and potentially difficult to navigate. Such warehouses might be interesting to
investigate, but that would require work to establish such a need, which has not been done in this
thesis.

Dynamic order processing has been brought up in this thesis and has been identified to be a crucial
area in warehouse management. It is recommended to investigate dynamic order processing while
warehouse workers operate through HMDs. Potentially, as warehouses are dynamic, the display
can convey information to the worker regarding where items should be. The “put-to-light” can be
particularly interesting to investigate. With the help of the warehouse management system, an
algorithm can determine, depending on customer demands, where inventory should be placed in
order to optimize the costly warehouse storage. Studies have already been made in forecasting the
customer demands, especially in terms of the high and low seasons for warehouses and can be
used for further studies.

Motivated with the thesis, it is recommended to use the Magic Leap One as a development tool
and not only for warehouse applications. Even though its early development it has been observed
to be stable and has support for development in 3D — development platforms such as Unity and
Unreal Engine. This enables to create practical applications even for novice programmers, through
its enormous community.

Lastly, it is recommended to investigate the performance of the Pick-by-HUD system when large
shelving units are picked from. It is assumed that the performance will be reduced because the
cognitive load of each task will drastically increase. However, that should be tested using empirical
studies.

10.2 Future work

The results of the virtual Pick-by-Light system should be completed using additional HMDs such
as HoloLens 2 and other sophisticated software’s, as many implications can have affected the
overall results. The user-tests in this study can be made more extensive and include pre-defined
orders to control whether right items are picked during each trial in the user test.

The proposed concept should also be evaluated. The design of the concept relied on the results
from the prototype test and Ul-guidelines. The possible performance increase of the proposed
concept can also be compared to the prototype design of the virtual Pick-by-Light system using
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empirical studies. Hence, the actual performance of Tangar in combination with Pick-by-Light
might be definite. A cost-analysis should also be conducted in order to estimate the total costs that
can be saved by picking a virtual system instead of the conventional. Since warehouse layout differ
considerable, this was not estimated within the scope of this thesis. Further, it should be
investigated what stakeholders that might be interested in such a solution. This thesis aims at the
warehouses in western-Europe still operation through the traditional pickers-to-part approach.
However, the usage of HMDs can also be very interesting for warehouses utilizing other
approaches.

It is also needed to investigate the requirements for warehouses operating the virtual Pick-by-Light
system. In this thesis, the meshing of the surrounding environment was made using Magic Leap
One’s capabilities. However, there are several scanning techniques that can generate point clouds
in which the device is operable through. Through 3D Scanning techniques, parts or the entire
warehouse can be scanned, and operable using the HMD.

Further work can also evaluate the possibilities of using the virtual Pick-by-Light as a tool for
designing conventional Pick-by-Light systems. Hence, designers can test the layout of the system
before physically implementing it. However, whether there exists of such a need has not been
identified.
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APPENDIX A: INITIAL CONCEPT LAYOUT

An early concept to show how Tangar can be used to help warehouse workers navigate to
designated items of in an order. Three tasks were created shown in Table Al. The tasks are
associated with the warehouse environment shown in Figure Al. For the task of completing the
orders, users with varied experience regarding warehouse management tested the application
running on Magic Leap One.

Each task consisted of picking “fictional” items at shelves. The shelves were numbered from 1 to
8 consisting of a total of 8 items. A total of six shelves were used (A-F) and the items to pick were
randomized for the sake of simplicity. As the required items were picked, they were delivered to
the virtual point denoted as in/Out to complete that order. Then, the next task was automatically
started, and this looped until each of the three tasks were completed.

The order of shelves to pick from was carefully chosen in case that this concept would be taken
further. Since then it would have been relevant while measuring the time to do each pick-round to
know what distance that are between the different orders.

Table Al: Overview of the three tasks used in the initial test.

Task Shelf to pick from Location to store items
1 ‘ E,A F,C D In/out
2 ‘ D,C, B,A C In/out
3 ‘ A, B, C F E In/out
L E=EE —
meune - 3 4
5 6
B E ift 8
A F
In / out

Figure A.1: lllustration of the workspace environment used for the initial concept layout.

The concept is built through virtual navigation. Each of the fictional objects was before the actual
navigation started, assigned a location in real space. Thus, each objects location can be described
using points in a three-dimensional space. As the HMDs (denoted as a point) in the virtual space,
was close enough to the items at the shelves, an event was triggered such that next item in that
order can be navigated to. Each order was created such that the user followed a path, i.e. starting
at E, and ending at D (see task 1). After that order had been completed, the next order (task 2) was
initiated and so forth.
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APPENDIX C: PROTOTYPE DESIGN

Initially, a few sketches regarding the layout was made. The importance with this design-phase
was to construct several variants, displaying whether items are going to be picked from respective
bin. In figure C.1, each sign is displaying inactive, meaning no picks will be done at that location.
In Figure C.2, each sign indicates that there will be a pick at that location. The usability goals
suggest that the Ul should be efficient to use, easy to learn and enjoyable for the user. In the very
start of the project, it was not decided whether a user should press a button in order to make
confirmations using the system. However, as the project continued, it could be decided that
confirmations should be done autonomously, motivated through observations of related studies.
Through discussions with the company and pilot-tests, one design to go further with could be
decided as seen in figure C.3.

The motivation is that it gives a distinct view about the pick-locations in a order, and decreases the
interaction needed with the sign itself. In addition, both a green light and a green border around
the pick-location was implemented, so that the user knows what pick-location that is being picked
from, as well as the corresponding sign. The current sign holds a display that conveys the quantity
of items to be picked.

(Wwn D )

Figure C.1: Different variations of inactive signs.
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Figure C.2: Different variations of active signs

Figure C.3: The design that was used in the prototype design. To the left: The sign showing inactive. To the right:
The sign showing active.
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APPENDIX D: NASA-TLX

NASA Task Load Index

Hart and Staveland's NASA Task Load Index (TLX) method assesses
work load on five 7-point scales. Increments of high, medium and low
estimates for each point result in 21 gradations on the scales.

Mame Task Date

Mental Demand How mentally demanding was the lask?
I I I I I | I I B
Very Low Very High

Physical Demand How physically demanding was the task?
N I | N I I O I I
Very Low Very High

Temporal Demand How hurried or rushed was the pace of the task?
Lottty
Mery Low Very High

Performance How successful were you in accomplishing whal

you were asked to do?

Perfact Failure

Effort How hard did you have 1o work to accomplish
your level of performance?

lIIIlIIIIl|IIIllIIIll

Very Low Very High

Frustration How insecure, discouraged, irritated, siressed,
and annoyed wereyou?

Very Low Very High
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