


Abstract
As Covid-19 has been a long-lasting worldwide pandemic, more companies wish to find a solution in
collaborative Augmented Reality (AR). That makes AR a growing technology that allows users to
observe a virtual object in the real world in real-time. The virtual object can interact with real-world
objects to fully augment the user’s reality. This paper's first aim is to evaluate whether a remote or a
physically co-located AR space is most efficient. The second aim concerns whether AR planes or AR
tags will increase efficiency in the virtual environment. The third is to evaluate whether having a
supervisor on a desktop with a mouse and keyboard and a screen or holding a phone connected to the
same AR space is most efficient. The paper’s experiment’s focus will be to measure efficiency by
fetching quantifiable data from the application while the pair of subjects complete the task of building
a pyramid with cubes. Three paired t-tests have been done, one for each of the different test
requirements. Co-located have been tested against remote, AR tag against AR plane, and 2D against
3D. The null hypothesis for these three tests is that there is no difference. A survey was done to collect
qualitative data to determine which configuration was preferred. It was shown that co-located, 2D
supervising, and AR planes were perceived as the best configuration.

The results of the paired t-tests show that the difference between co-located and remote is significant
with a 99% accuracy. At the same time, the two other tests have an insignificant difference, even with
a 95% accuracy.
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1 Introduction
Augmented reality is a growing technology that allows users to observe a virtual object in the real
world in real-time. The virtual object can interact with real-world objects to fully augment the user’s
reality. Multiple users can share an augmented reality environment to augment the same space. This
shared environment has been shown to increase efficiency in the workplace, for example, in the AEC
sector (Shen, Ong & Nee, 2010). As collaboration is an integral part of many industries, we are
interested in making a collaborative space while being far apart from each other, especially now during
the Covid-19 pandemic.

There are many different networking solutions to solve this issue of not being on a LAN network. This
study is using Forge Networking Remastered as the networking component. Forge offers a free,
open-source networking system with good integration with Unity. Using Unity and Forge Networking
Remastered, the solution can be used across platforms to enable an accessible, collaborative
workspace.

This paper's first aim is to evaluate whether a remote or a physically co-located AR space is most
efficient and propose a prototype for this evaluation. The second aim concerns whether AR planes or
AR tags will increase efficiency in the virtual environment. The third is to evaluate whether it is
beneficial to have a supervisor on a desktop with a mouse and keyboard and a screen or holding a
phone connected to the same AR space.

An experiment will be performed in this thesis. The experiment will consist of a builder, which can
actively place and remove blocks, and a supervisor, which can passively contribute to the virtual
environment by directing the builder. The efficiency and accuracy will be measured to compare the
different test cases to decide which is most efficient. Efficiency will be measured as the time to
complete the task, and accuracy, a secondary measurement in this study, will be calculated as the ratio
between placed and removed blocks. A survey will be conducted to gather qualitative data such as
preference and the participants’ thoughts of how the test cases went.

The application needs to be built using Unity. Then, the application will be networked using Forge
Networking Remastered. The application’s base will be done at this stage, and roles will be added.
These roles are a passive (supervisor) and an active user (builder). Next, the base application will be
duplicated, and the clone will be remade to work with AR tags instead of using an AR plane. Then, the
experiment will be performed to gather the data required. Furthermore, the evaluation and analysis
will finally be accomplished using the data gathered from the experiment.

Some contribution could be:

1. Empirical insights into digital collaboration using AR
2. Insights into best practices for mixed-reality design processes
3. Insights into best practices for mixed-reality meetings
4. Understanding of the effects of anchoring on AR interactions
5. Technical workflow for networked/remote collaborative mixed reality
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2 Background
As Covid-19 has been a long-lasting worldwide pandemic, more companies wish to find a solution in
collaborative AR. Articles such as (Zillner, Mendez & Wagner, 2018) focus on how a worker in need
of help could video stream his environment to a remote expert. The expert could then guide the worker
with visual clues.

2.1 Augmented Reality
Augmented reality is a technique for observing and interacting with digital objects, in reality, captured
via a camera and then displayed on a compatible device. A well-known example of this is the mobile
application Pokémon Go which became a world sensation on its release. The AR experience aims to
be seamlessly built into the world to create a fusion of virtual and natural objects. While virtual reality
or VR, A technique similar to AR, aims to immerse the user into a virtual world completely (Verma,
Kumar, Tuteja & Gupta, 2021), AR aims to enhance the real world with virtual information.

Augmented reality can be achieved using different platforms, such as mobile devices, PCs, tablets, and
AR glasses and lenses (Klepper, S, 2007). According to Metz (2012), mobile devices are suitable
devices for AR platforms because they contain the necessary hardware and are accessible. Tech giants
like Google and Apple have released their AR developing tech, ARCore, and ARKit, respectively.
Both frameworks aim to realize augmented reality for their customers. It is important to note that these
development platforms are primarily software that leverages available hardware.

Augmented reality has many different devices it can run on. The most popular being mobile phones,
AR glasses, and head-mounted devices (HMD). Mobile augmented reality is the most accessible for
both consumers and companies. Mobile AR apps are built on phones and tablets regularly and host a
wide variety of games and applications.

Both AR glasses and HMDs are bulkier than a mobile phone and strapped to the user’s head. They
have different aims, as AR glasses’ core concept is to use a layer where an augmentation of everyday
content can be displayed using a 2D display. At the same time, HMD renders the virtual information in
the user’s line of sight and is placed upon the real-world environment.

AR is not exclusive to entertainment; it has branched out to industries like the AEC sector (Unity
2021). However, AR is also used for the medicine (Umeda, Seif, Higa & Kuniyoshi., 2017), education
(Choi, Yoon, Jung & Woo, 2017), and archaeology (Bernardini, Delogu, Pallotti & Costantini, 2012)
industries.

2.2 Augmented Reality Anchors
AR anchors are a way of anchoring digital objects to the real world. They are done in two ways:
marker-based AR and markerless AR, where marker-based AR uses an image or object to anchor the
digital world while markerless uses floor and walls or GPS to bind the digital world.

2.2.1 Marker-based AR
AR Markers is a visual object, often a rectangular card with a unique pattern on it, used in AR to mark
and bind the digital objects to a specific physical space. That could be done by the device recognizing
an image or the shape of an object like the unique shape and color of the washer fluid cap on a car.
Zhang, Fronz & Navab (2002) discuss the AR marker and the different AR tags. Tags are the first
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images easily recognized by cameras and look like Figure 2.1. However, as technology evolved, it is
now possible to use any picture, avatar, or logo. That makes the word AR-Tag now a subcategory
under AR-markers. Nevertheless, Tags are still in use in the industry as the more straightforward and
more reliable method, especially in the industry out of the customer’s eyes.

2.2.2 Markerless AR
On the other hand, instead of using a reliable marker, Markerless AR uses any flat surface, Radio
frequency identification, or even GPS to anchor its digital world to the real world. That makes it, so
the need for markers is gone. For example, Google has an AR service where restaurant owners can put
up their menu and lock it to specific GPS coordinates to create a digital way of displaying the at-door
menu. For flat surface tracking,  a plane detection algorithm is used to find a flat surface, such as the
floor, a table, or anything flat, with the camera and calculates the angle from which the surface is
viewed. Then the algorithm calculates the digital world coordinates to match the real-world angled
coordinates, and then it displays the virtual object as described by Lee, Lee, Lee & Choi (2011). This
report only means the plane detection, flat surface type of markerless AR when markerless AR is used
if not stated otherwise.

2.3 Unity
Unity is a top-rated multi-platform game engine used to develop games towards PC, consoles, mobile
devices, and virtual and augmented reality. Many well-known games are made in Unity, such as Ori
and the Blind Forest, Rust, and Kerbal Space Program. Unity aimed to make game development
accessible to more developers. According to Unity’s internal estimates (Unity 2020), their editor is
used in over 50% of all games on PC, console, and top mobile games while also powering over 50% of
all top 1000 mobile games.

Unity is not just a game-development platform; it has ventured into industries, such as automotive,
film, construction, engineering, and architecture (Unity 2020). Unity Reflect, a tool Unity developed
for the AEC sector, can take the BIM (Building Information Modeling) format and convert it into a
fully 3D viewable environment (Unity 2020).
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2.4 Forge Networking Remastered
Forge Networking Remastered is an open-source multi-user networking system that offers good
integration with Unity. The first version of Forge Networking was released on 12 June 2015 (Farris, B,
2019), and purchasing a license would grant the developer access to the source code. The initial
version provided the developer with basic networking features while also providing a server browser
and fast support and was built entirely in Unity. Forge Networking was released to the Unity Asset
Store on 23 June 2015, and integration was made more accessible.

BeardedManStudios released a remastered version of Forge Networking called Forge Networking
Remastered on 23 June 2017. The new remastered version became a fully open source for any
developer (Farris, B, 2019). The remastered version was built independently of Unity, meaning C#
applications and servers could run Forge. Since the remastered version, Forge Networking has been
picked up among indie developers, and games like Wobbly Life (Steam 2020) and Carth (Steam 2020)
use Forge Networking Remastered.

Forge Networking Remastered offers many features beyond the basics, such as the RPC (remote
procedure call) generator1. Network Contract Wizard (NCW) is a tool that lets the developer generate
network code for the project. The generated code will let the project send network objects to other
connected devices, based on the input. An example of the NCW input fields is shown in Figure 2.2 In
the Fields input field, the NCW will create a network object that the developer names and sets to a
data type. In the RPC field, the NCW will generate RPCs for the network object to synchronize across
the network.

Figure 2.2. The Network Contract Wizard.

1 Forge Networking Remastered at https://github.com/BeardedManStudios/ForgeNetworkingRemastered
[2020-02-11]
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3 Related Works
To our knowledge, no other papers have the same focus as in this paper. With that said, both AR and
virtual collaboration techniques are within our methods and have been researched for almost 30 years,
with the first article on IEEE Xplore Caudell and Mizell (1992) was published.

Ghazwani and Smith (2020) published a paper on different collaboration methods in the mixed reality
space. They discuss networking and collaborative uses and challenges for AR and different user types
and interaction types. They are also discussing ways to enhance the user’s experience. They conclude
that user interface and visual content have challenges for the mainstream user that need to be
addressed to enhance the AR experience further. They do not do any experiments to see if any
techniques are better than others; the paper is more about explaining the different AR styles and the
challenges to enhancing the user experience.

Weigel, Viller and Schulz (2014) writes about how digital collaboration could be handled. They talk
about a meeting set at a touch tablet with a camera and AR projected avatars representing the other
meeting participants. Their findings could complement the findings from this paper to build a more
complex collaboration application with augmented avatars working on the same project. That is too a
scene for best practices for mixed-reality meetings.

Cho, Yoon, Jung and Woo (2017) studied how to improve the classroom setting with augmented
reality. This was done by projecting the teacher’s notes from the whiteboard onto a paper lying on the
student’s desk. Making it so no seat in the classroom would be disadvantageous for the students. That
is another way to share information with multiple users in the AR world. The sharing is done in a
two-role system where the teacher shares the notes, and the students receive them. They propose a
novel AR remote educational system for an augmented classroom environment. Using this, students
can write digital handwritten notes and share them. They conclude that this system will empower the
current classroom.

Zillner, Mendez and Wagner (2018) state that remote collaboration is one of the primary uses for
augmented reality. They especially value remote help. They also state the importance of this research
and further it as it could lead to a greater understanding of Technical workflow for networked/remote
collaborative mixed reality. They concluded that, with their solution, a remote collaborative system
enables local workers to work more productively with the help of a supervisor or a remote expert.

Sereno, Wang, Besançon, McGuffin and Isenberg (2020) surveys the literature regarding augmented
reality specifically to present an overview of the field. They mention some remaining research areas
that need to be researched, including role and technology asymmetry. They state that an undetermined
number of passive and active users in the same space is interesting research. This thesis will allow for
an undetermined number of users in each role, but this will not focus on it.

Cheng, Chen and Chen (2017) performs a case study about marker-based and markerless AR to see
what type of AR is the easiest to develop and finds it easier to get marker-based AR accurate
compared to marker-less AR. That gives the developers the best practice for mixed-reality processes,
and now this study might give the more efficient best practice. It might also be good to know that our
user experience-based programming can fall on us having a not-so-good application.
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Mieda, Yamaguchi and Takashima (2010) study remote and co-located collaborative work in virtual
reality to see what is the most efficient. They concluded that co-located collaboration was more
efficient while the subjects were allowed to talk and equally or marginally better when doing the task
in silence.

Camba, Contero and Salvador-Herranz (2014) did a pilot study that compared three different
approaches to deliver three-dimensional content using augmented reality. They used human subjects to
experiment using AR tags to reach their results, which showed that using the computer was generally
easier and more intuitive to use while using a mobile phone showed more interaction.

Microsoft Mesh is a new technique using Mixed Reality (which includes augmented reality) made by
Microsoft and released 2021 March 2. Mesh aims to “Feel presence, Experience together, Connect
from anywhere”. That shows that remote and physically co-located AR collaboration is a hot topic in
the research field currently. This study can hint toward best practices mixed reality design processes,
understanding of the effects of anchoring on AR interactions, and the technical workflow for
networked collaborative mixed reality for projects like the Microsoft mesh.
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4 Problem definition
In this chapter, the problem will be introduced. Starting with the motivation to why the study is
important, followed by the aim of the study. The research questions are introduced to shape the way of
the study to answer the aim, followed by the hypotheses for each research question. Finally, the study
method is presented, and the threats to validity are discussed.

4.1 Motivation
Augmented reality is a growing industry technology that can support an interactive, collaborative
virtual space (Billinghurst & Kato, 2003). As the research has progressed, researchers such as Zillner,
Mendez and Wagner (2018) have focused on a worker-manager collaboration based on the worker’s
view and the manager giving visual and audio cues on how to complete workers’ tasks. Many
technical solutions are usually done via a desktop environment (Matcha & Awang Rambli, 2011), and
few are cross-platform. However, there is a lack of research around two or more persons contributing
to the same AR space in real-time cross-platform and what would be most efficient between a remote
and a co-located solution, 3D and 2D supervising, and the virtual world is attached to an AR plane or
AR tags.

4.2 Aim
This thesis aims to evaluate the efficiency of a virtual collaborative environment and if it is beneficial
for all interested companies in an AR solution. The aim is also to provide insight into whether
co-location or remote, 3D supervision or 2D supervision, and if AR plane or AR tag is the most
efficient.

4.3 Research Questions
1. Is there a difference in efficiency being physically co-located or remote?
2. Do the AR image anchors increase efficiency in the collaborative space compared to plane

anchors?
3. In an AR task, is it more efficient to have the supervisor on a PC or using AR like the builder?

4.4 Hypotheses
RQ 1:

H0: There is no significant difference in efficiency between co-located and remote collaboration.

H1: Subjects being physically co-located will yield higher efficiency compared to being remote.

RQ 2:

H0: There is no significant difference in efficiency between AR Plane and AR tag anchors.

H1: The application using AR Plane anchors will increase efficiency compared to AR tag.

RQ 3:

H0: There is no significant difference in efficiency between 3D and 2D supervision.
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H1: A supervisor using a 3D device (mobile phone) will yield higher efficiency compared to 2D
(desktop) supervision.

4.5 Objectives
1. Build a plane driven AR application
2. Make it networked over several devices using Forge Networking.
3. Implement two separate roles, one worker and one supervisor.
4. Make a copy of our app but AR-tag driven instead of plane driven.
5. Experiment and gather the quantitative data per test case.
6. Evaluate and analyze the results

4.6 Method
This section will introduce the chosen and alternative methods to the study. Due to the nature of our
chosen method, which includes people, the research ethics are presented as well.

4.6.1 Experiment and Survey
An experimental method is appropriate for this study as a high level of control is required for the result
to be as accurate as possible (Wohlin et al., 2012). The experiment is designed to measure the
efficiency in an AR-powered collaborative space remotely and physically co-located. Different
configurations of the application will be tested to see whether an AR environment driven by AR-Tags
is more efficient than a plane-driven AR. as well as if the efficiency is increased whether the
supervisor is on a 2D (desktop) or a 3D (mobile phone) device and whether co-located collaboration
has higher efficiency then remote collaboration.

The goal of the survey is to gather the thoughts, feelings, and preferences of the subjects (Kelley,
Clark, Brown & Sitzia, 2003). The questions on the survey use radio buttons for questions such as
preference between two configurations and text-based answers for further explanation as to why they
prefer one over the other. These answers will give the project a qualitative perspective on what
configuration is most interesting, fun, and efficient to use. The survey may serve as an answer or
indicator to why different test cases perform better than others. Key questions are about preference and
communication between the different configurations in each category. The questions are listed in
Appendix A.

The experiment’s focus will be to measure efficiency by observing and fetching quantifiable data from
the application while the pair of subjects complete the tasks. What is not going to be recorded is audio
and video recordings of the subjects completing the tasks. While audio and video are interesting to
determine how language is used to complete the task, it is not within the project’s scope to actively
gather that information.

The experiment will be performed in a controlled environment where a pair of subjects will be
physically co-located or remotely located. The pair will be connected through a localhost network
using Forge Networking. The remote aspect will be simulated by the subjects being in different rooms
while being in the same building. Since Covid-19 is still going on, the sampling will be restricted to
close friends and family. While not ideal, it should be sufficient to build a foundation for further
testing and initial results.

The task the subjects will perform is simple by nature and does not require very elaborate instructions.
The task will be done in pairs, one being the supervisor and one being the builder. The supervisor will
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have an extra layer on their screen detailing the figure the builder has to build but being restricted on
actively building, see Figure 4.1. The builder will not have the extra layer but will instead be an active
contributor to the virtual space. When each subject has chosen roles, they will have to collaborate to
construct the pyramid figure. The remote test cases will use a voice-over-IP, such as Discord.

Figure 4.1. Picture of the Pyramid figure from the supervisor’s desktop view.

This study considers efficiency as the time to complete the task that will be given to the subjects.
Another measurement will be accuracy, which is the ratio between placed and removed blocks from
the virtual space to complete the task. Efficiency is the primary measurement for comparison.
Accuracy, which will be of lower focus, is introduced to counter a potential misuse of the application.
While measuring efficiency, the subjects can press multiple times to get the blocks out to save time,
remove the undesired ones, and complete the task fast. While showing high efficiency, it is not
realistic as the tool is not made for a speed test explicitly.

4.6.2 Alternative method
As an alternative method, a case study may have been used to undertake the phenomenon in its natural
environment (Berndtsson, Hansson, Olsson & Lundell, 2008). That will be problematic because the
factory that may be using our software in the future is located in Estonia. While still technically
possible, due to COVID-19, there is an unnecessary risk to travel there and observe when they try it
out.

4.6.3 Ethics
The data that is evaluated in this study is generated by the participants and will be openly available for
everyone. However, their personal information such as name, age, or gender is not available to respect
the integrity of the participants. The participants were informed how the testing would proceed and
approximately how long it will take to complete the test set. The participants were given a choice to
share the information they generated and provided. Any participant who is unwilling to share the
information will have its data removed from the project and for evaluation.

4.6.4 Participants
There have been 10 participants divided into five pairs. The participants were informed of what data
was collected, and all participants gave their consent to participate and data collection. On account of
inexperience, no age nor gender was collected, but all participants were of age.
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4.7 Threats to Validity
This section will introduce the potential threats to this study and how they are handled or considered.
The application used for testing is in an alpha testing stage at best, and this could affect the results, but
as everything is in this very early development stage, it is the same for everyone.

4.7.1 Conclusion validity
Low statistical power: as the number of participants is meager, a total of five pairs, this study has no
statistical power. This study could only point to trends and help to focus further research.

4.7.2 Internal validity
There are no social threats to internal validity. That is because there is no compensatory rivalry due to
an old technique being outperformed, or at least no old technique the subjects have close to their heart.
The lack of a control group and tested one group at a time, so imitations of treatments were small.

Interaction of selection: As multiple groups are used in this study, their different learning rate could
cloud the results in the worst case, making the middle tests hugely varied in results and the last test the
best of them, all independent of the technicalities around that test. It has been slightly averted by every
group taking their own path along with the different tests so that no one test will be the last giving it an
advantage and no one test will be the first giving it a disadvantage.

4.7.3 Construct validity
Mono-operation bias: To not get a single variable difference, we have the three different variable
changes from test to test.

Mono-method bias: By only using time per action taken as a variable, it would be easy for a group to
get tired of the test for one task making it seem like that task was more complex or has lower
effectiveness. However, there are multiple experiments with the same pair, as shown in the result. That
gives a  sort of baseline to compare against. This gives a general hint about where the group should be
timewise, so if one single test is slow and the group, in general, is fast, we could take that result as bad
data.

4.7.4 External validity
Interaction of selection and treatment: As we have a tiny test group, we have taken anybody we
could; all are adults. So they could very well have been working at an assembly plant using this
equipment.

Interaction of setting and treatment: We have been testing indoors in our homes that may have been
a more optimal working place for the application than in a dim warehouse.

Interaction of history and treatment: This is the threat of when the place of the experiment in time
could affect the test results. However, as the application is timeless and no good or bad press has come
around the AR subject for as long as we can remember, we cannot see anything that would weaken this
validity.

There is a validity problem with the test subject being close friends and family. Our families may have
made the quantitative data even better than the experience to give more love, therefore distorting the
result a little. That has been reduced with questions like “which task did you prefer” and not with
questions like “rate all tests one to ten.”
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5 Implementation
This chapter will introduce the construction for the application, the test environment, and the test
design. The application is in focus regarding the user interface, Unity scenes, and networking. The
following section presents the reasoning regarding the test cases and the environment in which the
experiment will be performed.

5.1 Unity
Unity was selected as the backbone of the application because of its simple, intuitive use and already
existing features, such as prefabs and scenes. Unity is also very popular in game development,
especially mobile phone game development which suits this project well. When setting up Unity,
version 2020.2.2f1 was selected. After that, the plug-in Unity AR Foundation version 4.0.12 to use for
the AR programming and the ARCore version 4.0.12 and ARKit version 4.0.12 plug-ins for
distribution to android and IOS devices, respectively.

5.2 Forge Networking Remastered
The application needed a networking component for the participants to see the same objects. Forge has
a simple networking structure, and with native support for Unity, Forge had several examples of game
logic, prefabs, and scenes. The application uses the game logic and prefabs from Cube Forge Game in
Forge. When participants can choose a role and connect to or host a server, the initial scene is also
from Forge.

Figure 5.1. Initial scene.

The server was set up as a localhost client-server model, where the host was the server, and the
participants were clients. The server used the standard configuration that came with the Forge version
from 17 August 2020. Every gameObject, such as the camera, placed and removed cubes are sent
across the network. The supervisor uses a culling mask to see a placeholder of the figure that needs to
be built. However, the placeholder is not sent across the network.
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5.3 Application
The application is built based on one of the examples called Cube Forge Game in the Forge
Networking Remastered from the Unity store. The example was edited, so AR camera scripts were
added to the networked camera; the game scene got an AR session and an AR session origin from the
AR Foundation plugin. After that, a script to combine every cube gameObject into one single
gameObject i.e., making it, so the game scene had one big object instead of one gameObject for each
cube present in the scene. That is a requirement because both the AR plane detection and AR tag
detection could by default only manipulate one gameObject at a time, which was the more
straightforward solution. After that, the cube underwent cosmetic changes to make the app look better.

Two UI panels were added to the application, as seen in Figure 5.2; one, the one to the right in Figure
5.2, was added exclusively to the mobile with the functionality to zoom in and out to make the game
object appear in a manageable size; this is done by scaling the AR session origin. There are two
buttons to lock and unlock a cube from the found plane to compensate for inexperienced programming
and started locked at the beginning of each round, but the object still drifted some. Another
functionality was to toggle the delete mode and toggle between the plane detection and the tag
detection modes. The other UI panel, the top left in Figure 5.2, was the supervisor panel and was
added to both the mobile and desktop versions of the application. The supervisor panel consists of a
start and a stop button related to the experiment timer and a button to open the figure choosing panel,
the lower one on the left side in Figure 5.2. For the experiments, not only the pyramid figure but an arc
and a plus symbol figure were created and added to the figure chooser.

Figure 5.2. Screenshot of the phone to show the supervisor’s UI Panels.

5.4 Experiment Environment
The experiment environment consists of one computer as a host, which the demonstrator uses, while
the participants both use mobile phones or one uses a mobile phone while the other uses a computer,
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depending on the test case. The host acts as a server to the clients, which will connect via localhost.
The experiments were done in a home environment, either at the participants’ or the demonstrators’
homes, depending on what was appropriate for each test set. Each pair-generated data was gathered
through the application, which writes to a text file on the host’s computer.

Figure 5.3 Picture of application Figure 5.4 Upclose picture of application in use
in use as a builder on mobile as a builder on mobile

5.5 Test Design
The test requirements were determined by taking the three research questions and doing a 2k factorial

design where the k = 3 thanks to the three research questions that give test requirements. The2 3 =  8
test requirements are shown in Table 5.1. Each test case will contain a location, a device, and an AR
mode. For example, the first test case will be physically co-located, both the supervisor and builder
will be on a mobile phone, and the application will be using the AR plane. The study will evaluate the
different location, device, and AR mode configurations, such as co-located against remote
collaboration, 3D against 2D supervising, AR plane against AR tag, and all eight test cases to show
what independent variable as well as what configuration is most efficient. The study will also compare
the combination of two and three variables to measure any significant differences.

1 Co-located, 3D, AR Plane

2 Co-located, 3D, AR tag

3 Co-located, 2D, AR Plane

4 Co-located, 2D, AR tag

5 Remote, 3D, AR Plane

6 Remote, 3D, AR tag

7 Remote, 2D, AR Plane

8 Remote, 2D, AR tag

Table 5.1. Test case table.
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5.6 Statistical t-test
The statistical tests were done by using Matlab's paired t-test command. As a result of a
recommendation from a course supervisor, the paired t-test was chosen over a student's t-test. The test
tested the entire dataset on each of the three factors. For example, for the factor co-located vs. remote,
all data points from all groups from test requirements 1, 2, 3, and 4 became H0 . All of the data points
from test requirements 5, 6, 7, and 8 became H1 . With an original alpha level of 0.05, that was
decreased to 0.01 in one case to see how confident the result was.

5.7 ANOVA test
The ANOVA tests were done using the JASP repeated measure test. The ANOVA table is based on the
three variables; location, anchors, and supervision. Location includes physically co-located and
remote, anchors include AR plane and AR tag, and supervision includes 3D and 2D. The ANOVA test
will test 2x2 and 2x2x2 variables to measure what variable was or was not significantly different. For
example, Location and supervision means the ANOVA will test co-located and 2D against co-located
3D, and remote 2D against remote 3D. Post Hoc tests will be done to analyze the ANOVA table to see
what variable was affecting the results. The Post Hoc test will use the Holm method.
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6 Result
This chapter will present the quantitative and qualitative data of the experiment and the survey. The
hypotheses will be analyzed and answered. It is important to note that the study only experimented
using five groups, which is too low to draw any proper conclusions. According to Latin Square, the
study would need at least eight groups to draw any conclusions.

6.1 Results
The quantitative data were uneven, shown in Figure 6.1 and Figure 6.2, as Figure 6.1 is the same
group doing the Co-located 3D AR plane test in blue and the Co-located 3D AR tag test in red. The
difference in length in the two plots is that the blue has fewer actions taken and, therefore, a shorter
line. It is also difficult to see any trends emerge if data from all the four different groups doing the
same experiment as seen in Figure 6.2, where every group is doing the Remote 2D AR tag test. There
are some large spikes once in a while in the data as shown in Figure 6.1 and 6.2; this is communication
or navigation pauses and is therefore not considered extreme outliers as it is a part of the tasks. Both
Figure 6.1and Figure 6.2 are meant to show specific test cases’ timeline to detect if there were any
patterns such as the experiment being faster or slower in any stage, like in the beginning or the end of
the experiment, but no such pattern was found.

Figure 6.1 Figure 6.2

In Figure 6.3, all the groups’ results are put together to see if some of the technique combinations have
a lower mean and median than any other technique. It shows that Remote 3D AR tag is the technique
with the widest range meaning the subjects spread were the largest. Nevertheless, looking at the
median lines, it has a lower median than the remote 3D AR Plane and about the same as many other
combinations. The Co-located 3D AR Plane boxplot has the least wide range, but it also has the
highest number of outliers. As the diamond representing the mean is about on the same line as the
other combinations, the median is almost as low as the other combinations' first quarter mark.

Figure 6.3. The plot of the results.
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The co-located vs. remote boxplot (Figure 6.4) shows a broader range on the remote box. The mean of
Co-located is 3794,79 ms/action taken, while the remote has a mean of 4413,46 ms/action taken. The
median was 2413,5 ms/action for the co-located and 2833 ms/action for the remote. The average
number of blocks placed in co-located across the five groups was 33,45 blocks and removed on
average 6,6 blocks. The remote placed on average 33,9 blocks and removed on average 6,75 blocks, so
the accuracy is similar. A paired T-test revealed that remote has a significantly lower efficiency than
co-located with alpha = 0.01. The ANOVA test, Table 6.1, also showed a significant difference
between co-located and remote collaboration.

Figure 6.4. Co-located vs. Remote

Table 6.1 ANOVA test. Co-located vs. Remote.

In the AR plane vs. AR tag boxplot (Figure 6.5), it is shown that the two techniques are similar. The
mean of AR Plane lands on 4322,44 ms/action taken while the AR tag has a mean of 3895,91
ms/action; the median was 2598 ms/action for AR plane and 2618,5 ms/action for the AR tag. The
average number of blocks placed in the AR plane across the five groups was 32,15 blocks and
removed on average 6,35 blocks while the AR tag placed on average 35,2 blocks and removed on
average 7 blocks, so the accuracy is similar. The paired T-test at alpha 0.05 said that it was not a
significant difference between them both. The ANOVA test did not show a significant difference
between the AR plane or AR tag at the 95% confidence level as seen in Table 6.2.

Figure 6.5. AR Plane vs. AR tag.
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Table 6.2 ANOVA. AR Plane vs. AR Tag.

Figure 6.6 shows the result from exclusively comparing 3D against 2D supervising. The boxplots look
almost identical as the range is at the same level. However, 2D supervising, on average, takes less time
compared to 3D supervising as 2D has an average of 3945 ms/action, and 3D has an average of 4362
ms/action. The median for 2D is 2580 ms/action, and the median for 3D is 2620 ms/action. The
average accuracy for 2D supervising is 5.12 blocks placed per block removed, and the average
accuracy for 3D supervising is 5.73 blocks placed per block removed. The paired T-test at alpha 0.05
showed that there was not a significant difference between the two. The ANOVA test did not show a
significant difference between the AR plane and the AR tag as shown in Table 6.3.

Figure 6.6. 3D vs. 2D.

Table 6.3 ANOVA. 3D vs. 2D.

In Figure 6.7, the results are shown on a group-by-group basis. Each boxplot shows a configuration
and which group performed it. The chart shows that Group 1 has consistently been underperforming
compared to their peers, who have increased the boxplot averages. The other groups have been
relatively consistent with each other.
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Figure 6.7 Group by group comparison.

In Figure 6.8, the result of combining the location and the supervision variables is shown. According
to the ANOVA test seen in Table 6.4, combining co-located 3D and measuring it against the
combination remote 3D, it is a very significant difference. The rest of the combinations do not have a
significant difference.

Figure 6.8 Location and Supervision combination.

Table 6.4 ANOVA Table of location and supervision combination.
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In Figure 6.9, the results of combining the location and the anchor variables are shown. According to
the ANOVA test seen in Table 6.5, combining co-located AR plane and measuring it against the
combination remote AR plane, it is a very significant difference. Remote AR plane against co-located
AR Tag as well as remote AR tag is also a significant difference. The rest of the combinations do not
have a significant difference.

Figure 6.9 Location and anchors combination.

Table 6.5 ANOVA table of location and anchors combination.

In Figure 6.10, the results of combining the location and the anchor variables are shown. According to
the ANOVA test seen in Table 6.6, there are no significant differences when comparing the
combinations.

Figure 6.10 Anchors and Supervision combination.
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Table 6.6 ANOVA Table of anchors and supervision combination.

In Figure 6.11, the results of combining location and supervision while using the AR plane are shown,
while Figure 6.12 shows the combination of location and supervision while using the AR tag.
According to the ANOVA test seen in Table 6.7, there are several significant differences.

Figure 6.11 Combination of location and anchors using 3D. Figure 6.12 Combination of location and anchors using 2D.

Table 6.7 ANOVA
Table of all

combinations.
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6.2 Answering the hypotheses
Three paired t-tests have been done to answer the hypotheses, one for each of the different test
requirements. Co-located have been tested against remote, AR tag against AR plane, and 2D against
3D. The null hypothesis for these three tests is that there is no difference.

The results of the paired t-tests show that the difference between co-located and remote is significant
using a significance level of 0.01. At the same time, the two other tests have an insignificant difference
even at a significance level of 0.05. Due to this, RQ1 H0, RQ2 H1, and RQ3 H1 can be rejected.
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7 Discussion
Overall the task was to build a pyramid, which turned out to be a turbulent experience. There was a
placement of up to five blocks in a row, and then a change in direction was needed, increasing the time
until the subsequent block placement. This turbulence generates inconsistencies when graphed, but it
is all a process of the task. The groups performed at different speeds when completing the tasks, as
seen in Table 6.2, this is normal as different people have different working speeds. That gives a
slightly uneven result as the number of participants is low. It is so low that no actual conclusion can be
drawn as stated in the conclusion validity.

Nevertheless, what we can see in Table 6.2 is that the different groups flexed proportionally from task
to task, saying something about the technique combination used. We can, for example, see in Figure
6.3 that co-located 3D Ar Plane is the combination of techniques with the least wide range. However,
it also has a fair amount of outliers, between the 5 and 10 seconds, indicating that with a different
selection of test subjects, the range might extend slightly, making it tie the co-located 3D AR tag and
remote 2D AR tag test cases.

The results show that cross-platform AR is possible and that the need for AR tags might not be as
critical as one does think at first. This result makes it possible for companies to use an AR application
in their operation without the need for big AR tag-stickers everywhere without losing a significant
amount of efficiency. That would make it easier for companies to start with AR. 3D did not differ
significantly from 2D. However, it is interesting that several participants preferred 2D because they
could sit down. Companies can therefore make use of both configurations as they can be customized to
fit the needs and preferences of the user so that their efficiency, comfortability, and ergonomics can be
increased. Working co-located has shown to be significantly better than remote, which companies need
to keep in mind when using technology like AR. Nonetheless, remote AR is not bad, only worse for
performance, but safety comes before performance with today's Covid-19 situation.

7.1 Limitations
This study has some limitations besides the threats to validity that need to be explained. As only five
groups were in this study, we could not have used a Latin square. The results may be misleading
regarding what technique combinations were not done as the first or last test by any subject pair.

Another limitation was the lack of a laboratory room. The experiments were conducted in our and the
subjects' homes making the experiment inconsistent in its setting. However, there was still enough
room to move around unhindered in every test location. It is also so that one of us was the test leader
for two groups. The other was the test leader for the other three groups, so it might be that the
experimentation was a little different. However, as they were planned well in advance, we do not think
it made a difference.

All participants used their phones, which could have affected the performance results. That would
probably not have significantly affected the results as the app is not too CPU-heavy. Every participant
needed a phone with Android 8.1 or iOS 11 to use the thesis application. Every Android and iPhone
available that can run ARCore and ARKit can run the thesis application without any problem.

There is also a limitation in the learning rate problem as the experiment did not have a first practice
run. We thought we countered it by shuffling the order of the tests, but it has come to our attention
after the test sessions that it is good practice to have a first practice run so the subjects can get to know
the equipment i.e.
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The application used in the experiment is in an alpha stage which could affect the results. However,
the experiments all used the same version of the application so a comparison between the
configurations is still valid.

7.2 Is there a difference in efficiency being physically co-located or remote?

7.2.1 Direct comparison
The result shows a significant difference favoring the co-located tests according to the paired t-test and
ANOVA test. This result could be because when remote, the subjects were restricted to only talking;
this could have been helped by either making a better working camera showing where the other
participants were standing in the AR scene. We also got the comment that something as simple as
different colored sides would probably help reduce miscommunication in strictly verbal
communication. While the pair were co-located, more pointing and special recognition helped even if
the pyramid rotated slightly, making one subject left, the other one right. It just was not as big of an
obstacle when co-located.

7.2.2 Two variable comparisons
According to the ANOVA test, the location made a significant difference when co-located AR plane to
remote AR plane but not when comparing co-located AR tag to remote AR tag. Co-located 3D being
significantly more efficient than remote 3D is not unexpected, as co-located was generally more
efficient than remote. However, co-located 2D compared to remote 2D is barely different, which raises
the question of why. The disparity between remote AR plane and remote AR tag, co-located AR tag,
and AR plane might be due to being remote can cause the figure to be inaccurate. That can be caused
due to not using similar planes, such as a table.

Remote 3D is significantly different from co-located 3D with remote underperforming compared to
co-located. 3D supervision using co-location being better than remote 3D is not unexpected either for
the same reason as remote being less efficient than co-located, the communication is much more
challenging and not as intuitive when using a mobile phone and being remote compared to being
physically co-located.

7.2.3 Three variable comparisons
Co-located is consistently more efficient than remote when comparing all combinations, except for
remote AR tag 2D, which is equally as good as co-located AR plane 3D. Co-located AR plane 3D is
significantly more efficient than remote AR plane 3D, which is not unexpected since co-located is
generally more efficient than remote.

7.3 Do the AR image anchors increase efficiency in the collaborative space
compared to plane anchors?
The test subject using the two different techniques reported problems with both. Problems like drifting
were mentioned and are probably due to the slim time of app development, and even if Cheng, Chen,
and Chen (2017) Article said that AR marker-based technology was easier to develop for similar
results.

That is if AR image anchors and AR plane anchors are in different categories. Cheng, Chen, and Chen
(2017) defines marker-based as an AR technology in need of a 2D image, like our AR tag or “natural
objects directly in the real environment”. That could be an entirely flat surface or something like a
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stone wall with a unique pattern. In comparison, their markerless AR uses some sort of localization
technology like GPS, RFID, or sensor technology. If both technologies are written as marker-based
and therefore easier for developers, then AR plans might have a slight advantage because it is easier to
get them to stay in position. The only real difference is where the applications are used.

7.3.1 Direct comparison
This study shows only a slight difference in efficiency between the AR image anchors and the AR
plane anchors. The differences are, according to the paired t-test, insignificant.

7.3.2 Two variable comparisons
In the two-variable comparison ANOVA nothing interesting happened, besides the combination AR
tag, 2D VS. AR plane, 2D where a difference, even if it was insignificant, appeared. An even more
minor difference appeared at AR plane, 3D VS. AR tag, 2D telling that it is something up with AR tag,
2D this is also shown in Figure 6.10 where AR tag, 2D is lower on the chart and therefore more
efficient. That may be because the picture centering the figure built in a way that helps in
communication say that both the supervisor and the builder now start at roughly the same location,
making the initial orientation of left and right easier.

7.3.3 Three variable comparisons
At the three variable comparisons, we see the same trends as in the two variable comparisons. With AR
tag, 2D being a more efficient combination. Taking the AR tag, 2D combined with the location
variables shows remote, AR tag, 2D being a more efficient combination. One of the more exciting
findings is the significant differences between remote, AR plane, 2D and remote, AR tag, 2D. That
could also be because of the orientation difficulties in the application and the inconsistency of rotation.

7.4 In a directed AR task, is it more efficient to have the supervisor on a PC
or using AR like the builder?

7.4.1 Direct comparison
The study results show that the configuration of 2D or 3D supervising should not affect the time it
takes to complete the task. Technically, 2D is faster by 0.4 seconds per action taken (10% faster),
which is not significant enough to state that 2D is superior according to the paired T-test and the
ANOVA test. However, accuracy does have a large difference, as 2D supervision has the best accuracy
with 5.12 placed blocks per removed block, and 3D has the worst accuracy with 5.73 placed blocks
per removed block. It is possible that 2D supervision can give a more accurate description of where to
place a block because of the subject's familiarity with a desktop compared to AR on a mobile phone.

7.4.2 Two variable comparisons
Interestingly enough, comparing co-located 3D against remote 3D shows a difference in the location
variable more so than 3D. As well as the relation between anchors and supervision is never
significantly different according to the ANOVA test. However, AR tag 2D is generally more efficient
than AR tag 3D, while AR plane 2D and 3D are about the same efficiency.

7.4.3 Three variable comparisons
Supervision follows the same trend when combining all three variables. The supervision configuration
is never what changes significance by itself; it is always combined with another change, such as
remote AR plane 3D compared to remote AR tag 2D. In this case, where both the anchor and
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supervision configuration was changed, remote AR plane 3D is a lot worse efficiency-wise than
remote AR tag 2D.

7.5 Questionnaire
The questionnaire gave many interesting points from a qualitative perspective. All participants were
new to augmented or virtual reality, with only one participant having previous experience using the
technology for about 5 hours. The participants gave their opinion about what they thought about each
of their configuration categories.

All participants preferred co-located collaboration as the location configuration, which is reflected in
the quantitative data and the qualitative data. Co-located collaboration revealed itself to be
significantly more efficient than remote collaboration as each action taken per millisecond was faster.
The participants overwhelmingly thought that co-located collaboration made it easier to communicate
compared to remote collaboration. According to the participants, the ease of communication was due
to them being able to point, show, and have a more lively discussion in a co-located setting. This was
expected as co-located collaboration has shown to be more efficient in previous studies.

The AR plane configuration is slightly more preferred than the AR tag configuration. The answers to
why are somewhat conflicting. Those that preferred the AR plane thought that the AR tag drifted
more, while those that preferred the AR tag thought that the AR plane drifted more. Several
participants also answered that they did not find any real difference in the different configurations.
However, the outcome of preference would still be the same if those who answered that there was no
difference were removed from this question.

2D supervising is overwhelmingly more preferred than 3D supervising. What made participants prefer
2D is that they are more familiar and more comfortable because they can sit down while supervising.
However, 3D seemed to be more fun to use than 2D. That might be due to the participants being new
to this kind of technology. An experienced augmented or virtual reality user might find the experiment
duller and not find 3D more fun. Overall, the preferred configuration was co-located collaboration, 2D
supervising, and AR plane. This was unexpected, as the initial hypothesis was that 3D would perform
better than 2D because it was assumed it would be more natural collaboration.

7.6 Further works
To further the work, we would improve the application developed. It is an elementary application with
a few bugs, like placement errors and the delete button being unreliable but mostly working; this has
an unknown impact on the results.  It would also be interesting to combine AR and VR in the same
world. We would then test with more subjects and test with a few different figures and shapes to get
even more data. An interesting approach would be to have subjects do more complex figures during a
more extended period than an average of two to four minutes test per configuration setup. The
extended test time will show if any configuration stands out as more efficient or preferred when used
over a more extended period. It would also be interesting to have two builders under one supervisor
and see how that differs the workflow and what combination would be beneficial.

It would also be interesting to compare an AR remote session to a regular phone call to see how the
efficiency will be there.
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7.7 Summary
This study contributes to the research community by giving several empirical insights into digital
collaboration using AR in the question of co-located or remote collaboration, AR tag or AR plane
anchors, and 2D or 3D supervisor. The study has given insight into best practices for mixed-reality
design processes for new applications and meetings. It has given an understanding of anchors in use
for users and looked at  Cheng, Chen, and Chen (2017) works for marker-based or marker-less
development for developers and gives some results for technical workflow for remote collaborative
mixed reality.

To summarise the results, the most liked technical combination was the co-located, 2D supervising,
and AR plane combination. It was the most engaging combination for both the builder and supervisor,
where the subjects liked the way of communication. The co-located setup was significantly more
efficient than the remote setup. At the same time, the other 2D VS. 3D supervision and AR-tag VS.
AR plane showed no significant difference regarding efficiency.
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