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Abstract

The ability to record and replay user interactions and changes in immersive single and
multi-user virtual environments plays a crucial role in many different domains, includ-
ing asynchronous collaboration and virtual analysis. The aim of this work is two-fold:
Firstly, we design and develop a cross-platform plugin that enables efficient recording
and playback of interactions and changes in virtual environments with several thou-
sand simultaneously moving objects. Secondly, we investigate appropriate techniques to
support the exploration of such immersive recordings in virtual reality that support the
user’s change awareness, reduce the fear of missing out, and allow for precise temporal
navigation. However, there is only limited publicly available scientific research on such
techniques for the exploration of immersive recordings in virtual reality. In this thesis,
we propose novel techniques inspired by research on guidance in omnidirectional videos
that aim to support the user’s change awareness during temporal navigation while re-
ducing the fear of missing out. Based on research towards precise temporal navigation
for digital 2D and omnidirectional video, we propose a set of different techniques for
precise temporal navigation of immersive recordings in virtual reality. In addition, we
propose techniques designed to support the collaborative exploration of immersive record-
ings in multi-user virtual environments. We evaluate the usability of a system for the
exploration of immersive recordings employing a set of the proposed techniques in a pilot
study. Our results indicate that the proposed techniques to inform users of changes in the
virtual environment during temporal navigation support the exploration of immersive
recordings.
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1 Introduction

For the development of suitable interaction techniques for virtual environments it is
important to be able to thoroughly analyse how effectively they can be utilised. The ability
to record users interacting in a virtual environment can support such an analysis, as the
recordings can be analysed to identify potential strengths and weaknesses of interaction
techniques. While screen recordings can be used for such an analysis, they allow only
for a limited analysis in the sense that the viewing perspective cannot be changed once
the recording has been created, which prevents the analysis of interactions that were not
visible on the screen. The ability to record and replay changes and interactions in virtual
environments, in contrast, allows for inspecting the interactions in the recording from
any viewing perspective during analysis and thus can allow for an exhaustive analysis.
We refer to such recordings, which can be explored in immersive virtual reality when
played back, as immersive recordings. Such immersive recordings are used in several
different domains, including asynchronous collaboration [1, 2], virtual observation and
analysis [3–6], the creation of recorded characters for games, movies and educational
content [7–10], development of mixed reality applications [11], entertainment [12, 13] and
interaction in virtual environments [14, 15].

Since immersive recordings are used in a variety of different domains, we would like
to briefly introduce how they are used in each of these domains. In asynchronous col-
laboration, immersive recordings of messages from users to collaborators can be created
which are then made available to the collaborators for playback [2]. To study how users
act and interact in virtual reality applications, virtual observation and analysis can involve
the creation of immersive recordings, as those can allow for a more detailed study of
user behaviour. Recordings of a part of the virtual environment, e.g. a character, have
been used for 3D games, movies and educational content [7, 10]. In software develop-
ment, immersive recordings can help identify software bugs that result in visual changes
in the virtual environment that could not be detected during runtime but that can be
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1 Introduction

identified during playback of the recording [11]. In entertainment, immersive record-
ings can also be found, e.g. in the game Fortnite, where they can be explored by users
to re-experience exciting moments of the game [12]. In addition, immersive recordings
are tightly coupled to a variety of VR interaction techniques, especially if they provide
references in time. One notable example for this is the Photoportal technique [15], which
allows users to create a immersive recording and interact with it through the use of a
Photoportal.

Spatio-Temporal Exploration of Immersive Recordings

In contrast to the exploration of static 3D scenes, exploring and understanding spatio-
temporal recordings of virtual environments requires both spatial and temporal navigation.
While spatial navigation in VR has been thoroughly investigated in the literature, there is
only limited publicly available research on temporal navigation in VR.

The ability to track asynchronous changes within a workspace such as a virtual environ-
ment, also known as change awareness [16], is required to understand the process that
resulted in the current state of the workspace. Because rapid temporal navigation can
cause the user to miss relevant events, the user’s change awareness can be impaired,
causing him or her to become confused. One can see that in order to avoid this, techniques
for improving change awareness during temporal navigation are required, which have
not, to the best of our knowledge, been studied in the context of immersive recordings so
far.

Investigating the exploration of immersive recordings in a multi-user context, we found
that there are further research questions that have not been investigated in the litera-
ture. Those research questions focus on (1) how several users can collaborate across time
and space, (2) how to best navigate to a user which is located at a different point in time and
(3) how to best inform the user of the temporal positions and navigation intentions of other
users.

In this thesis, we explore, implement and evaluate temporal navigation techniques for
immersive recordings, propose techniques to improve change awareness during temporal
navigation and investigate simple techniques to support collaborative exploration of
immersive recordings. In order to be able to work with immersive recordings on different
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1 Introduction

devices and to investigate techniques for temporal navigation, we introduce a device-
independent recording plugin for virtual environments that we integrate into Unity, a game
engine that is widely used in the VR community and enables us to share our experiences
with a larger audience.

In the following, we will shortly summarise the content of the remaining chapters of this
thesis.
Chapter 2 provides an overview of scientific articles which are relevant for this thesis,
which deal with immersive recording tools and temporal navigation techniques for 2D,
omnidirectional and immersive recordings.
In Chapter 3 the reader is introduced to the immersive recording plugin designed and
developed throughout this thesis, as well as its integration into the Unity game engine.
Chapter 4 analyses different techniques for temporal navigation and exploration of im-
mersive recordings in more detail. Based on this analysis, novel techniques for exploration
and temporal navigation of immersive recordings are proposed.
In Chapter 5 the usability of a set of techniques proposed in the previous chapter is evalu-
ated through a pilot user study.
Chapter 6 summarises the results of this thesis and reflects on the limitations of different
techniques. In addition, different techniques for future work are proposed.
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Developing a tool for recording states of a virtual environment is a non-trivial task, as
the tool must be able to record and play back potentially significantly large amounts of
data efficiently and without stalling. In order to make meaningful design decisions, we
analyse existing recording tools from the related literature. To efficiently explore recordings
of unknown content and arbitrary length, efficient temporal navigation techniques are
required. There has been plenty of research on temporal navigation in the context of 2D
and omnidirectional recordings, therefore we analyse existing efficient temporal navigation
techniques for 2D and omnidirectional recordings in order to make reasonable decisions
for techniques that allow for temporal navigation of immersive recordings in virtual
reality.

2.1 Recording of Virtual Environments

To record changes in virtual environments Luttermann et al. [17] propose the VRML History
scripting language that enables storage and use of spatio-temporal virtual worlds. For
recording, a so-called temporal scene graph is used that extends the standard scene graph by
storing the time intervals during which nodes change. Luttermann et al. discuss reducing
the amount of recorded data by detecting data that does not have to be recorded because it
can be derived from previous and subsequent recorded data through linear interpolation.
By reducing the number of recorded elements, performance during replay of the recording
can be improved as less data has to be loaded.

The concept of temporal links for immersive recordings was introduced by Greenhalgh et
al. [18]. Temporal links essentially relate recorded data to locales which represent local
coordinate systems similar to scene graph nodes. The immersive recording is created
by processing the sequence of all events applied to each locale and writing the events
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together with a timestamp out to a �le. In addition to recording changes in the virtual

environment the system of Greenhalgh et al. allows for the recording of audio streams.

Since only events, such as state changes are recorded, states are not necessarily recorded

for every object and every frame. For event-driven motion, such as a train travelling

at a constant speed, only the start and end events may be recorded based on this sys-

tem.

In studying multimodal data capture in virtual environments, Steptoe and Steed [19]

note that it is important to capture all data sources to enable qualitative analysis of the

recording. As an example, they mention that, if the user's voice was not captured, a user

investigating the recording may not be able to understand why a user behaved in a certain

way. To allow for later processing and analysis of the data, the authors suggest that the

output �les should be in human readable �le format.

Fominykh et al. [8] record transformations, text, and voice chat messages, as well as the

content of virtual whiteboards for the educational platform vAcademia. Their system

allows multiple remote users to experience a recording together and provides users with

basic editing capabilities. To reduce loading time during random access of the recording

checkpoints are created at speci�c intervals.

Watson et al. [20] propose a hardware and software suite called Uni�ed Suite for Experiments

(USE) to reliably record and evaluate psychophysical experiments. Their suite is developed

for the Unity game engine and uses an Arduino to synchronise multiple data streams.

During recording, position, scale, rotation, and additional properties of interest of each

object in the scene are recorded. The tool from Watson et al. is also capable of recording

the user's gaze position and visualising it during replay. While the recording tool is

publicly available, additional hardware including an Arduino is required to utilise it as

designed.

Steed et al. [11] outline simple methods for recording and playing back changes in virtual

environments using the Unity game engine. They suggest adjusting the recording and

playback rates to match the screen refresh rate, as boolean values cannot be meaningfully

interpolated during playback when the replay rate is higher than the recording rate and

resulting game states may result in visual artefacts. Although the code associated with the

publication is publicly available, it is not optimised for ef�cient recording and playback

of scenes with a large number of objects and is for this reason not well suited for the
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investigation of temporal navigation techniques in which fast temporal navigation can

occur.

Nebeling et al. [6] identi�ed a lack of tools for analysing mixed reality experiences and

developed the Mixed Reality Analytics Toolkit(MRAT). Their toolkit consists of a Unity

package, a server that stores recorded sessions and a web interface which includes visuali-

sations of the recorded data that can be used for analysis. To achieve performant recording,

Nebeling et al. limit the number of recorded items per frame by introducing different

tracking scopes; they distinguish between per frame, per event, and per interval scopes.

Although the code for MRAT is publicly available, it is designed for use with the HoloLens1

and although recorded sessions can be analysed using a web interface, they cannot be

played back in the virtual environment.

Fanini and Cinque [5] focus on compact recording of user states in virtual environments

and interactive remote inspection of recordings by introducing the idea of a Quantized

User Session Volume(QUSV). A QUSV de�nes a part of the virtual environment where user

sessions can be recorded. The main idea is that within the QUSV, each point in the space is

mapped to a speci�c RGB colour that can be stored instead of the position itself. This allows

image-based analysis & compression of the recorded transformations. QUSV represent

information strongly quantized and result in less overall precision for larger virtual envi-

ronments. We argue that this is not appropriate in general because the precision required

for analysis might not be known at the time of recording.

Recently, NVIDIA has developed a recording tool that differs from the previously men-

tioned approaches in that it only records and plays back user input [21]. Although it seems

that the performance of this approach is largely independent of the number of elements

in the virtual environment, we argue that this approach is not appropriate in general

because playing back the original input may not always result in an accurate playback of

the original changes in the virtual environment.

1 https://www.microsoft.com/de-de/hololens (Accessed on 09/27/2022)
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2.2 Exploration of Recordings

For the interactive exploration of a recording, interaction techniques are required that allow

users to navigate in time. During rapid temporal navigation, it may happen that a user

is not be able to perceive relevant events in the recording. For this reason, it is necessary

to provide users with techniques that support their change awarenessduring temporal

navigation. Since there is only limited research on the aforementioned techniques for the

interactive exploration of immersive recordings, we also examine related techniques for 2D

digital video and omnidirectional video that have been published in the related scienti�c

literature.

2.2.1 Exploration of 2D Recordings

Many different exploration and browsing techniques for ef�cient exploration and brows-

ing have been proposed for digitally recorded 2D videos [22 –27]. Because we focus on

temporal navigation and techniques to support change awareness, we limit ourselves to

the investigation of relevant related video interaction techniques and refer the interested

reader to Borgo et al. [23] and Schoeffmann et al. [22] for an extensive overview of video

interaction techniques.

Temporal navigation tools for 2D digital video often provide the user with a time slider

that allows for an interactive selection of the time in the recording that is of interest

[23,25,27–29]. A time slider interface visualises the current point in time of the recording

and often provides the user with basic controls that include the actions play, pause, fast

forward, seek, skip to the beginning, and skip to the endof a video [23]. Since the length of

a time slider is often �xed, but recordings are virtually not limited in length, dif�culties

can occur when recordings are extensively long, as accurate navigation using a time

slider can be dif�cult. To allow for precise temporal navigation using time slider based

interfaces different techniques have been proposed [27,29–32]. The proposed techniques

use different approaches to support precise temporal navigation, such as using a non-

linear time distribution on the time slider [27, 30], re�ning the visualised time interval

[29,31,32], or by supporting precise movements of the handle on the slider [27]. Since time

sliders are also commonly used for temporal navigation of immersive recordings (compare

Subsection 2.2.3), we are going to introduce some of the techniques mentioned above,
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which we will analyse in more detail in Chapter 4 when we investigate suitable techniques

for temporal navigation of immersive recordings in VR. Hürst et al. [27] proposes the

NLslider interface, which uses a non-linear time distribution on the time slider such that

points in time are distributed further apart from each other around the slider handle,

allowing for more precise navigation to points in time near the handle. The ZoomSlider

interface proposed by Hürst et al. [29] allows the time interval visualised on the time

slider to be dynamically modi�ed by vertical mouse movements, re�ning the temporal

navigation range of the user. Hürst et al. [27] propose the Elastic Skimminginterface, in

which the time slider handle can accurately be manipulated using an interaction metaphor

which is inspired by pulling a virtual elastic rubber band. Khandelwal et al. [28] proposes

an extension to the time slider interface that to some extent supports the change awareness

of the user. Their technique visualises a preview of the video content above the slider

handle as it is dragged. During this process, the video in the background remains static,

giving the user the ability to compare the preview and the current video content, thus

supporting the user in identifying changes.

In addition to the aforementioned techniques, adaptive speed based techniques can be

used to improve video navigation. Adaptive speed methods often aim to increase the

playback speed in places where the recording does not contain relevant information [23,25].

Although such methods can allow for effective temporal navigation and exploration,

relevant information in the recording must be identi�able.

Direct object manipulation approaches are an alternative to time slider based interfaces

for temporal navigation [26, 33]. In such approaches, objects and their spatio-temporal

movements are extracted from the recording. Temporal navigation is made possible

by selecting and dragging an object. This is done by using the extracted movements

of the selected object to determine the time for which the position of the object in the

recording best corresponds to the position to which the user wanted to drag the ob-

ject.

In this work, we propose techniques for temporal navigation of immersive recordings in

VR inspired by time slider based techniques for precise temporal navigation of 2D digital

video recordings.
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2.2.2 Exploration of Omnidirectional Recordings in VR

Similarly to the exploration of digital 2D video recordings, plenty approaches have been

proposed for the exploration of omnidirectional recordings in VR.

In omnidirectional recordings, HMD users can freely change their head orientation while

viewing the recording, allowing for restricted spatial navigation in addition to temporal

navigation of the recording. Since users are able to freely choose their viewing perspective,

it is important to ensure that they are able to perceive all events in the recording that might

be relevant to them. Rodriguez [34] found that users watching omnidirectional videos on

the commercial platform YouTube 2 spent about 75% of the time within a 90-degree area of

the video. To guide users to relevant content that may not be in the user's current �eld of

view, Rodriguez suggests the use of markers and animations. Rothe and Hußmann [35]

investigate methods to direct the attention of users towards relevant content. They make

use of the notions of diegeticand non-diegeticcues used in �lm theory. A diegetic cue is part

of the scene, e.g. a singing bird, while a non-diegetic cue is not part of the scene, e.g. a

forced rotation. Analysing combinations of diegetic cues from sound, motion, and light

changes, Rothe and Hußmann found that sound can ef�ciently guide the user to points of

interests, even if the origin of the sound is not initially in the user's �eld of view. Rothe et

al. [36] examine existing methods for guidance in omnidirectional video, classifying them

accordingly to a proposed taxonomy, and analyse the challenges of effective guidance.

As a user can only see a fraction of the environment at one point in time, a so-called

fear of missing outon something was found to often be evoked. Rothe et al. argue that

guidance could be used to reduce the user's fear of missing out that may occur when

omnidirectional recordings are explored. Another approach to reduce the fear of missing

out which does not use explicit guidance was introduced by Yamaguchi et al. [37]. The

authors propose a technique that provides the user with a panoramic thumbnail view of

the environment so that they can get an overview of the entire environment at the current

point in time. Yamaguchi et al. found that their technique alleviated the fear of missing

out and improved the quality of the viewing experience.

Nguyen et al. [38] developed a tool for omnidirectional video editing in VR called Vremiere

and observed that with rapid continuous temporal navigation, which can occur when

users drag the handle along the time slider, symptoms similar to motion sickness can

2 https://www.youtube.com/ (Accessed on 09/27/2022)
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occur. To reduce this effect, Vremiereuses adaptive vignetting based on the �ndings of

Fernandes and Feiner [39]. Adaptive vignetting dynamically reduces the user's �eld of

view during fast continuous navigation and was found to reduce the effect of motion

sickness.

Nguyen et al. [40] present CollaVR, a tool that allows for the collaborative review of

omnidirectional videos in VR. Their tool enables collaborative exploration and annotation

of omnidirectional videos and builds on a time slider interface for temporal navigation.

Nguyen et al. allow users to navigate independently in time and visualise each user's

temporal position by displaying icons with the user ID on the time slider. In order to

support collaboration temporal navigation to a user is made possible via a graphical user

interface.

In this work, we propose techniques to support the change awareness of users during

temporal navigation inspired by the research on guidance in omnidirectional video. For

multi-user exploration of immersive recordings, we provide users with the ability to navi-

gate independently in time and visualise their temporal positions on a time slider similar to

Nguyen et al. [40]. To support collaboration in such scenarios, we propose a technique that

allows for temporal navigation to a user that, in contrast to the technique used in CollaVR,

does not require the use of a graphical user interface.

2.2.3 Exploration of Immersive Recordings in VR

Exploring a recording captured in an immersive virtual environment in VR may lead to a

more active exploration of the recorded session by users than, for example, exploring the

recording on a desktop system. Wang et al. [41] showed that users who re-experience their

own recorded session were more likely to explore the recorded virtual environment when

the recording was replayed on an HMD compared to users who explored the recording on

a desktop system.

Exploring and navigating an immersive recording in VR is different to exploring and

navigating a digital 2D video or a omnidirectional video in VR, because in addition to

navigation in time, an unrestricted navigation in space is possible [42]. This means that

crucial events in the recording may not be visible from the initial point of view and initial

point in time of the user who explores the recording, requiring the user to use spatial and
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temporal navigation in order to discover these events. Since those crucial events may

not be visible from a user's current viewing perspective, the fear of missing outmight be

even more pronounced during the exploration of immersive recordings than during the

exploration of omnidirectional videos.

For temporal navigation in an immersive recording, many systems provide the user with

a conventional time slider and actions such as playback, pause, seek, rewind and fast forward

playback [2, 17, 18, 41, 43–48]. Jackson and Fagan [49] enable users to navigate through

time using a time portal. Users can select the time they wanted to navigate to and, after

con�rming their selection, are teleported to the selected time by �ying through the center

of the portal. A tangible interface for temporal navigation was proposed by Mahieux et

al. [50]. Their interface SABLIER, resembles an hourglass and enables users to change the

playback speed by tilting the hourglass. Building upon the idea of direct manipulation

for browsing digital 2D video proposed by Dragicevic et al. [26], direct manipulation

techniques for immersive recordings have been proposed by Wolter et al. [51, 52] and

Lilija et al. [42]. Their proposed systems visualize the spatio-temporal trajectories of

objects in the scene and allow navigation through time by moving objects along their

trajectories.

To support users in identifying events of interest in an immersive recording different tech-

niques have been proposed. Lilija et al. [42] and Wolter et al. [51] provide users with a tool

to visualise the spatio-temporal trajectories of all objects that pass through a user de�ned

part of the virtual environment. This technique allows users to interactively discover

events in the immersive recording that took place in a speci�c part of the virtual environ-

ment and that can be identi�ed by their spatio-temporal trajectories. In addition, Lilija et

al. provide users with a tool that visually highlights all objects in the virtual environment

that change in the immersive recording. A different technique to support the identi�cation

of interesting events was presented by Kloiber et al. [48], who proposes a system that

automatically identi�es interesting movements of recorded users and visualises them in

the virtual environment. The identi�cation of movements of interest is based on a cluster

analysis of the spatial user positions over the duration of the entire recording. In addition,

Kloiber et al. visualise the spatio-temporal trajectories of recorded user movement and

enable a simpli�cation of the virtual environment that reduces visual clutter that may be

caused by the visualisation of the trajectories and the virtual environment. For this, virtual

environment textures are replaced by uniform white textures, which allows for a better

visual identi�cation of the spatio-temporal trajectories.
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In order to share events of interest in an immersive recording with collaborators tools that

provide users with the ability to mark points in space and time can be used. Chow et al. [2]

propose a technique that allows users to mark spatio-temporal events and navigate to the

point in time and space of a marked event. For this purpose, they visualise bookmarks

on a time slider interface that correspond to marked events and that can be selected for

navigation to those events Wolter et al. [51] introduce the concept of a so-called time buoy

as a marking mechanism for events at a particular point in space and time. A time buoy

is a 3D object that can be placed in space and changes visually when the time point for

which it was created is reached in the recording.

Chow et al. [2] investigate asynchronous collaboration in VR and found that users tend to

humanise recorded avatars, observing that users exhibited proxemic behaviour toward

recorded avatars during a study. When users come into spatial proximity of each other,

it can happen that the personal space of a user is violated, which can cause a negative

reaction of the user [53]. To avoid potential collision between a recorded user and a user

spatially navigating through the recording, Chow et al. [2] developed a prototypical spatial

navigation technique that �rst checks whether a collision could occur at the desired telepor-

tation point within the next few seconds. If a collision would occur, the user is warned and

the teleportation destination is adjusted to avoid a collision.

Chow et al. [2] note, that a signi�cant knowledge gap exists when it comes to consuming

immersive recordings. Especially in the area of multi-user exploration of immersive

recordings in virtual reality, there is, to the best of our knowledge, no research in the related

literature. In this work, we propose novel techniques to support multi-user exploration of

immersive recordings and temporal navigation techniques to enable precise navigation.

Inspired by techniques that use spatio-temporal trajectories to assist users in identifying

events of interest, we propose a novel technique that aims to improve users' change

awareness during temporal navigation.
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3 An Immersive Recording Plugin

In order to investigate techniques for the exploration and temporal navigation of immer-

sive recordings, a way to ef�ciently record and replay changes in the virtual environment

is required. In this chapter we discuss and motivate requirements we identi�ed for an

immersive recording tool. We then introduce the immersive recording plugin, which

we designed to meet our requirements. To be able to explore suitable techniques for

the exploration and temporal navigation of immersive recordings, the recording plugin

is integrated into Unity, a game engine that is widely used in the VR community. We

detail how the immersive recording plugin is integrated into Unity to enable ef�cient

recording and playback of changes in the virtual environment. To evaluate in which

scenarios the recording tool allows for ef�cient recording and playback, we test the per-

formance of our recording tool independently as well as the performance of the Unity

integration.

3.1 Requirements

A plugin that records and plays back changes in a virtual environment must be able to do

so ef�ciently, i.e. without noticeable delay, even when a signi�cant number of changes have

to be recorded or played back. To record changes in the scene, the plugin must be able to

record transformation data and information about the scene graph. Steptoe and Steed [19]

point out the importance of the ability to record and play back audio sources for immersive

recordings. In some application scenarios, other information, such as keystrokes, may be of

interest and should be recorded. To allow users to record and play back such information

without having to modify the plugin itself, a extensible data type supported by the plugin

is required. In order to allow for unrestricted temporal navigation, the ability to change the
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playback speed, to replay the recording backwards and to randomly access the recording

is required.

Often recording systems are implemented for use with a single engine such as Unity

(compare [2, 11, 20, 41, 47]). This allows for a close integration with the engine but can

lead to potential problems when using a new engine. In the worst case dependencies to

the original engine must be manually removed and in the case of different programming

languages between engines a substantial part of the code may need to be rewritten. One

can imagine that this can introduce a tedious amount of work that should be avoided, if

possible.

As the development and maintenance of a recording system requires thorough testing,

automated testing of the recording plugin should be used to reduce the need for time

intensive manual testing and allow for faster development.

In the following, we provide a concise list of the requirements we motivated for our

recording plugin:

� Functional requirements

– Record & replay scene graph information and transformation data

– Record & replay microphone and application audio

– Record & replay an extensible data type that can be modi�ed by the user

– Record & replay without stalling

– Ef�cient random-access of the recording during playback

� Non-functional requirements

– Portability of the software

– Ability for automated testing of the software

14
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3.2 Recording Plugin

In the following, the architecture of the recording plugin designed and developed through-

out the course of this thesis is described and motivated on the basis of the previously

established requirements.

Portability & Automated Testing

To make the recording plugin usable independently of the game engine or the operating sys-

tem used, we developed a plugin that can be used on Android, Linux or Windows with dif-

ferent programming languages. The plugin supports cross-compilation to create a library

for the target operating system that exposes endpoints in C and was developed test-driven

to reduce the need for manual testing during development.

Multi-Threaded Recording & Playback

In order to allow for ef�cient creation and replay of recordings, the plugin relies on

multi-threading for both recording and playback. A separate thread is used to write the

already recorded data to the �le system during recording while a different thread is used

to store new recorded data in RAM. For the replay of a recording, a separate thread is

tasked with loading new data from the corresponding recording �les while the main

thread is used to allow for the retrieval of the recorded and already loaded data. A more

detailed visualisation of the multi-threaded behaviour can be found in the appendix in

Figure A.1 .

To enable asynchronous loading of recordings, a ring buffer data structure is used to

store the loaded data. The ring buffer stores two or more buffers, which each store

data loaded from a recording �le. Each buffer is associated with a time interval and

only stores data recorded for point in time within that interval. The associated time

intervals are always mutually disjoint and their union is a single continuous interval. If

the time for which data is requested during forward playback is greater than the times

contained in the time interval of a buffer, the buffer contains no relevant data and can

be used to load new data, while a different buffer whose interval contains the point in
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time for which data is requested is used to retrieve data. This behaviour is illustrated in

Figure 3.1.

Figure 3.1: Simpli�ed illustration of the loading of data associated with time intervals
based on ring buffering. The interval associated with a buffer is denoted by di . If the
time interval boundaries values are both less than the current time value, the buffer
is marked in orange and else in blue. Since the current point in time used for forward
replay increases continuously, the buffer marked in orange contains no relevant data
and can be �lled with new data as illustrated in the last step at the bottom of the
�gure.

Recording Data Types

The plugin uses inheritance to allow for ef�cient code reuse and provides an abstract

base recording data type and three derived recording data types that meet our previously

de�ned requirements. A simpli�ed UML class diagram including the recording data types

can be seen inFigure 3.2. To record object transformations as well as information about

each object, such as the current parent in the scene graph and whether an object is currently

active in the scene graph, the transformation data type is used. The transformation data

type consists of the identi�er of the object associated with the data, the time for which

the data is recorded, the position, rotation and scale information of the object, and the

identi�er of the current parent object in the scene graph. By recording information about
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the current parent in the scene graph, this data type can be used to record changes in the

scene graph. If transformation data is requested for a point in time for which no data has

been recorded, interpolation between the recorded data of the most recent previous point

in time and the recorded data of the next subsequent point in time is used to approximate

the data for the requested time. To record audio, we introduce an audio data type that

consists of the identi�er of the audio source associated with the data, the time for which

the data is recorded and a buffer of 4,800 �oats that contains the sound samples to be

recorded. It can be used for recording the microphone and system audio, which is often

necessary in order to allow for an informed analysis of a recording [19]. To provide users

with a tool for recording more generic data, we introduce a generic data type that allows

the recording of integer, �oat, and character arrays of a prede�ned size to support the

extension of the recording routine to some degree. The generic data type can be used to

record additional data that may be relevant to the analysis of the recording, for example,

latency information, keystrokes, eye-tracking data. If a more speci�c data type is required,

the existing hierarchy can easily be extended.

Recording Files

During recording, data is written to the �le system in a binary format, as this allows for

ef�cient writing to the �le system and for ef�cient loading of data to memory during play-

back of a recording. A single binary �le is created for each type of data, allowing ef�cient

access to the stored data. This approach focuses on ef�cient storing and loading of data,

but not on reducing the memory size of the recording �les. Depending on the available �le

system space, a modi�ed approach using compression may be required. Compression does

not only affect the space required to store a recording, but can also decrease loading and

writing times at the cost of additional compression and decompression time. To reduce the

amount of recorded data, Luttermann et al. [17] introduce a recording strategy in which a

data point is recorded only if it differs by a certain threshold from the previously recorded

data point and the following data point. A similar approach could be integrated into the

proposed recording tool as well in addition to a compression of the created recording

�les.

In addition to the �les that are created for the recording data types, a meta�le is created

that stores information about all recorded objects in the scene graph. This is done in order
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to be able to check whether all objects present in a recording are also present in the virtual

environment in which we want to replay the recording.

In order to allow for easier post-processing of the recorded data, the transformation data

is automatically written to a CSV �le after the recording is �nished, following the proposal

of Steptoe and Steed [19] to store recorded data in a human readable format. In addition,

a WAV �le is created for each recorded audio source so that the recorded audio can be

played back individually without having to replay the immersive recording in a virtual

environment.

Ef�cient Random-Access of Immersive Recordings

Checkpoints enable more ef�cient loading of recorded data and have been used by

Fominykh et al. [8] and the Unreal game engine replay system [54] to improve replay

performance. We create and use checkpoints for more ef�cient loading at runtime. A

checkpoint is de�ned by a timestamp, the byte position within the recording �le associated

with this timestamp, and the most recent recorded transformation, audio and generic data

up to this timestamp, as is illustrated in Figure 3.2.

To reduce the number of binary read operations used to load data from a recording �le,

the recording data is read in chunks of several data elements. The chunked data is then

processed such that the contained data is loaded correctly.

Simultaneous Recording & Playback

For asynchronous collaboration and editing of recordings it is useful to be able to create a

new recording while exploring an immersive recording which was previously created [8].

One can imagine a recording of a lecture where certain parts do not contain relevant

information and could be removed while other parts lack necessary information. Instead

of creating a completely new recording of the lecture, a modi�ed version can be created by

recording changes to the original version. If a part does not contain relevant information

the user can fast forward until a part containing relevant information is reached. As the

current scene is being recorded, this means that the part without relevant information is

not contained in the modi�ed recording. For parts where relevant information is missing,
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the replay can be paused and the relevant information can be added. The plugin allows for

multiple recording and playback devices to be used at the same time, making it possible to

simultaneously play back different recordings and to create new recordings while playing

back existing recordings. We refer the interested reader to Fominykh et al. [8] for an

overview of further use cases and scenarios in which simultaneous recording and replay

of immersive recordings can be used.

3.3 Network Distribution & Post-Processing

To support the creation of immersive recordings in scenarios where multiple remote

distributed users are present in the virtual environment, we use a web service as a central

data repository to facilitate the distribution of the recording �les. This setup is in general

similar to the setup used by Nebeling et al. [6]. The recording �les are automatically

uploaded to the web service and can be downloaded by users for playback. This allows

for a fast distribution of recording �les where a user can create a recording on an HMD

which can afterwards directly be played back on a desktop PC after the recording �le was

downloaded from the web service.

The web service can further be used for automated post-processing of the data. As a

prototype for such automatic post-processing, we have implemented a functionality that

generates text from recorded audio data. The created WAV �les can be uploaded to the

web service, where a timestamped transcript is automatically generated by a pretrained

DeepSpeechmachine learning model [55]. The generated transcript can later be retrieved

and allows for an enrichment of the recording, for example similar to the transcript

visualisation used by DeCamp et al. [56].

3.4 Unity Integration

To integrate the recording plugin into the Unity game engine the endpoints exposed by the

plugin have to be declared inside of a C# script with C linkage. The plugin functions can

then be called from inside the C# script. To enable functions de�ned in a C# script to be

called from a native plugin, delegates can be used. Delegates allow for passing of methods
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as arguments to other methods. This functionality is used to support the development of

Unity applications by displaying debug output that has been created by the plugin in the

Unity console.

Data Recording

To record changes in a virtual environment, information about the transformations of all

objects one wants to record is required. For this purpose, a recording script is attached to all

objects that one wants to record and for each object it is checked whether new information

can be recorded. The reason for this is the fact that usually only a small part of all

objects in the scene changes at the same time. For such scenes, recording transformations

with and without new information would create an overhead that can be avoided by

considering only data for which the relevant attributes changes. When new information is

available, the plugin is called and the transformation data of the corresponding object is

recorded.

The user is able to specify the maximum rate at which the transformation data is being

recorded. This allows for a control over the performance required for recording as well as

of the �le system space required to store the recording, but comes at the cost of reducing

the number of available data points and the risk of potentially not recording relevant data,

as further discussed in Steptoe and Steed [19].

Replay Preparation

Before playback of a recording begins, a list of all objects present in the recording is fetched

from the meta�le through the plugin and used to ensure that all objects required for a

playback are present in the current scene. Since the instance identi�ers of Unity objects

are not persistent across restarts of the software, it is necessary to perform this check

independently of the object instance identi�ers. For this purpose, a string that stores

the initial location of the object in the scene graph is used to identify the object in the

scene.

It would be possible to instantiate all objects that are missing from the current scene but

are present in the recording �le to be played back. However, this may require information
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about the components of each object that would have to be explicitly recorded increas-

ing the manual overhead for creating a recording. For this reason, we assume that all

objects present in the recording are present in the scene before a playback of the recording

starts.

3.5 Performance Evaluation

In order to assess for which scenarios the proposed plugin enables performant creation

and playback of immersive recordings, it is necessary to investigate the performance

of the plugin as well as the performance of the Unity integration. During playback,

transformation data requested for a point in time for which no data was recorded can

be interpolated if data was recorded for a previous and subsequent point in time. This

allows for continuous replay of transformation data at a rate that can be higher than the

rate at which the data was recorded. Although Steptoe and Steed [19] argue that the rate

at which data is recorded should match the refresh rate of the display, we argue that this

might not be appropriate in general for virtual reality applications where refresh rates of

120 Hz or more are not uncommon, as for example an immersive recording of a virtual

lecture might be unlikely to have any important high-frequency motions that must be

recorded. To evaluate the performance of our plugin, we record the virtual environment at

a rate of 30 steps per second, a recording rate commonly supported by many commercially

available video recorders.

For the measurements in the following performance evaluations, a desktop PC with 32 GB

RAM, a AMD Ryzen 7 3800X CPU, a NVIDIA GeForce GTX 1080 graphics card and a 500

GB NVMe SSD was used.

3.5.1 Recording Plugin Performance

To evaluate the performance of the plugin in terms of recording and playback of transfor-

mation data, we created a situation, in which a certain number of objects that are constantly

moving are recorded and played back at a rate of 30 steps per second for 5 minutes. The

time required for recording and playback of a single object at a single point in time is then

calculated by averaging the time required for all recording and playback operations. From
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the time required for recording and playback of a single object, the highest achievable

frame rate can then be estimated and later be used for comparison with the measured

frame rate of the Unity integration.

To investigate the in�uence of the write buffer size, the recording performance is measured

for different sizes. As is illustrated in Figure 3.3, the size of the write buffer in�uences the

recording performance. Depending on the number of objects that are recorded, different

write buffer sizes perform best. It can be seen that performance decreases as soon as more

objects are recorded than the write buffer is able to store. As this means that the write and

read buffer are swapped and data is written to the �le system before another swap between

the write and read buffer can be done, it is possible that stalling can occur if writing data to

the �le system requires more time than time elapses before the newly emptied write buffer

is �lled again. The time required for recording a single object with a write buffer size of

1,000 increases by a factor of 27.75 when 1,250 objects instead of 1,000 objects are being

recorded. This sudden increase might be caused by an overhead that is due to the repeated

subsequent write operations to the �le system, in which only 1,000 transformation data

objects are written to the �le system. In general, one can see that a write buffer size of

7,500 performs well for our use case as long as no more than this number of objects need

to be recorded at once.

Figure 3.3: Average time required to record transformation data of a single object for
a given point in time across different write buffer sizes.
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When examining the playback performance, the in�uence of the ring buffer size and

the in�uence of the time interval length for which data is stored in each buffer are best

examined separately. As is shown in Figure 3.4a, playback performance is in general

similar for ring buffers of size 3, 4 and 5 when each buffer stores 10 seconds of data.

However, as more objects are recorded, the performance decreases with increasing ring

buffer size. A possible reason for this may be that asynchronous loading is not yet

completely independent of the ring buffer size. In general, it can be said that a ring buffer

consisting of 3 buffers performs best overall for our use case.

When examining the in�uence of the time for which data is stored in each buffer, it is shown

in Figure 3.4b that storing 10 or 15 seconds of data for each buffer results in better playback

performance than storing 5 seconds of data. One reason for this could be the fact that data

is loaded more frequently when 5 seconds of data are stored in each buffer compared to

when 10 seconds or 15 seconds of data are stored.

(a) Note, that each buffer used is associated with a 10
second long time interval.

(b) Note, that each ring buffer used is of size 3.

Figure 3.4: Average time required to replay the transformation data of a single object
for a point in time. In (a) the performance is measured for ring buffer of different size.
In (b) the performance is measured for ring buffer of a �xed size but with different
time interval lengths associated.

Comparing the time required for recording and playback given in Figure 3.5, one can see

that data can be recorded more ef�ciently than played back and that the average time

required for recording and playback increases as the number of objects to be recorded or

played back increases.
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Figure 3.5: Comparison of the average time required to record and replay transfor-
mation data of a single object for a single point in time. For replay a ring buffer of
size 3 with time intervals of 10 seconds is used. For recording a write buffer of size
7,500 is used. As can be seen more time is required for replaying than for recording.

Based on the average time required to record and playback an object at a given point in

time, it is possible to estimate the number of FPS that can be achieved during recording

and playback. As is shown in Figure 3.6, the number of estimated FPS for recording

scenes with up to 10,000 constantly moving objects is above 200 FPS. When playing back

recordings with up to 7,500 constantly moving objects, the estimated number of FPS is

above 100 FPS. Although the number of estimated FPS suggests that ef�cient recording

and playback is possible, in practice the performance when playing back a recording

may be lower because the data for playback is usually requested more than 30 times

per second. In general, it can be assumed that data for playback is requested for each

frame in order to avoid inconsistent states [19]. For this reason, it is necessary to also

examine the performance of the Unity integration, which will be done in the following

subsection.
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Figure 3.6: Comparison of the estimated number of FPS that can be achieved during
recording and play back. To estimate the FPS for replay the measurements taken for
a ring buffer of size 3 with time intervals of 10 seconds are used. To estimate the FPS
for recording the measurements taken for a write buffer of size 7,500 are used. For
presentation purposes, the maximum number of FPS shown is limited to 1,500.

In order to compute the memory required to store an immersive recording the memory

sizes required to store transformation data objects, audio data objects and generic data

objects can be used. To store a single transformation data object 96 bytes and to store

a single generic data object 100 bytes are required. The amount of memory required

to store a single audio data object is roughly 19.3 kilobyte. More memory is required

to store an audio data object compared to a transformation data object due to the fact

that the audio data type consists of a �oat array that can store up to 4,800 audio sam-

ples.

The memory required to record n transformations at a rate of a steps per second for t

seconds can be computed bym = n � a � t � 96Byte. Recording 500 constantly moving

transformations at a rate of 30 steps per second for 60 minutes thus roughly produces 5.18

GB of data.

Although the memory required to record a single audio data object is much larger than

the memory required to store a single transformation data object, to record an audio

source that has a sampling rate of at most 48 kHz requires at most 10 recording steps

per second as each audio data object can store up to 4,800 audio samples. Thus, the
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memory required for recording t seconds of audio data for n audio sources is given by

m = n � t � 10 � 19.3Kilobyte . Recording microphone and world audio for a recording of 60

minutes thus approximately produces 1.38 GB of data.

For a recording of one hour for which the transformation data of 500 constantly moving

objects are recorded at a rate of 30 steps per second and the microphone and world audio

is being recorded, thus roughly 6.56 GB of data are produced. Although the amount of

data produced could further be reduced by using compression algorithms, a recording

of 6.56 GB can already be stored on modern HMD's such as the Oculus Quest 2 which

comes with either 128 GB or 256 GB of �le system storage. However, reducing the

amount of data recorded, e.g. by not recording data that can be interpolated by previous

and subsequent data, leads to less �le system space required to store a recording and

may also improve playback performance as less data needs to be loaded at the cost of

additional compression and decompression overheads for recording and playback during

runtime.

3.5.2 Unity Integration Performance

During the playback performance evaluation of the Unity integration of the plugin, data

is requested for each frame instead of the 30 times per second in our preliminary eval-

uation to allow for playback without visual stuttering. In addition to the increased

number of data requests during playback, the Unity scripts required for recording and

playback create an additional overhead that affects overall performance. It is shown

in Figure 3.7 that the estimated number of FPS for recording and playback is always

higher than the measured number of FPS for recording and playback for the Unity integra-

tion.
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Figure 3.7: Comparison of the estimated number of FPS for recording and replaying
and the measured number of FPS of the Unity integration.

For many virtual reality applications, a frame rate of at least 120 FPS is required to provide

an immersive experience. Although the measured number of FPS was lower than the

estimated number of FPS, the Unity integration allows for ef�cient recording and playback

of scenes with up to 5,000 constantly moving objects with more than 120 FPS and could be

used for virtual reality applications in such scenarios.

As it is dif�cult to estimate what kind of scenes contain 5,000 constantly moving objects,

we try to illustrate this by an example scenario. The users' avatars we used to develop tem-

poral navigation techniques (compare Chapter 4) are composed of 25 scene graph nodes.

It would therefore be possible to create and replay an immersive recording with more than

200 simultaneously moving avatars at more than 120 FPS.
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Immersive Recordings in VR

Working with spatio-temporal recordings requires appropriate temporal navigation tech-

niques that allow for precise navigation while being comfortable to use. In the following,

we analyse several existing temporal navigation techniques and propose a set of tech-

niques for temporal navigation of immersive recordings in virtual reality. Since immersive

recordings allow unrestricted temporal and spatial navigation, appropriate techniques

for exploring recordings are needed to avoid fear of missing out, and to assist the user in

discovering and investigating events of interest in the recording. For this purpose, we ex-

amine existing techniques for guidance in omnidirectional video and awareness in virtual

reality, and based on our �ndings, propose techniques which aim at supporting the user in

discovering events of interest in immersive recordings.

In many cases, e.g. when analysing study data, it might be helpful to analyse immersive

recordings together with a collaborator. However, as users do not necessarily have to be at

the same point in time within the recording, the question arises as to how collaboration can

be best supported in such cases, as users may be observing completely different states of

the virtual environment and may therefore have no consistent common workspace, which

is often a prerequisite for collaboration. For this reason, we analyse existing techniques in

the literature that focus on supporting collaboration during exploration of recordings in a

multi-user context. Based on our �ndings, we then propose techniques to support collabo-

ration during the exploration of immersive recordings.
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4.1 Temporal Navigation

In order to investigate techniques for temporal navigation of immersive recordings in

VR it is worthwhile to investigate existing temporal navigation techniques for digital 2D

and omnidirectional recordings. After thorough analysis of different temporal navigation

techniques, we propose a set of different techniques for temporal navigation of immersive

recording in virtual reality.

4.1.1 Analysis of Temporal Navigation Techniques

Due to the ability to freely choose a viewing perspective into the virtual environment, not

all temporal navigation techniques from 2D videos may be directly applicable to immersive

recordings. Video techniques such asEgoScanning[25] or TwistLens[57] which make use of

2D image information may not be directly applicable because the required information

might have to be generated �rst from the immersive recording.

As a large proportion of temporal navigation techniques for 2D recordings are based on a

time slider interface, as found by Schoeffman et al. [22], it is worthwhile to analyse different

time slider based techniques to identify their strengths and weaknesses.

Since the length of a time slider is often limited, but recordings are virtually not limited in

length, dif�culties can occur when recordings are very long, as accurate navigation using

a time slider can be dif�cult. For this reason, Koike et al. [30] proposed the TimeSlider

interface, in which the time steps on the slider are non-linearly distributed. Near the slider

handle, the scale is �ne and allows for precise navigation, while the scale is coarser further

away from the slider handle as illustrated in Figure 4.1.

Figure 4.1: Illustration of a non-linear distribution of points in time on the time slider.
Note, that around the slider handle points in time are distributed such that a more
precise temporal navigation to a point in time close to the current point in time is
made possible.
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When the slider is moved, the scales are automatically updated. In this way a speci�c

value can be selected precisely even if the recording is long. However, a drawback of

this technique is that points in time are mapped to different positions on the time slider

depending on the current position of the slider handle. A user who has memorised the

position of a point in time on the TimeSlidermay be confused when later trying to navigate

to the same point in time by selecting the memorised position on the TimeSlider, as the

position may now correspond to a different point in time.

To enable more precise temporal navigation with a time slider based interface, Hürst et

al. [27] propose ElasticSkimming, an approach that dynamically changes the speed at which

temporal navigation is performed. This is done by allowing for accurate manipulation

of the time slider handle using an interaction metaphor which is inspired by pulling a

virtual elastic rubber band. When the user moves the cursor away from the time handle,

the tension of the virtual elastic rubber band increases and the time handle moves in the

direction of the cursor. If the distance between the cursor and the time handle is small, the

tension is lower and the time handle moves more slowly. The behaviour is illustrated in

Figure 4.2. Although this technique allows for more precise temporal navigation, it does

not solve the problem that a single point on the time slider can potentially correspond to a

larger time interval of the recording.

Figure 4.2: Illustration of the virtual rubber band metaphor used by the
ElasticSkimming interface. Note, that the movement of the slider handle depends on
the distance between the cursor and the slider handle.

Hürst et al. [58] present the ZoomSliderinterface, which makes it possible to change the

scale of the slider by moving the cursor in a vertical direction. While moving the cursor

vertically changes the time scale of the slider as is illustrated in Figure 4.7, moving the

cursor horizontally allows for temporal navigation. An advantage of this technique is that

the user is not required to select the time slider itself to be able to navigate through time, but

can position the cursor anywhere on the screen. In principle, adjustments of the time slider

scale can allow for precise temporal navigation. However, as horizontal and vertical cursor
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movements are typically not independent, movements of the cursor can potentially lead to

unintentional changes of the scale or temporal navigation.

(a) (b)

Figure 4.3: Illustration of the modi�cation of the time slider scale by vertical cursor
movements. In (a) the distribution of keypoints on the time slider before vertical
movement of the cursor is shown. After vertical cursor movement the scale and
distribution of keypoints on the time slider is modi�ed as shown in (b).

Time slider based techniques are also commonly used for temporal navigation of immersive

recordings in VR. However, often only a basic time slider with simple controls is used

[2,17,18,41–48]. Selecting a point in time on a time slider for temporal navigation in VR

is often done through raycasting, where the ray is cast from the user's hand. Because

the time slider often occupies only a small portion of the user's �eld of view and the

width of the time slider is often much greater than its height, selecting the time slider

through raycasting can be cumbersome. To some extent, selecting a point on the time

slider in VR through raycasting can be compared to bivariate target acquisition in 2D, for

which a modi�cation of Fitt's law [59] can be used to predict the time required to make

a selection [60]. Accot and Zhai [60] found that the acquisition performance of a target

de�ned by width and height in 2D can be modelled by equation Equation 4.1 where T is

the time needed to acquire the target, D is the distance of the cursor from the target, W

is the width of the target, H is the height of the target, a 2 [� 50, 200], b 2 [100, 170], and

h 2 [1/7, 1/3 ].

T = a+ b � log2
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As can be seen inEquation 4.2 the target acquisition performance increases logarithmic

with increasing a value.

Dragging a time handle along a time slider through raycasting often requires the user to

stay within the boundaries of the time slider. This interaction is to some extend similar to

steering in 2 dimensions for which performance can be estimated by the Steering law[61].

As width and height of a time slider are in most cases constant moving the time handle can

be described as a tunnel travelling task for which the required time can be estimated by

Equation 4.3, where aand b are constants,W corresponds to the height and A corresponds

with the width of the time slider.

T = a+ b �
A
W

(4.3)

If the height is only a fraction of the width W = A
a then T = a+ b � a showing that the

time required for steering grows linear with respect to a.

As can be seen, both the time required for selecting the time slider and the time for dragging

the handle along the time slider increase with increasing a value. This means that the

height of the time slider should ideally be as close as possible to the width of the time

slider. However, since increasing the height may result in occlusion of relevant content,

and decreasing the width may result in compromising the ability to clearly associate a

point in time with a point on the time slider, a suitable compromise has to be found.

Alternatively, a time slider based interface similar to the ZoomSliderinterface could be used

where users are able to navigate in time without being required to select the time slider or

the time slider handle.

Investigating factors that affect the selection of 3D objects, Argelaguet and Andujar [62]

note that when the input of a selection tool is not �ltered, hand �xation may be required

to reduce hand tremor and to keep the selection tool stable in order to enable accurate

selection. However, if manual hand �xation is required the user may become fatigued and

possibly discomforted. We argue that for time slider based temporal navigation through

raycasting, input �ltering should be used to support precise temporal navigation, as

already small unintentional movements of the time slider handle can result in unintentional

temporal navigation over a considerable temporal distance.

Lilija et al. [42] propose the Who Put That Theresystem, which builds on the idea of direct

manipulation for temporal navigation and visualises the spatio-temporal movements of

objects that change in a immersive recording. For temporal navigation, objects can be
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grabbed and moved along their spatio-temporal trajectories by the user. The authors argue

that trajectories in space can be much longer, while the length of time sliders is limited.

Participants found the Who Put That Theresystem to feel more interactive than temporal

navigation using a basic time slider interface which was additionally provided for the

participants. However, as the position and orientation of the working space in which a user

operates plays an important role in the user's comfort [62], discomfort may be experienced

by the user, as the technique of Lilija et al. does not restrict the working space of their

trajectory scrubbing method. One can imagine a recording in which a mouse moves across

the �oor. To navigate to the corresponding point in time at which the mouse was at a

speci�c position on the �oor, the user would potentially be forced to crouch in order to

touch the trajectory on the �oor, which can lead to fatigue and discomfort. Lilija et al. note

that their system requires active engagement and can potentially become exhausting or

cumbersome.

As the Who Put That Theresystem is based on trajectories it is important to identify potential

weaknesses of trajectories. Lilija et al. [42] found that entangled trajectories can potentially

lead to confusion as noted by a study participant. In an expert study of Kloiber et al. [48] a

participant expressed discomfort when trajectories were passing through his virtual body.

Furthermore, the spatio-temporal trajectories of objects that did not move continuously

during recording may cause confusion for the user during trajectory scrubbing, as time in

the scene might not change continuously when the object is moved continuously along

its trajectory. While trajectory based temporal navigation can potentially provide a more

interactive experience than temporal navigation techniques based on time sliders, the

development of trajectory-based techniques is faced with challenges such as providing a

suitable working space, dealing with entangled trajectories and trajectories that violate the

personal space of users.

The rubber sliderproposed by Cheymol et al. [63] extends the time slider interface by

allowing the user to manipulate the slider by pushing and pulling it using a virtual rubber

band metaphor. By pulling the time slider, it is bent towards the user in a similar way to a

rubber band �xed at both end points, and the displayed time range is reduced, allowing

more precise temporal navigation. As it can prove dif�cult to manipulate both the scale

of the time slider and the time simultaneously, hooks metaphor is used to de�ne hooks

that hold the bent time slider in position. Although the rubber slider allows for intuitive

interaction and scale modi�cation, we argue that temporal navigation at the end points

of the rubber slider can potentially become dif�cult, as the selection of points in time at
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the end points is different from the selection of points in time in the middle, as precise

movement in two dimensions is required of the user.

Petry and Huber [64] propose a gesture based temporal navigation technique for omnidi-

rectional videos. Users are able to navigate in time by performing arm movements that

are detected using a Leap Motion controller. Performing a push gesture corresponds to

the play command, holding the arm pauses playback, and moving the arm horizontally

enables forward or backward temporal navigation. Since the gestures are detected using a

Leap Motion Controller that is attached to the HMD, the arm of the user must always be

in the �eld of view of the Leap Motion Controller, which restricts the working space of the

user.

We argue that a temporal navigation technique should provide for an appropriate working

space in order to allow for comfortable use over extended periods of time. As the working

space of the Who Put That Theresystem is not constrained temporal navigation might

become uncomfortable and potentially exhausting for the user. Time slider based temporal

navigation techniques which use raycasting often provide a more restricted working space

but can be uncomfortable to use as the selection of the time slider and the time slider

handle can be cumbersome. We argue that the working space of such techniques can be

improved, e.g. similar to the ZoomSlidertechnique, to allow for more comfortable temporal

navigation in VR. Although the gesture based temporal navigation technique proposed by

Petry and Huber [64] might be uncomfortable when used over a prolonged period of time,

as the user has to position their arm such that it is visible to the Leap Motion controller, a

similar gesture based technique without this limitation could allow comfortable temporal

navigation in virtual reality.

4.1.2 Proposed Temporal Navigation Techniques

In the following we focus on temporal navigation techniques based on time slider interfaces

which provide the user with an overview of the temporal position in the recording at

which he or she is currently located. Inspired by the gesture based temporal navigation

technique proposed by Petry and Huber [64], we propose a gesture based temporal

navigation technique that aims to provide the user with a more appropriate working

space.
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Visualisation of Temporal Distances Covered by Temporal Navigation

Time slider based interfaces for temporal navigation inform the user about his or her

temporal position in the recording. During temporal navigation, it might be useful for

the user to be aware of the temporal distance they have travelled. One can imagine a

user navigating in time, but realising that they have navigated beyond the point in time

of interest to them and subsequently deciding to return to their original position in time.

In such a scenario, it may be important to support the user in identifying their original

position in time, e.g. by visualising the temporal distance they have travelled during

temporal navigation. To the best of our knowledge, there has been no research carried out

that discusses techniques for the visualisation of the distance covered during temporal

navigation.

To inform the user of the temporal distance travelled during temporal navigation, we visu-

alise the distance using a preview arc that connects the initial point in time in the recording

at which the user begins temporal navigation and the current point in time that the user is

navigating to. The preview arc is de�ned by a quadratic function that connects the two

points in time on the time slider, and is de�ned such that the height of the arc grows with

the temporal distance travelled, as is shown in Figure 4.4.

(a)

(b)

Figure 4.4: Temporal distances covered by temporal navigation visualised through
the preview arc. Note, that the height of the preview arc changes with the temporal
distance travelled as can be seen by comparing(a) and (b).
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Reference Thumbstick Technique

As a basic reference technique for temporal navigation, we use a simple time slider interface

in which temporal navigation is made possible by using raycasting and a thumbstick, an

elastic input device used for two-dimensional input. The displacement of the thumbstick is

mapped non-linearly to determine how the current time in the recording will be modi�ed.

Moving the thumbstick to the left essentially results in backward navigation in time,

whereas moving the thumbstick to the right results in forward navigation in time. Temporal

navigation is activated as soon as the user touches the thumbstick to indicate to the user

that time can now be navigated.

Let ~d = ( x
y ) , x, y 2 [� 1, 1] be the displacement of the thumbstick, Dr be the time for which

continuously j~dj � 0.95up to this moment, then the modi�cation to the current time Dt is

computed as shown in equation Equation 4.4.

8
><

>:

Dt =
log( Dr

5 + 10)
1+ e(0.5�j ~dj) �10

if x � 0

Dt =
� log( Dr

5 + 10)
1+ e(0.5�j ~dj) �10

else
(4.4)

The nonlinear mapping allows the user to navigate precisely in time through small move-

ments of the thumbstick, but also allows for ef�cient navigation over larger temporal

distances through continuous larger displacements of the thumbstick. The modi�cation

of the current time Dt is related to Dr allowing for further temporal navigation when

the thumbstick displacement is above a threshold for more than a speci�ed amount of

time. The in�uence of a displacement in the x dimension on Dt for Dr = 0 is visualised in

Figure 4.5.
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Figure 4.5: Transfer function for nonlinear input mapping of thumbstick displace-
ment. Note that for this plot Dr = 0 and y = 0.

To counteract unwanted positional deviations that can occur because the thumbstick is

an elastic device and the user must apply a certain force against an elastic resistance,

the resulting values are �ltered by a one-euro �lter[65] before being used for temporal

navigation.

Thumbstick Zoom Technique

Based on the idea of theOrthozoomscroller of Appert et al. [32], we propose a technique

with which the user can dynamically re�ne the time interval displayed on the time slider

around his or her current point in time. To re�ne the time interval displayed on the time

slider, the user can use the right thumbstick as input. By moving the right thumbstick up,

the user zooms in on the time slider, effectively reducing the time interval visualised in the

time slider. By moving the thumbstick down, the user zooms out, effectively increasing

the time interval being displayed on the time slider. The left thumbstick can be used for

temporal navigation, where the speed of the temporal navigation is dynamically adjusted

according to the current time interval displayed on the time slider. As the speed of

the temporal navigation is dynamically adjusted to the current time interval displayed
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on the time slider, the user can navigate more precisely in time by adjusting the time

interval. The modi�cation of the time interval is visualised on the timeline by marking

speci�c points in time on the timeline that are updated automatically, as can be seen in

Figure 4.6. Similar to the reference thumbstick technique a one-euro �lter is applied to

reduce jitter.

(a) Complete time interval visualised on the time slider.

(b) Re�ned time interval visualised on the time slider.

Figure 4.6: Update of the time interval displayed on the time slider. Note, that de-
pending on the interval range different points in time on the time slider are visualised.

Although this technique allows precise temporal navigation around the current point

in time, a modi�ed time interval may not allow users to understand how long the

recording is and how their temporal positions relate to the temporal length of the record-

ing.

Raycasting Zoom Technique

Building upon the idea of the ZoomSliderproposed by Hürst et al. [29], we propose a

raycasting based technique that allows users to navigate in time and to modify the time

interval of the time slider through raycasting without the need to select the time slider.

To do this, the user can select a point on the invisible plane on which the time slider is

positioned in world space through raycasting. Depending on the vertical distance of the

point from the time slider, the time interval displayed on the time slider is dynamically

updated. The greater the vertical distance of the selected point to the time slider is, the

smaller is the time interval that is displayed on the time slider. By dragging the selected

point horizontally on the plane, the user is able to navigate forward and backward in time.

To reduce the effect of possible hand tremor on the temporal navigation, the resulting
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change in time is �ltered by a one-euro �lterbefore it is applied. The modi�cation of the

time interval shown on the time slider and the temporal navigation through horizontal

dragging is visualised in Figure 4.7.

(a) (b)

(c) (d)

Figure 4.7: Temporal navigation and time scale modi�cation through raycasting. By
moving the ray vertically the time interval displayed is modi�ed as can be seen
comparing (a) and (b). Horizontal movement results in temporal navigation as can
be seen by comparing (c) and (d).
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Time Grab

Similar to the gesture based temporal navigation technique proposed by Petry et al. [64],

we propose a novel temporal navigation technique in which the user essentially grabs the

handle on the time slider and manipulates it, enabling her or him to navigate through time.

By pulling the trigger button of a controller, the temporal navigation is activated as the user

essentially grabs the slider handle. Moving the hand to the right while holding the trigger

button results in forward temporal navigation in time, while moving the hand to the left

corresponds to backward temporal navigation. Here, the temporal distance travelled is

de�ned by a nonlinear mapping of the angle q 2 [� 90, 90] between the user's initial head

and hand position upon activation of the time grab and the current position of the hand.

A visualisation of the de�nition of the angle q is illustrated in Figure 4.8 and the nonlinear

mapping used is given in Equation 4.5, where t corresponds to the initial time at which

the time grab was activated and t0corresponds to the time to which the user is navigating.

To reduce unwanted hand movements caused by hand tremor, the value t0 is �ltered by a

one-euro �lterbefore being used for time navigation.

Figure 4.8: Illustration of the de�nition of the angle q. The initial hand position is
labelled a, the current hand position is labelled b. Note, that the initial head position,
the initial hand position and the current hand position are used to compute q.

t0=

8
<

:
t + q3

302 kqk < 30

t + q else
(4.5)
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To visualise the in�uence of the time grab, the difference between the current time and the

initial time when the time grab was initialised is visualised on the time slider by a preview

arc, as illustrated in Figure 4.9c. As the user moves their hand to the right while the time

grab is active, the preview arc on the time slider also extends to the right as the time on

the time slider increases from left to right. Vice versa, moving the hand to the left results

in a preview arc extending to the left on the time slider. In addition, an icon on the time

slider and a colouring of the virtual hand of the user is used to inform the user that a time

grab is currently active, as is shown in Figure 4.9b.

(a) Initial state before the time grab is activated.

(b) The time grab is activated by the user.

(c) Temporal navigation through the time grab.

(d) State after temporal navigation was performed.

Figure 4.9: Sequence of steps during temporal navigation using the time grab. Note,
that the hand of the users' avatar is only partially visible at the bottom of the images.
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As one can see, the time grab only allows for a restricted temporal navigation in the sense

that a single grab can result in a time difference of at most 903

302 = 810seconds. For naviga-

tion over a greater temporal distance clutching can be used [66].

One advantage of the time grab is that the working space can be de�ned by the user, which

can make temporal navigation more comfortable. Since the angle q is used to compute the

temporal distance travelled, only small hand movements close to the user are suf�cient

for navigation, and the user is not forced to extend her or his arm. However, if more

precise control is required, moving the hand away from the body allows more precise

control of the angle q and thus more precise temporal navigation. A potential disadvantage

of this technique is that the user's hand might move when the user moves their head

during temporal navigation with the time grab, which can result in unintended temporal

navigation.

4.2 Change Awareness

The ability to track asynchronous changes to a workspace, the so-called change awareness,

is often a prerequisite for understanding the process that led to the current state of the

workspace [16]. During playback of an immersive recording, the speed at which changes of

elements in the virtual environment are played back can be controlled by the user through

temporal navigation techniques. Rapid continuous temporal navigation, or instantaneous

temporal navigation to a different point in time, may cause the user to miss important

changes in the scene, affecting the user's change awareness and potentially confusing the

user.

Not only temporal navigation but also spatial navigation can affect the user's change

awareness in immersive recordings. Since changes in the immersive recording can occur at

any position in the virtual environment, changes can occur at points in the virtual environ-

ment that are not visible to the user from their current position. When events are not visible

to the user his or her change awareness can be affected and similar to omnidirectional

video a fear of missing out might be evoked [37].
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4.2.1 Analysis of Awareness Techniques

Chow et al. [2] investigated asynchronous collaboration in virtual reality using recordings

of virtual environments, and identi�ed a particular challenge for spatial and temporal

navigation in guiding the user to locations where important events are taking place.

For this reason, Chow et al. argue that temporal navigation should be combined with

automatic spatial navigation such that the user can optimally see events of interest to

them. Since relevant events are generally not known in advance, we argue that such an

approach cannot be applied without prior identi�cation or speci�cation of potentially

relevant events. Furthermore, automatic spatial navigation of the user could break immer-

sion.

Guiding the user to events of interest in recordings is part of research related to omnidirec-

tional recordings [35,36,67–69], where the terms diegeticand non-diegeticare often used to

categorise cues used for guidance. Diegetic cues are cues that to some extent are part of

the scene, such as a �ashing traf�c light, which may attract the user's attention and lead

the user to a region where events of interest are taking place. In contrast, non-diegetic

cues are not part of the scene, such as a forced rotation of the user that leads the user to

interesting events, or arrows that point to events of interest.

Investigating diegetic cues in omnidirectional recordings, Rothe et al. [35] found that sound

can guide users to objects of interest even if the object is not initially in the user's �eld

of view. Although guidance with spatialized sound worked better than sound without

spatialization, Rothe et al. found that non spatialized sound also allowed for guidance to

objects that were not initially in the user's �eld of view.

Studying techniques to alert HMD users of bystanders in order to prevent collisions,

Medeiros et al. [70] found that most study participants preferred a combination of visual

and auditory cues as a warning of bystanders over combinations of other cues. Moreover,

study participants preferred less distracting combinations of cues.

As the virtual environment can abruptly change during direct temporal navigation to a

different point in time Chow et al. [2] propose to provide the user with visual indicators of

how the environment will change. For a proof of concept, the authors implemented an

animated scene transition technique inspired by Mnemonic Rendering[71] that identi�es

objects that changed during temporal navigation and animates a transparent double of the
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object that is moved from the original state to the new state. This technique visually dis-

plays changes in the scene that have occurred over the period of time over which the user

has navigated, potentially improving the change awareness of the user. However, in scenes

where multiple objects are changing, this technique might lead to visual clutter that could

make it dif�cult for the user to identify individual changes.

Another technique that combines two temporal states of a immersive recording into a

single representation was used by Craven et al. [9] for their non-linear drama Avatar

Farm. During playback of the drama, users can trigger a time rift that creates a replay of a

previous part of the recording, which is visualised by combining the past state of the scene

with the current state of the virtual environment. The two different states are combined by

making all objects from the past state transparent, while the objects from the current state

are not modi�ed. This technique also provides the user with the ability to compare two

different states of the virtual environment with each other and allows for the detection of

changes between both states.

45



4 Temporal Navigation & Exploration of Immersive Recordings in VR

4.2.2 Proposed Change Awareness Techniques

Based on the �ndings of Medeiros et al. [70] that participants prefer a combination of

auditory and visual cues as a warning of bystanders over other combinations of different

cues and the �ndings of Rothe et al. [35] that auditory cues allowed for guidance to objects

of interest that are not in the �eld of view of the user, we propose a combination of auditory

and visual cues to notify the user of changes in the virtual environment during temporal

navigation.

Outlines

Similar to the technique proposed by Lilija et al. [42], which visually highlights all objects

in the virtual environment that change in a recording, we propose a technique that visually

accentuates all objects that change during temporal navigation. Objects whose position,

rotation, or scale change during temporal navigation are highlighted through outlines. As

recordings can contain multiple moving objects, using outlines to highlight changes can

lead to visual clutter. To alleviate this effect, overlapping outlines are merged such that they

are represented by a single outline. An example of this can be seen in Figure 4.10. To some

extent, the proposed technique for highlighting changes in the scene is similar to a video

cut-out technique in which foreground or background objects are extracted from a video

and used for further processing e.g. for compositing [23].

(a) Individual outlines. (b) Combined outlines.

Figure 4.10: Illustration of the difference between individual outlines as can be seen
in (a) and combined outlines as can be seen in(b).
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Spatio-Temporal Trails

Rapid continuous temporal navigation can cause the user to miss events even if they occur

within the �eld of view of the user, e.g. a passing car that is missed because of rapid

temporal navigation, which is why we propose the use of spatio-temporal trails to inform

the user of such events. As objects move during temporal navigation, spatio-temporal

trails that follow the object movements are created. One can see that this potentially results

in visual clutter caused by long spatio-temporal trails when navigating through time over a

longer duration. For this reason, a trail visualises only the object movements that occurred

within the last second of temporal navigation. The effect of limiting the trail length can be

seen in Figure 4.11.

(a) Unrestricted trail length.

(b) Restricted trail length.

Figure 4.11:Comparison of spatio-temporal trails with no time constraint as seen in
(a) and trails with time constraint as seen in (b) during temporal navigation over a
duration of 7 seconds.

Because objects that change during temporal navigation can be close to or far away from the

user, spatio-temporal trails with a �xed width can cause important events to be occluded

when the trails are close to the user, or not be highlighted to the user at all when the

trails are far away. To improve the visibility of distant spatio-temporal trails and reduce
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the occlusion of events by spatio-temporal trails close to the user, the size of each trail is

calculated such that the width of the trail always approximately occupies the same portion

of a user's horizontal �eld of view.

If d is the distance of an object that changes during temporal navigation from the camera,

and a is the angle of the user's �eld of view that the trail width is allowed to occupy, then

the trail width w in world space is computed using Equation 4.6.

w =
�
�
� tan

� a
2

�
� d � 2

�
�
� (4.6)

The effect of the dynamic trail width modi�cation can be seen in Figure 4.12.

(a) Fixed trail width.

(b) Dynamic trail width.

Figure 4.12:Comparison of temporal trails with �xed width as seen in (a) and trails
with dynamic width as seen in (b) during temporal navigation.

Combined Temporal Virtual Environment States

To provide the user with a context of how the virtual environment changed during tem-

poral navigation, we propose a technique which visualises two different temporal states

of the virtual environment simultaneously. Our technique builds upon the idea of the

time rift of Craven et al. [9] and the preview sphereproposed by Lilija et al. [42], which

to some extend combine two different temporal states of a virtual environment. Dur-

ing temporal navigation, the initial state of the virtual environment is effectively frozen
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