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ABSTRACT

INTERACTION AND NAVIGATION IN CROSS-REALITY ANALYTICS

Along with immersive display technology’s fast evolution, augmented reality (AR) and virtual

reality (VR) are increasingly being researched to facilitate data analytics, known as Immersive An-

alytics. The ability to interact with data visualization in the space around users not only builds the

foundation of ubiquitous analytics but also assists users in the sensemaking of the data. However,

interaction and navigation while making sense of 3D data visualization in different realities still

need to be better understood and explored. For example, what are the differences between users

interacting in augmented and virtual reality, and how can we utilize them in the best way dur-

ing analysis tasks? Moreover, based on the existing work and our preliminary studies, improving

the interaction efficiency with immersive displays still needs to be solved. Therefore, this thesis

focuses on understanding interaction and navigation in augmented reality and virtual reality for

immersive analytics.

First, we explored how users interact with multiple objects in augmented reality by using the

"Wizard of Oz" study approach. We elicited multimodal interactions involving hand gestures and

speech, with text prompts shown on the head-mounted display. Then, we compared the results

with previous work in a single-object scenario, which helped us better understand how users prefer

to interact in a more complex AR environment.

Second, we built an immersive analytics platform in both AR and VR environments to simulate

a realistic scenario and conducted a controlled study to evaluate user performance with designed

analysis tools and 3D data visualization. Based on the results, interaction and navigation patterns

were observed and analyzed for a better understanding of user preferences during the sensemaking

process.
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Lastly, by considering the findings and insights from prior studies, we developed a hybrid user

interface in simulated cross-reality for situated analytics. An exploratory study was conducted

with a smart home setting to understand user interaction and navigation in a more familiar scenario

with practical tasks. With the results, we did a thorough qualitative analysis of feedback and video

recording to disclose user preferences with interaction and visualization in situated analytics in the

everyday decision-making scenario.

In conclusion, this thesis uncovered user-designed multimodal interaction including mid-air

hand gestures and speech for AR, users’ interaction and navigation strategies in immersive an-

alytics in both AR and VR, and hybrid user interface usage in situated analytics for assisting

decision-making. Our findings and insights in this thesis provide guidelines and inspiration for

future research in interaction and navigation design and improving user experience with analytics

in mixed-reality environments.
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Chapter 1

Introduction

The emergence of virtual reality (VR) technology and the lower cost of owning a VR headset

offered many consumers an opportunity to include VR in their daily entertainment. However, as

augmented reality (AR) technology matures, people start to see how AR can really enhance their

real-life quality. While blending the virtual world with the real world provides many potential, how

to design the interaction with the virtual world as natural and effortless as possible is crucial to the

popularity of this technology. To achieve the goal of developing efficient and effective interaction

techniques, we first need to understand what it means to users. What strategy do users prefer

when communicating with the virtual world? Does it relate to different tasks and scenarios? What

factors influence those choices? Does it relate to the present of the real-world environment? Can

we leverage the existing interaction techniques in the real world to facilitate user interaction in

the virtual world? This thesis aims to answer those questions through multiple human-centered

studies, with applications from simple to complex to realistic design.

1.1 Interaction in Simple Augmented Reality Environment

More and more people believe augmented reality will soon be an essential part of their daily

lives, as the role of phones plays in our current society. Nevertheless, how to interact with AR

technology is still in question. At the time back in 2020, HoloLens 2 showed it is no longer

an issue for people to augment virtual objects in their physical environment with a lightweight

head-mounted display. However, the interaction with virtual objects was rather unintuitive and

uneasy to be recognized by the system, which led to users’ frustration and less desire to use the

headsets. Unsurprisingly, those expert-designed interactions include specific gestures and require

not only continued physical effort but also high precision from users. To facilitate the popularity of

augmented reality technology, easy-to-learn with less effort-required interaction techniques need

to be suggested. Therefore, we aim to explore and create better interaction techniques for user
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interaction in AR. Firstly, we must understand how users prefer to interact in AR. By conducting an

elicitation study, we collected both hand gestures and speech proposed by users while presenting

text prompts in the display during the experiment. After the video coding and gestures binning

process, we presented the winning gestures and ranked the top three proposals. The results were

compared to a previous multimodal elicitation study with a single object AR environment.

1.2 Interaction with Immersive Analytics in Augmented Real-

ity and Virtual Reality

Considering the results from the elicitation study with multiple objects, we wonder how users

will interact in a more complex and realistic AR environment by using hand gestures. Therefore,

we conducted a preliminary study with an immersive analytics platform in AR with 3D data visu-

alization, by providing existing interaction techniques with HoloLens 2. However, users showed

frustration with the interactions, which negatively affected the task completion time in 3D data

analysis and user experience in AR. On the other hand, with similar tasks implemented in VR and

interacting through VR controllers, users showed more engagement and better performance. To

this end, we decided to investigate if only the different displays influence user experience when the

same interaction techniques are adopted in both realities. Previous work has only compared inter-

action and navigation with text-based data in AR and VR [3], and the results can be various due to

different data types, which can lead to different spread of data. Therefore, using the same immer-

sive analytics platform, a comparison study with AR and VR was conducted with a mixed-reality

headset, Varjo XR-3, to ensure the same field of view. In this study, users were guided to use hand

controllers in both conditions to avoid the frustration caused by immature hand gestures. Detailed

results and discussion were presented to show various user experiences in both conditions, and the

factors should be considered in future studies. Our findings provided valuable insights into future

design for interaction and navigation in AR and VR.
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1.3 Interaction with Situated Analytics in Mixed Reality

The comparison study results showed that users’ preferences and task difficulty influence which

reality should be deployed. Nevertheless, users reflected on the difficulty of interacting with 3D

visualization (e.g., rotation and scale), indicating mature interaction techniques or easy-to-navigate

visualization can improve user experience. To explore the solution, our latest project adopted hy-

brid user interfaces to facilitate interaction by placing complicated visualization on a 2D screen and

keeping the simple visualization in the 3D space attached to the related objects. It offloads the ef-

forts for interacting all visualization in mixed reality with existing unnatural interaction techniques.

Moreover, we want to understand how users utilize different interfaces and when they choose to use

them. Also, knowing factors that influence their decision-making can help to improve the future

design of the hybrid user interface, which leads to better user experiences and higher task perfor-

mance efficiency with immersive analytics platforms. We used VR to simulate an apartment with

situated AR visualization due to practical reasons and also environment consistency, with fewer

confounding variables. A situated analysis scenario was adopted so the tasks are more realistic

and as real-life decisions that users make in the real world. An exploratory study approach offered

users the flexibility to set up goals based on personal needs and preferences. Both opportunities

and challenges with using hybrid user interfaces in situated analytics were thoroughly discussed,

and future research directions were presented.

1.4 Thesis Statement

The aim of this thesis is to improve users’ experience and performance in interaction and nav-

igation with augmented and virtual reality. We do so through three steps:

• As augmented reality (AR) technology emerges, expert-designed interaction techniques are

implemented in consumers’ AR head-mounted displays. However, user feedback with those

interaction techniques is less than satisfactory. We seek to understand users’ preferences for

interaction in terms of hand gestures and speech. We do so by conducting an elicitation study
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with a Wizard of Oz approach to collect user-proposed gestures and speech with various

referents (Chapter 3).

• With the insights of user preferences in interaction with a simple AR environment, we won-

der if the same findings will stand with a more complex AR environment that requires sense-

making, and also in the VR environment. We developed an immersive analytics platform in

both AR and VR and conducted a controlled study with a mixed-reality headset (Chapter 4).

• The findings from the controlled study indicate improving interaction efficiency is impera-

tive, and one approach is to involve hybrid user interfaces (HUIs) which can provide user

familiarity with 2D user interfaces and also offload the needs of using immature mid-air in-

teraction techniques in 3D space. Moreover, we seek to understand if adopting HUIs can

facilitate the user decision-making process in the context of situated analytics. We devel-

oped a situated analytics prototype with HUI in VR and conducted an exploratory study to

identify the opportunities and challenges (Chapter 5).

1.5 Contribution

The following high-level contributions are made by this thesis:

• The design and development of a Wizard of Oz prototype in AR that aims to understand

user-designed gestures and speech for interaction in augmented reality (Chapter 3).

• The design and development of an immersive analytics prototype in both AR and VR that

aims to explore the differences in interaction and navigation during sensemaking with AR

and VR (Chapter 4).

• The design and development of a situated analytics (SA) prototype with hybrid user inter-

faces (HUI) in VR that aims to identify opportunities and challenges with using HUI in SA

(Chapter 5).
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Figure 1.1: Summary overview of this thesis. (1) We investigate user-proposed gestures and speech in AR

(Chapter 3). (2) We investigate user interaction and navigation in both AR and VR during sensemaking in

immersive analytics (Chapter 4). (3) We investigate opportunities and challenges with using hybrid user

interfaces during decision-making in situated analytics (Chapter 5).
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1.6 Dissertation Layout

The rest of this thesis is structured as follows (Figure 1.1):

Chapter 2 firstly reviews the state-of-the-art across interaction and navigation with immersive

technologies. It then provides the background for the research field of Immersive Analytics. Lastly,

it provides the motivation for adopting cross-reality to facilitate all research topics in this thesis.

Chapter 3 presents an elicitation study aimed at understanding what intuitive hand gestures

and speech are when users can propose them freely. With the Wizard of Oz approach, users were

able to perform any hand gestures or speech on-site and get the response immediately, which was

controlled by the experimenter. 24 participants were involved in this study and a within-subject

were used across three conditions. Both quantitative and qualitative analyses were performed after

data collection. This work was published and presented at the ACM Virtual Reality Software and

Technology Conference in 2022 [4]. The related paper came from this study was published and

presented at the HCI International (HCII) Conference in 2022 [5].

Chapter 4 presents a comparison study during the sensemaking process with an immersive

analytics platform between AR and VR. The immersive analytics platform was developed based

on toolkit IATK and implemented in both AR and VR environments. A digital twin of the AR

physical world was simulated in VR. A controlled study with 40 participants was conducted with

the mixed reality headset Varjo XR-3. Both quantitative and qualitative analyses were performed

after data collection. This work was published and presented at the ACM CHI Late-Breaking Work

Conference in 2024 [6].

Chapter 5 presents an exploratory study of a hybrid user interface with situated analytics AR

scenarios simulated in VR. The goal is to understand how users use different visualizations in

2D surface and 3D space, how they navigate through the space and to the referents, what factors

influenced their choices, and their experiences with using different user interfaces during the sense-

making process with situated analytics scenarios. 19 participants were included in this study, and a

thorough qualitative analysis was performed after data collection. This work is submitted to IEEE

VIS 2024.
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Chapter 6 concludes this thesis by discussing its findings, contributions, limitations, and future

research directions.
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Chapter 2

Background

Along with the popularity of mixed reality technologies, various definitions show up regarding

this new concept. The most common ones are mixed reality (MR), augmented reality (AR), and

virtual reality (VR). Milgram and Kishino provide a taxonomy to illustrate how the real and virtual

worlds can be blended with their famous Reality-Virtuality continuum [7]. To avoid ambiguity,

we revisit the definitions with this continuum:

• Virtual Reality. VR is at one end of the Milgram and Kishino continuum, another end

is the real environment. With VR, users are isolated from physical surroundings and fully

immersed in a three-dimensional, computer-generated environment. The typical examples

of this concept are CAVE Automatic Virtual Environment (CAVE) [8,9], and VR HMD such

as Oculus Quest [10].

• Augmented Reality. With AR, users are able to experience both physical and virtual envi-

ronments by fusing computer-generated objects with the real world. Some examples of this

concept are mobile-based AR applications, and AR HMD such as HoloLens 2 [11].

• Mixed Reality. Based on the definition by Milgram and Kishino [7], anywhere between

two ends of the continuum is MR, in which both the real and virtual world can be seen with

a single display. In other words, MR is a superset that includes both AR and augmented

virtuality (AV). With AV, the virtual environment is enhanced by real-world objects, which

is the opposite of AR.

2.1 Interaction in 3D Space

In 1986, Hutchins et al. identified two gulfs at the interface that needed to be bridged [12]

to reduce users’ cognitive effort while performing a task through the interface. They are the gulf

of execution and the gulf of evaluation. They represent the conceptual distance between the real
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system and the user’s mental model of the system [13, 14]. The gulf of execution is caused by

the mismatch between the actions required by the system and the users’ intentions to achieve the

goal. In other words, the true workings of the system and its requirements to the users fail to align

with the users’ mental model and expectations. On the other hand, the gulf of evaluation is caused

by the mismatch between the actual state of the system and what users have perceived about the

system’s state. It could be due to the feedback that the system provides cannot be perceived or

easy to interpret by users. Recently, works in the visualization domain have mostly focused on

bridging the gulf of evaluation [15], which improved the understandability of the visualizations.

However, less work has been done to explore intuitive interaction techniques to assist in immersive

interaction, and also a lack of design guidelines for interaction in an IA environment [15].

The studies that have been done for interaction in 3D spaces in recent years mostly included

free-hand gestures or hand-held controllers. The free-hand gestures are intuitive and easy to learn

due to it being natural for users in real-world communication, which is a great implementation for

getting users to accept the new technology quickly. However, the existing free-hand gestures are

mainly mid-air gestures, which means the user needs to keep their arm in the middle of the air

while performing those gestures. This can lead to muscle fatigue and arm tiredness after a short

time which limits the usage and acceptance of the free-hand gesture for immersive interaction [15].

Previous work has proposed methods to measure the perceived exertion and arm fatigue [16, 17]

and gave suggestions for designing fatigue-efficient gestures [17]. Based on those guidelines, some

studies designed interaction techniques and interfaces that caused less physical exertion [18–20].

However, inputs from other body parts, such as the feet or head, are limited when compared to

hands based on the illustration of Penfield’s motor homunculus [21], and also not as natural as

hands-based interaction. Several works have explored microinteraction with augmented objects,

and they showed microgestures have the potential to be used for interaction in immersive environ-

ments with less physical effort [22, 23]. As Ens et al. suggested, to allow users to perform data

analytics with continuous usage of the IA system, designers should consider users’ physical exer-
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tion caused by all physical demands from interaction through gestures, interactions in the spatial

realm, and navigation with physical movements [24].

To compensate for each modality’s weaknesses and also to provide interactions closer to natu-

ral interaction between humans, multimodal interactions have been studied more often recently in

augmented reality (AR) and virtual reality (VR) environments. While an interface supports mul-

timodal interactions, it means the system provides the user with a richer set of input options [25].

For example, users can use complementary or equivalent input modalities to perform the task [26].

The complementary inputs enable a faster interaction since multiple modalities can be used simul-

taneously. The equivalent inputs can be used alternatively which enables adaption to the user’s

preference. Chandler et al. defined IA as a multimodal experience [27], however, few studies have

looked into multiple modality inputs for interaction in IA [28]. Supporting multimodal interactions

in immersive environments can help immersive analytics systems to be more prevalent, moreover,

improving the usability of 3D visualization interfaces.

2.1.1 Multimodal Interaction with Free-Hand Gestures

Combining interactions from multiple input modalities has been studied more often in recent

years. Multimodal interaction is a more natural approach to interacting with immersive environ-

ments since it mimics the communication between humans, which involves multiple channels.

Therefore, supporting multimodal interaction in systems makes the interaction techniques more

intuitive and discoverable. Also, some modalities have their limits to be used as an efficient input

alone, and additional modalities can be used to circumvent the limitations. For example, eye-

gaze has the “Midas Touch” issue that might unintentionally trigger an action [15]. Adding other

modalities’ input as a confirmation or refinement for gaze input can eliminate false positive detec-

tion [29, 30]. Cohen et al. proposed the complementarity principle for multimodal system design

in 1989, which suggested picking modalities that can overcome each other’s weaknesses based on

their strengths [31]. Due to the complementary nature of multimodal techniques, one channel’s

input can be used to disambiguate another channel’s input [32, 33]. The recognition rate can also
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be improved by combining inputs from multiple channels [34, 35]. Moreover, enabling different

input modalities to complete the same task might increase the acceptance of new technology. The

chance of discovering the functionality might increase due to multiple input modalities being sup-

ported by the new interface [14]. Before Piumsomboon et al.’s study [36], most prior multimodal

interaction studies were conducted with 2D devices [37, 38]. Opposite to multimodal interaction,

the unimodal interaction was provided by a single input channel and was previously often adopted

for the interaction in a virtual environment. Using free-hand gestures for interaction with virtual

objects has been proved as an intuitive unimodal interaction technique and was able to enhance

user experience [39–41]. However, before Piumsomboon et al.’s study, most free-hand gesture

researches in AR were conducted in a small space with very limited hand gestures.

To understand more about indirect and direct interaction techniques and how to support more

intuitive and precise interaction in AR, Piumsomboon et al. designed and evaluated free-hand

gestures and multimodal technique speech plus gestures for exploring natural interaction in aug-

mented reality. The author proposed to offer users options for performing separate translations or

rotations or combined manipulation. With the multimodal interaction, users’ feedback indicated it

provided better control and more precision, and it was more effective at both single and multiple-

object manipulation. Also, Piumsomboon et al. pointed out that more command variants for the

same interaction should be provided to users to increase the usability of speech. Furthermore, user

feedback showed different preferences from different users. For example, some people preferred

to use speech rather than gestures, and others liked the opposite. Therefore, providing comple-

mentary modalities for the same interaction could enhance the usability and user experience. The

later book talked about multimodal interfaces and mentioned that while the task becomes more

difficult, users will self-maintain limitations on working memory by using multiple modalities to

distribute communicative information for decreasing the cognitive load [33]. However, while the

task is simple or does not involve complex spatial content, users mostly will prefer to interact uni-

modally [33]. As a result, the multimodal system design should consider accepting either unimodal

or multimodal input.
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One of the free-hand gesture issues in Piumsomboon et al.’s study was limited control over

small-size objects and objects in cluttered scenes. It is similar to issues with using ray-casting

to select remote targets and occlusion in the scene. As mentioned in the paper [36], one solution

could be to provide the zoom-in function with the whole AR scenario. Not surprisingly, zoom func-

tionality is prevalent in today’s 3D applications. Moreover, the ray-casting technique has evolved

constantly to support the better acquisition of remote targets and acquisition in an occlusion sce-

nario [42, 43]. Future work should consider effective ray-casting techniques for interaction with

small targets or in cluttered scenarios in AR. It is worth noting that Piumsomboon et al. did not

use the error rate as a measurement in their experiment. Although the paper mentioned that there

were limitations with the speech and gesture recognition software in the experiment, the study

eliminated the recognition issues by performing calibration with hand and speech for every partic-

ipant. A possible solution could be adopting deep learning to improve the accuracy of speech and

gesture recognition. Due to the increasing corpora of gesture and speech datasets, recent studies

were adopting deep learning for gesture recognition and automatic speech recognition, which can

be more beneficial than using single-layer hidden Markov models (HMMs) [33].

Many scenarios in an immersive analytics environment could benefit from using multimodal

interaction techniques. For example, in the scenario that the user is trying to physically navigate to

the target while getting assistance from the overview of data visualization, in order to maintain the

focus on the main task, it could be very helpful if the user has the option to use speech plus simple

microgestures instead of using only mid-air gestures or controller to manipulate the overview since

it is difficult for most people to perform mid-air gestures while walking to the target. In another

scenario, if the user needs to explore the data visualization in an immersive virtual environment

while having an online meeting with the team, he or she can only use gestures to perform the

navigation and interaction. In the opposite situation, while the user is typing on the phone or

computer, he or she can only use speech to interact with the visualization. In those scenarios,

providing multiple channels for performing the same interaction can support the user to perform
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the interaction while different modalities are available, and the user can still use other channels to

complete the task while one channel is blocked at the moment [14].

2.1.2 Ray-casting with Controllers

Ray-casting is widely used for selecting targets in virtual reality or augmented reality environ-

ments. The virtual ray could be attached to a hand, a controller, or a head in the case of “gaze-

based ray-casting” [14]. Prior work demonstrated that using ray-casting for remote selection was

faster [44] than using other techniques such as GO-GO [45]. However, ray-casting is a powerful

yet unstable technique when high precision is required for the target acquisition task. For example,

users often suffer from unintentional hand jitter issues while using ray-casting for distant and small

target selection. Moreover, the high density of the environment can increase the difficulty of target

acquisition with ray-casting. Furthermore, occlusion happens when there are objects displayed in

front of the target, which can cause ambiguity in the depths during selection. Many studies have

been done to address these problems, such as using progressive refinement for selection [46–48].

It aims to progressively reduce the undesired targets through multiple steps, and no high-precision

interaction is required from users [14].

Lu et al. conducted a study that investigated ray-casting techniques with bubble mechanisms

and compared the new techniques with other 3D target acquisition techniques [43]. With the bub-

ble cursor, the effective width of a target is decided by the surrounding Voronoi region, which

means the location of the surrounding targets influences the size of the effective width [42]. This

implied that the bubble cursor might not perform well in a density environment due to the small

effective width. Nevertheless, it has been proved that using the bubble cursor can improve the

speed of the selection task compared to other techniques [42, 49]. In Vanacken et al.’s study, par-

ticipants were standing during the experiment, and changing the ray’s position was sometimes

beneficial for selecting targets with depth ray technique by avoiding certain surrounding targets to

get larger effective width [42]. Moreover, based on previous studies about 3D space, using body

movements for navigation can improve spatial memory [50] and maintain spatial orientation [51].
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Therefore, body movement should be considered while designing effective target acquisition tech-

niques. Also, combining bubble rays with other acquisition techniques could make use of different

techniques’ strengths for different scenarios. For example, by using the depth ray technique for

selecting targets in scenes with high density or occlusion, the effective width could be less affected

by the location of surrounding targets [42, 52].

Ray-casting is suitable for target acquisition in complex data visualization. While a data visual-

ization contains a large number of data points, selecting the target data point could be troublesome

and inefficient. Having effective target acquisition techniques is essential for helping 3D data vi-

sualization become prevalent since the dataset could have high density. It is unavoidable that users

need to specify a certain data point before interacting with it. Based on previous research, remote

target selection and close target selection could benefit from different acquisition techniques. Also,

different navigation approaches in immersive environments could affect which technique is more

suitable for target acquisition. For example, suppose an ego-centric navigation approach is adopted

for the task. In this case, the user can move him or herself to the region of interest, and the target

will mostly be close to the user, which means the direct grab or touch interaction is a better choice

for target acquisition to increase engagement. On the other hand, if an exo-centric navigation ap-

proach is used for the 3D data analysis task, the user cannot get close to every target, in which case

the ray-casting technique is mostly preferred for target acquisition.

2.1.3 Hybrid User Interface

Feiner and Shamash brought the concept of HUI in 1991 [53], as merging the "visual and

interaction spaces [of] heterogeneous display and device technologies [to] take advantage of the

strong points of each [device]." Specifically, complementary devices such as AR head-mounted

displays (HMDs) and smartphones can be used together to offset each other’s disadvantages during

interaction. Researchers have included a wide range of mobile devices to facilitate the interaction

with AR and VR HMDs, for example, smartphones [54–58], smartwatches [59], tablets [60–67],

computers [68, 69], walls [70, 71], and other interactive surfaces [72–75]. While most studies
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investigate the usability and user experiences of using various HUIs simultaneously, several works

explore using hybrid user interfaces asynchronously [68,69]. With the option to use heterogeneous

devices sequentially, users are able to choose the appropriate device for certain tasks.

Hybrid User Interface (HUI) has been explored more often in recent AR and VR HMD stud-

ies [63, 68, 76] to investigate how to compensate for individual shortcomings while exploiting the

strength of each device. Compared to designing the 2D user interface, designers have more to

consider when designing a 3D user interface, including unlimited 3D space and various interaction

modalities, such as hand gestures, controllers, speech, eye gaze, etc. This variety of possibilities

not only provides more potential but also requires designers to have more considerations before

making a suitable choice. The opportunities and challenges of adopting HUI in mixed reality are

discussed in the recent paper of Zaky et al. [77]. Three optimization objectives which aim to

improve user experience and usability were illustrated:

• Reachability. The unreachable issue is caused not only by outside-of-range distance but also

by the dynamic physical environment, which leads to different surroundings that restrict

their reachability. Adopting HUI to integrate various devices as an alternative interaction

approach in order to offer user devices that are available in the current environment or devices

that are more convenient to access for interaction. In addition, those easy-to-locate devices

are normally more familiar for users to interact with, compared to HMDs.

• Ergonomics. Implementing HUI offers solutions to mitigate the arm fatigue issue, which

is famous in 3D user interaction due to the mid-air arm posture. Replacing the mid-air

interaction entirely is not necessarily beneficial to optimizing ergonomics for every body

part, such as while the comfortable position for the arm is waist-level and for the neck is

eye-level. With HUI, it is plausible to consider ergonomics quality for the particular UI

element without compromising others.

• Visibility. The visibility issue categories to problems that can be improved by better design,

such as cluttered environments and far distances, and problems that are out of designers’
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control, such as narrow field of view of HMDs and intensive background lighting. Adopting

HUI provides options to offload certain content to different devices. To deal with specific

causes, choose devices that can improve resolution and contrast, a bigger display area for

detailed information, or just move overlapping content to a separate device to avoid occlu-

sion.

In addition, three challenges need to be addressed while deploying hybrid user interfaces:

• Availability of the devices. The basic knowledge of the available devices, such as their

capabilities and affordances they have are crucial for HUI implementation. Moreover, it is

important to know the ownership of the devices to ensure the accessibility for HUI deploy-

ment.

• Interaction cost calculation. To choose the optimal interaction, designers need to know

about the interaction cost to achieve individual optimization objectives. Furthermore, hav-

ing multiple objectives simultaneously in realistic scenarios is unavoidable, which increases

the complexity of mitigating interaction costs. Nevertheless, designers must minimize the

interaction cost by addressing the conflict between different objectives.

• Cost of switching between devices. The divided UI causes the attention switch which in-

creases cognitive load and interaction time. Additionally, including more devices for interac-

tion, affects the discoverability and learnability of the system with different input modalities,

interface locations, and various feedback.

Hybrid user interfaces show potential for improving user experience with augmented and mixed

reality HMDs by offering opportunities to optimize common concerns in 3D user interface design,

such as reachability, ergonomics, and visibility. Also, to fully benefit from using HUI, design-

ers and creators need to consider the issues associated with including multiple devices for user

interaction in 3D space.
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2.2 Immersive Analytics

Immersive analytics (IA) was introduced in 2015 [27], which aims to explore means to use

the technologies of immersive interaction and display to facilitate decision-making and analyti-

cal reasoning, as Marriott et al. defined the term in the Immersive Analytics book "the use of

engaging, embodied analysis tools to support data understanding and decision making." [78]. Im-

mersive analytics integrates multiple research areas, including data visualization, visual analytics,

augmented/virtual reality, computer graphics, and human-computer interaction [78].

Many research efforts have been made to explore IA in terms of developing toolkits and frame-

works, such as DXR [79] and IATK [80], evaluation of visualization techniques in IA [81–85],

and immersive analytics in AR regarding the spatial perception [86], spatial interaction [87], and

3D exploration [88]. Nevertheless, Ens et al. disclosed 19 challenges in immersive analytics in

2021 [24], in which mentioned that even one of the advantages of using IA is providing users

with embodied direct manipulation; however, it also leads to arm fatigue which is famous with

mid-air interaction. Also, the paper pointed out that many interaction techniques used in IA were

difficult for users to discover due to their novelty and unintuitive, which induce high entry barriers

to interaction in IA and increase the learning curve for users. The author presented a common

analytic scenario with IA that involves transitions between conventional desktops to immersive

environments, in other words, using HUI for immersive analytics. With inconsistent interaction

techniques between 2D and 3D user interfaces, interaction fluidity could be a big barrier for users

to choose to adopt IA. To this end, the authors suggested future researchers bridge the gap between

immersive techniques and traditional interfaces.

2.2.1 Situated Analytics

Situated Analytics (SA) was introduced by ElSayed et al. [89]. Thomas et al. later described

SA as “the use of data representations organized in relation to relevant objects, places, and persons

in the physical world for the purpose of understanding, sensemaking, and decision-making.” [90]

In other words, situated analytics aims to support analytical reasoning by embedding the visual-
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izations in a physical location using AR [91]. In a recent survey of situated analytics, a couple of

criteria are generated to definite SA [92]:

• Presents data.

• Uses interactive visualization.

• Deployed using Augmented Reality techniques.

• Utilizes the user’s physical location.

• Integrates analytical reasoning.

According to the survey, while interaction is a key component of situated analytics, most of the

work focuses on improving data presentation rather than user interaction experience. Nevertheless,

they found most research used innovative interaction techniques such as touch, gestures and con-

trollers. However, evaluation and validation were lacking for those interaction techniques. Future

work is needed to develop interaction facilitating the sensemaking process and also measure their

effectiveness.

2.3 Navigation in 3D Space

Navigation includes two components: travel and wayfinding [14]. Wayfinding is a cognitive

process of making decisions about the route to the destination. Travel is the motor component

that allows the user to control the position and orientation of the viewpoint. Wayfinding requires

the user to have spatial knowledge, including knowledge of their surrounding environment. Travel

can be achieved through simple physical motions such as walking or other travel techniques such

as teleportation. Compared to physical movement during exploration, teleportation assists users

in translating to a specified destination instantly. However, it can cause spatial disorientation and

discontinuity, which negatively influences the user’s mental model. Previous work explored using

“minimap” for teleportation in VR so that users were able to be teleported to a location outside of
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their field of view (FOV) [93]. Yet the teleportation in “minimap” could lead to greater context-

switching costs due to a lack of spatial context during teleportation and decreased knowledge of the

surrounding environment. Meanwhile, a prior study showed that users have more physical motion

in AR, possibly because of increased situational awareness [94].

Researchers found that a large fully-immersed environment has drawbacks such as lacking

overview and blind spots [84]. The survey results of IA showed that context-aware navigation

techniques such as World In Miniature (WIM) were not exploited enough, even though context

awareness is critical for the user while the user is exploring large-scale data visualizations in an

immersive environment [28]. Also, based on prior works [94, 95], a single view can lead to inac-

curacy depth estimates due to the insensitivity of the human eye to the perception of depth along

the direction of the version. For mitigating the error, studies showed that providing multiple views

can benefit the correct perceptive projection development [95]. Or users would spend more time

and energy examining the visualization from different viewpoints on navigating around the visu-

alization to ensure the accuracy of position estimation [94]. Therefore, offering users WIM with

multiple views of the 3D visualization can help users achieve efficient and accurate navigation in

the AR environment.

2.3.1 Navigation in IA

Based on recent literature on IA exploration and navigation in VR [93, 96–100] and AR [63,

101, 102], the research topics mainly focused on users’ view (egocentric vs. exocentric) [98, 99],

navigation modes (locomotion vs. manipulation) [93, 99], navigation cues (frame of references,

landmarks) [99, 103], navigation interaction (mid-air gesture vs. controllers) [96, 102], navigation

techniques (overview vs. zoom) [93, 101]. However, every implementation has its drawback, and

no study has combined options and taken advantage of different methods while they can compen-

sate for each other. For example, several studies showed that providing an overview in a room-scale

3D visualization can prevent disorientation and blind spots while users navigate by walking inside

the visualization [96,104]. But an overview can cause clutter in the field of view (FOV) and distract
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users while performing wayfinding which can end up with a high cognitive load [93, 105]. Also,

several studies have looked at navigation cues for assisting navigation in the fully immersed envi-

ronment, and it either placed in the environment ahead by the researchers [99, 106] or created by

participants later while they are inside the 3D visualization [103], which can be either less effective

or increase users’ workload. Moreover, previous work has shown that both egocentric and exocen-

tric can be beneficial to different types of tasks. No studies have utilized both views during the

navigation process for IA. While studies have looked at panning, zooming in 3D, and improving

interaction techniques to assist exploration in IA [101, 107, 108], no work has looked at micro-

gesture navigation. In addition to navigation and exploration, interaction techniques for virtual

objects in an IA environment are important. Studies have suggested different interactions for dif-

ferent tasks [44,109–112], making it difficult to generalize findings. For example, raycasting works

better for distant targets, while hand manipulation was recommended for near targets [44,110,112].

Also, it often requires high-precision raycasting from the fingertips or palm and can be more diffi-

cult to accomplish in a limited time when the scene is cluttered [113]. Therefore, another obvious

advantage of microgestures is that users can interact much faster than mid-air gestures.

Several studies have shown that enough training can improve the task performance of users

with the low spatial ability with visualization manipulation to navigate the virtual dataset [114].

Moreover, enough training can also help users become familiar with the new interaction tech-

niques and slowly lower the error rates [106]. Prior studies on cross-virtuality application design

suggested that a unified interaction technique should be implemented across different reality en-

vironments [115]. This can reduce the efforts that users need to put into interacting with various

environments and also lower their cognitive load.

2.4 Cross-Reality

With the concept of the metaverse being wildly spread and the technology of mixed reality

getting more mature and accessible, utilizing the complementary display modalities with a mixed

reality environment has became more feasible. Including multiple modalities allows the system to
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overcome the trade-offs of different displays while bringing and proving the flexibility for users to

switch between display modalities as needed while tasks are performed. Based on the continuum

of Mixed Reality (MR) stated by Milgram and Kishino in 1994 [7,116], it is possible to adjust the

degree of virtuality and provide users with diverse experiences since the physical and digital worlds

are not a dichotomy. The continuum includes Augmented Reality, Virtual Reality, and Augmented

Virtuality (AV). The system that makes use of multiple locations from the continuum is known as

Cross-Reality (CR) [117] or Cross-Virtuality (XV) [118].

Different display modalities have diverse, unique advantages and disadvantages when they are

compared to each other. Specifically, in an AR environment, receiving instructions from the real

world (e.g., paper documents) or collaborating with others in the shared space (e.g., coworkers)

will be feasible, which could be beneficial in scenarios such as training or collaboration. On

the contrary, users can be more focused in VR, an ideal condition for exploring or learning, or

performing tasks requiring concentration and personal space.

When both AR and VR are used for 3D navigation procedures, researchers should consider

which environment should be adopted for better task performance based on each environment’s

strengths and weaknesses. Below are some elements that influence navigation efficiency in AR

and VR.

Strength of AR:

• Accessible of real-world references – the real objects in the psychical world are visible

in AR, which means they can assist the user in navigating the 3D visualization by using

physical objects as frames of reference or landmarks.

• Receive spatial knowledge – the visibility of the real world increases users’ situation aware-

ness, which facilitates navigation efficiency and ensures users’ safety.

• Collaboration – the visibility of the psychical world enables the user to receive instructions

from the real world (e.g., paper documents) or collaborate with others in the shared space

(e.g., gestures or body language from coworkers during the navigation tasks.

21



Weaknesses of AR:

• Color/context - the visibility of color and/or context in the user’s space can influence partici-

pants’ perceptions of the environment [119], which could increase the difficulty of navigation

in AR.

• Cluttered backgrounds - the visibility of backgrounds in AR can cause distraction and

affect users’ navigation performance [120].

Strength of VR:

• Unlimited space – isolated from the real world provide the option to create an unlimited

world, and users are able to travel inside with teleportation techniques.

• Less distraction from the real world - isolated from the real world with head-mounted

displays prevent users from being distracted during navigation tasks.

• Create illusion - isolated from the real world, provide the chance to manipulate the travel

route and speed rate while the user walks to the destination in a limited physical space.

Weaknesses of VR:

• Depth Estimation Error – distance compression is a known effect in VR [121,122], which

can cause inaccurate destination estimation.

• No spatial knowledge – isolated from real-world cues, which can lead users to feel disori-

ented easily during the navigation procedure [123].

2.4.1 Cross-Virtuality Analytics

Cross-Reality and Cross-Virtuality have gained much attention in the field since different en-

vironments are complementary, and designers or developers can adopt different display modalities

for the most suitable scenario. In 2020, Riegler et al. defined "Cross-Virtuality Analytics" as a

new approach to interacting with data visualization due to the possibility of seamless transit across
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the spectrum of the MR continuum [118]. Choosing the term "Cross-Virtuality" instead of "Cross-

Reality" was based on the early technology that was used for immersive analytics leaning to the

virtuality side of the MR continuum. They believed that the involvement of the reality side of the

continuum could facilitate the acceptance of immersive analytics and allow users to collaborate

with team members working in the same psychical space. Nevertheless, only a few XV applica-

tions are known in the HCI field [122, 124–128]. Recently, Anthes identified technical and con-

ceptual considerations related to XV application design [115]. Regarding conceptual design, the

paper suggested that appropriate visual translation techniques between different continuum stages

are important, and the interaction techniques should be consistent throughout different continuum

stages.

2.4.2 Transitional Interfaces

One of the early works of XV application is the Magic Book demonstrated by Billinghurst

et al. in 2001 [124, 125]. In the study, users could smoothly transition from physical 2D book

to augmented reality and then to virtual reality scene with a handheld video see-through device

with an inertial tracker for enabling AR and VR. Along with the switching between stages of the

MR continuum, users’ viewpoint are also changing from exocentric in AR to egocentric in VR. The

Magic Book project also defined the Transitional Interface (TI), which aims to enable users to move

freely along the reality-virtual continuum of Milgram and Kishino. After the concept of TI was

formalized by Grasset et al. in 2006, several works were conducted to explore different TIs [129–

132]. By switching between different displays, interaction modalities, data representations, and

system functionalities, users can choose the best-fit stage for performing tasks at hand [133, 134].

Riegler et al. claimed that a good design of TIs could help achieve "a seamless integration and

transition between conventional 2D visualization, augmented reality, and virtual reality in order to

provide users with optimal visual and algorithmic support with maximum cognitive and perceptual

suitability, depending on their current tasks and needs." [118]. Recently, Friedl et al. identified four
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elements for evaluating TIs: Presence, Physical Discomfort, Spatial Orientation, and Cognitive

Load [135].

Adopting hybrid user interfaces in cross-reality or cross-virtuality scenarios, especially when

HUI includes different devices, can result in significant overhead due to switching between various

device classes (e.g., tablet and VR HMD). In this context, a well-designed transitional interface is

crucial to the hybrid user interfaces. Hubenschmid et al. identified the aspects that should be

considered in the above scenarios:

• Maintain context. When there are heterogeneous devices and differing data representa-

tions, how do we maintain the context and spatial memory of users when switching between

devices and different visualizations?

• Liking content. When there are heterogeneous devices and differing data representations,

how do we help users establish a mental connection between different visualizations with

the same content?

• Switching cost between devices. With heterogeneous devices, how can we facilitate users

to switch between different hardware and accomplish transition between environments?

• Consistent user experience. Heterogeneous devices can lead to inconsistent interaction

(e.g., WIMP interfaces versus 3D user interfaces), how can we mitigate the mental demands

caused by the inconsistency during transformations between realities?
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Chapter 3

Multimodal Elicitation Study

Interaction is a key component of AR technology adoption and popularity. Previous studies

found that individual preference influences the choice of modality while users interact with AR.

To develop and provide more intuitive and natural interaction techniques than the existing hand

gestures for AR HMDs, it is necessary to explore user-designed gestures and speech. Section 3.1

reports on the elicitation study results by using AR HMD HoloLens 2 with the Wizard of Oz study

approach.

During the analysis of elicited gestures, we found there is barely any literature discussing the

detailed binning procedure for the elicitation study results. As a crucial step towards calculating

the agreement rate and winning gestures, a guideline for binning users’ proposed gestures is more

than necessary. As a result, Section 3.2 reports on the suggested binning methods based on our

gesture elicitation study results, which aims to lead to more future work in formalizing a guideline

for consistent proposal binding methods.

Both studies are presented in this chapter as they were published [4, 5]. These articles are

included with copyright holder permission.

3.1 Eliciting Multimodal Gesture+Speech Interactions in a Multi-

Object Augmented Reality Environment1

3.1.1 Overview

As augmented reality (AR) technology and hardware become more mature and affordable,

researchers have been exploring more intuitive and discoverable interaction techniques for immer-

1Verbatim From Xiaoyan Zhou, Adam Sinclair Williams, and Francisco Raul Ortega. 2022. “Eliciting Multimodal

Gesture+Speech Interactions in a Multi-Object Augmented Reality Environment”. In Proceedings of the 28th ACM

Symposium on Virtual Reality Software and Technology (VRST ’22). Association for Computing Machinery, New

York, NY, USA, Article 17, 1–10. https://doi.org/10.1145/3562939.3565637
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sive environments. This paper investigates multimodal interaction for 3D object manipulation in

a multi-object AR environment. To identify the user-defined gestures, we conducted an elicitation

study involving 24 participants and 22 referents using an augmented reality headset. It yielded 528

proposals and generated a winning gesture set with 25 gestures after binning and ranking all ges-

ture proposals. We found that for the same task, the same gesture was preferred for both one and

two-object manipulation, although both hands were used in the two-object scenario. We present

the gestures and speech results, and the differences compared to similar studies in a single object

AR environment. The study also explored the association between speech expressions and gesture

stroke during object manipulation, which could improve the recognizer efficiency in augmented

reality headsets.

3.1.2 Introduction

Easy-to-remember gestures produce high usability interfaces [136]. A gesture set that does not

align with users’ expectations or mental models often leads to frustrating user experiences [137].

Wobbrock et al. introduced an elicitation methodology to collect proposed gestures from users [138],

facilitating intuitive gesture design without implementing perfect interaction recognizers in ad-

vance. Prior findings indicated that users prefer to choose input modalities based on their needs

during the interaction [139–141]. Previous elicitation studies mostly focused on gesture set design

for different devices and interfaces [138, 141–144], and several studies have explored multimodal

interactions with speech and hand gestures [145–147]. However, few to no researches have in-

volved multimodal interactions in a multi-object augmented reality (AR) or virtual reality (VR)

environment.

These prior works raised multiple questions that were explored during this study: Does multi-

modal interaction look different in multi-object AR environments? How does a multi-object AR

environment impact an elicitation study’s gesture and speech proposals? What gestures do users

prefer for multiple object manipulation, and are there any differences from single object manipu-

lation? What speech commands do users choose for multiple object manipulation, and what are
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the differences compared to single object manipulation? The raised questions drive our motivation

to understand if previous single object studies can transfer to more realistic environments. For

this work, an elicitation study was conducted for multimodal interaction in AR with a Wizard of

Oz (WoZ) experiment design (i.e., a researcher emulating a live system) [138, 148]. It involved 24

participants completing 22 referents (i.e., command) each in an AR head-mounted display (HMD).

It yielded 528 proposals, which were used to generate a winning gesture set with 25 gestures after

binning and ranking. We compared our single virtual object manipulation proposals to the findings

from prior studies in a single object AR environment [145,147,149]. For multiple object manipula-

tion proposals, we compared them with the proposed gestures of single virtual object manipulation

in our study. To the best of our knowledge, this is the first study to conduct multi-object mid-air

interaction using optical-see through augmented reality headsets.

3.1.3 Related Work

Elicitation methodology has been widely used in the HCI field to collect user-defined ges-

tures. Wobbrock et al. popularized an elicitation methodology to collect proposed gestures from

users [138], which aims to assist in designing more intuitive [138], guessable [150], learnable,

and memorable [151] interaction techniques. Morris et al. found that people prefer gestures pro-

posed by end-users, which were less complex than ones designed by human-computer interaction

(HCI) experts [152]. Based on recent literature review results [153], over two hundred studies

have adopted the use of an elicitation methodology in their work. Elicitation studies can provide

valuable insights for developing new interaction techniques.

Prior findings proved that users prefer to choose input modalities based on their needs during

the interaction, such as choosing gestures over speech in a quiet environment [139–141]. Wob-

brock et al. [138] discovered that having synonyms in a user-defined gesture set can increase the

guessability of proposed gestures. A multimodal elicitation study provides the opportunity to cre-

ate multimodal synonyms [141], which can offer users different modalities to achieve the same

effect and increase the acceptance of new technology.
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Nevertheless, although the realistic scenarios in AR interaction include more than one virtual

object, most elicitation studies involving mid-air gestures in AR only considered single object ma-

nipulation in a single object AR environment [145, 147, 149, 154]. Pham et al. conducted an elic-

itation study with an AR headset that included a scenario of single building manipulation among

multiple buildings [149]. However, the whole model was attached to a physical surface so that the

elicited gestures in the study were not mid-air gestures. Moreover, as far as we know, no research

has been done on multimodal interactions with multiple object manipulations in AR. Piumsom-

boon et al. implemented an elicitation study in AR (video-see through) that asked participants to

select multiple objects, yet the elicited gestures were surface gestures [154]. Wittorf et al. adopted

an elicitation methodology for exploring mid-air gestures, yet the participants were interacting

with a wall display [155]. Danielescu and Piorkowski conducted an elicitation study to explore

free-space gestures with a projector display that included multiple target selections among a set of

photos [156]. However, the referent showed that photos were selected one by one, which could

bias the participants’ gesture proposals. Furthermore, Wobbrock et al. found that users preferred

one-handed over two-handed interactions for tabletop interaction [138, 157]. As a result, we were

interested in whether users preferred two hands for two-object manipulation in an AR environment.

To fill the gap in multimodal interaction in a multi-object AR environment, this work conducted

a study to elicit speech and mid-air gestures in an augmented reality environment that contains

four virtual objects (Figure 3.1) and compared results to elicited proposals with a single-object AR

environment.

3.1.4 Study Design

This study conducted the elicitation experiment using a similar process as previous work [138,

148, 158]. Twenty-two tasks (i.e., referents) were used for each modality in this work. Of those,

17 basic referents were selected based on their inclusion in prior works [145, 147], while the other

five were developed to be multi-object versions of basic referents. Specifically, participants were

required to manipulate two objects simultaneously when multi-object referents were presented.
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Referents included six translations (along x, y, and z axes), six rotations (about x, y, and z axes),

three abstract actions (create, destroy, and select), and two scaling actions (enlarge and shrink). For

multiple object manipulation, only abstract and scale referents were included. There were three

experiment blocks in this study, which included modality gesture only (G), speech only (S), and

gesture plus speech (GS). Each block took approximately 10 minutes, plus two questionnaires and

three surveys. The experiment lasted approximately 45 minutes.

Participants

The study involved 24 participants (12 female, 12 male). Due to the pandemic, it was difficult

to recruit outside of the Computer Science (CS) department; therefore, 17 out of 24 participants

came from CS. Their ages ranged from 18-34 years (Mean = 23.42, SD = 4.20). All participants

had previously used multi-touch devices, nineteen had used motion sensing devices (e.g. Xbox

Kinect or Nintendo Wii Motion), sixteen had used virtual reality headsets, and three had used

augmented reality headsets.

Setup

The experiment was conducted using Microsoft HoloLens 2 optical see-through AR head-

mounted display (HMD). The system used for the experiment was developed in Unity Engine

2019.4.4f1. A GoPro Hero 7 Black was mounted on top of HoloLens 2 to record an ego-centric

view of the interactions, as shown in Figure 3.2. A 4k camera was placed on the front left cor-

ner facing participants to record an exo-centric view of the interactions. Two hand-shape icons

on the screen were used to indicate if the hand or hands were in the view of the headset [159],

as shown in Figure 3.1. If either hand was out of view, the corresponding hand icon would dis-

appear from the screen. Before starting the experiment, participants were requested to complete

the informed consent and demographics questionnaire. Then participants were informed that there

would be three experiment blocks with different modalities as input and they could use any inter-

action they felt was appropriate to execute the command based on the presented text referent and

input modality. Participants were told to perform gestures inside the headset’s view, which they
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Figure 3.1: Participant view Figure 3.2: Experiment setup

could tell by the hand icons displayed. The interaction modalities were presented to participants in

a counter-balanced order. In each block, referents were presented in random order. The post-study

questionnaire was filled out by each participant at the end of the experiment.

Hypotheses

Our hypotheses were grounded in previous observations in our lab and from previous work [145]:

H1) for the same single object manipulation referent, winning gestures in a multi-object AR en-

vironment will be different from ones in a single object AR environment; H2) participants would

prefer to use both hands for two object manipulation referents. Moreover, through elicited multi-

modal interaction, further connections between speech commands and hand gestures are expected

to be found in this study.

3.1.5 Results

With the experiment, 528 proposals were collected from each modality. To eliminate the effect

of the referent text biasing the speech proposal [145], prior to the analysis, speech proposals that

were identical to the text displayed as part of the referent were removed. Resulting in 277 proposals

from GS block and 261 proposals from S block.

The agreement rate (A R), co-agreement rate (C R) and (Vrd) significance test were used

to determine consensus among gesture proposals [160]. A R is used to quantify the consensus

of the binned proposals for interactions by referent [161], as shown in Eq. 3.1. C R is used to

measure the amount of agreement shared between referents [160]. This study adopted Fliess’s
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Kappa coefficient (kF ) and the related chance agreement term (pe) [158] when presenting the

overall agreement rate of gesture proposals. The bootstrapped 95% confidence intervals were

calculated to provide an interval estimate of each agreement score [158]. We used the AGATe 2.0

tool (AGreement Analysis Toolkit)2 to assist our statistical analysis. The consensus-distinct ratio

(CDR ) was adopted to quantify the speech proposals [141]. For a complete treatment on elicitation

studies and methods, see Williams et al. [161].

A Rr =
∑Pi⊂P

1
2 |Pi|(|Pi|−1)

1
2 |P|(|P|−1)

(3.1)

The agreement rate A R for each referent r was calculated with Eq. 3.1. In Eq. 3.1, P is the set

of all proposed gestures for referent r, and Pi are the subsets of identical proposed gestures from P.

The overall agreement rate for gestures from G and GS blocks was .190. Based on the inter-

pretations proposed by Vatavu and Wobbrock [160], our study achieved a medium agreement

with 12 referents and a high agreement with 4 referents. The individual agreement rate of ges-

tures from G block and GS block alone were also calculated. The G block has .189 in agreement

rate with kF coefficient of .165. The chance agreement term pe was .029, which indicates that the

probability of agreement occurring by chance was minimal [158]. The GS block obtained .193

agreement rate with kF coefficient of .151, and the chance agreement term pe was .050, which

shows evidence of agreement beyond chance. Compared to the previous elicitation study results in

the single 3D object environment [145], we have lower agreement rates in general.

Unimodal Gesture and Unimodal Speech

Gesture Only We observed a significant effect of referent type on agreement rate in G block

(Vrd(21,N=528) = 639.363, p <.001). The study found there were 13 referents who obtained a

medium to high agreement (A R > .10), and they showed significant difference between agree-

ment rates (Vrd(12,N=312) = 191.492, p <.001). Accordingly, 9 referents have agreement rates

below 0.10, which means they are in low agreement, and no significant difference in agreement

2Available at http://depts.washington.edu/acelab/proj/dollar/agate.html
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Figure 3.3: Agreement rates for the gesture (G) and gesture+speech (G+S) conditions grouped by referent

category

Figure 3.4: Gestures co-agreement between referents in gesture only (G) block and gesture+speech (G+S)

block
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Table 3.1: Consensus-distinct ratio (CDR ) of speech only (S) and Gesture and Speech (GS) block by

referent category

Referent Category Speech

Only

Gesture + Speech

Abstract 43.75% 35.21%

Rotation 24.56% 16.44%

Scale 57.14% 32.0%

Translation 42.65% 22.89%

rates was found (Vrd(8,N=216) = 7.550, p <1.000). The highest agreement rates came from referents

Select and Select Both (Figure 3.3). The pointing gesture won the highest agreement rate for

Select referent, mostly based on the natural interaction for specifying an object in the real

world. As shown in Figure 3.3, the referents Shrink Both and Roll Counter Clockwise (RCC)

are also achieved high agreements. Among abstract referents, Destroy and Destroy Both got the

two lowest agreement rates. In rotation referents, Pitch up and Pitch down exhibited the two low-

est agreement rates. For the translation referent, referent Move Up has the lowest agreement rate

(A RMoveU p = .072), yet Move Down has a much higher agreement rate (A RMoveDown = .228).

A co-agreement analysis for dichotomous referents and one object versus two object referents

is shown in Figure 3.4. The co-agreement rates of one object versus two object referents were

in general higher than in dichotomous referents. The referents Select and Select Both achieved a

high co-agreement (A RSelect = .457, A RSelectBoth = .457, C R = .355), which indicates 78% of

all pairs of participants have consistent gesture preference with both referents. Another high co-

agreement rate came from Shrink and Shrink Both which showed 76% of all pairs of participants

that were in agreement with referent Shrink were also in agreement with gestures for referent

Shrink Both (A RShrink = .286, A RShrinkBoth = .341, C R = .217).

Speech Only For speech data, we adopted the binning criterion wherein “enlarge yellow and

green” and “enlarge cube and sphere” were equal to “enlarge yellow cube and green sphere”.

However, “yellow cube pitch down” and “yellow cube rotate down” were counted as different

proposals.
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Figure 3.5: Usage of syntax format by referent type in the

speech only (S) block

Figure 3.6: Usage of syntax format by referent type in the

gesture and speech (GS) block

34



Table 3.1 shows the consensus-distinct ratio (CDR ) of different categories of referents in the

S block. The CDR is used to calculate the percent of distinct speech proposals by referent that

achieved a consensus threshold of two [141]. The results demonstrated that scale referents have

the highest CDR, in addition to abstract referents which present a CDR that are almost twice high

when compared to 24.52% from the previous elicitation study with a single 3D object [145]. The

rotation referents hold the lowest CDR. Based on the data, a low CDR could be caused by different

expressions of rotation. For example, “spin” or “rotate” plus gesturing direction was proposed to

achieve “roll”, “yaw”, or “pitch”. A similar finding was presented in the previous elicitation study

with a single 3D object [145]. There are few alternative phrases for “move up / down / left /

right, ” which could explain that translation referents have a higher CDR than rotation referents.

Similarly, less options of replacement for action or status phrases such as “shrink” and “smaller” in

scale proposals. Figure 3.5 presents the syntax formats that covered more than 80% of proposals

in the S block. It is obvious that ⟨action⟩ ⟨ob ject⟩ and ⟨action⟩ ⟨ob ject⟩ ⟨direction⟩ are the

most common formats for speech proposals. Moreover, rotation and translation referents elicited

more variants of syntax, which means that various syntax should be considered while designing

unimodal speech commands.

Despite bias from text referents, participants often preferred interaction from left to right with

multiple 3D objects. For example, with the referents of “create two objects at the same time”,

two participants proposed “create green sphere and yellow cube”, even though all text referents

involving two objects started as “yellow cube and green sphere” in the experiment. It shows that

participants favored creating objects starting from the left since the green sphere was placed

to the left side of the yellow cube in the scene.

Multimodal interaction: Speech and Gesture

Gesture in GS – The results additionally demonstrate that the referent type has significant

effect on gesture agreement rates in GS block (Vrd(21,N=528) = 361.624, p <.001). There were

19 referents who achieved medium to high agreement (A R > 0.10), and presented significant

difference between agreement rates (Vrd(18,N=456) = 262.325, p <.001). Only referents Destroy
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Both, Pitch Up, and Pitch Down have low agreement rates that less than 0.10 (Figure 3.3), and

further significant differences among those agreement rates were not found (Vrd(2,N=72) = 1.368,

p <1.000). As shown in Figure 3.3, the highest agreement rate in the GS block was from referent

Select, and referent Select Both was not far behind in rank. The lowest agreement rates in the GS

block came from referents Pitch Up, and Pitch Down was very close by. As in the G block, referent

Shrink also obtained a high agreement rate while combining with speech (A RShrink = 0.308).

Moreover, referents Destroy and Destroy Both showed a similar low agreement as in the G block,

compared to mostly other referents (A RDestroy = 0.101, A RDestroyBoth = 0.094).

Regarding co-agreement, for one object versus two object referents, the average co-agreement

rate was 68% without including referent Create Both. This finding indicates that a high number

of participants kept the same preferences for both one object and two object manipulation.

The cause of a low co-agreement rate between referent Create and Create Both could be the low

agreement rate for Create Both in the GS block (A RCreate = .192, A RCreateBoth = .120, C R =

.036). Higher co-agreement rates were found for dichotomous referents compared to the G block.

As shown in Figure 3.4, the co-agreement rates of translation referents were increased the most

compared to the values in the G block, which indicates multimodal interaction assisted participants

in achieving more agreement for dichotomous translation referents.

Speech in GS – Figure 3.6 shows syntax formats covered more than 80% of proposals in the

GS block. Compared to the S block, participants have proposed a fair amount of single-word

commands with compensation from gestures. These single-word proposals included ⟨action⟩

only, ⟨ob ject⟩ only, ⟨direction⟩ only, and ⟨status⟩ only. All proposals with single-word commands

account for 39.71% of the total proposals in the GS block. In contrast, the proportion of single-

word proposals in the S block were merely 6.48%. The prior study mentioned that part of the

⟨action⟩ ⟨ob ject⟩ syntax proposed in the S block turned into ⟨action⟩ plus gesture proposals in the

GS block [145]. In the GS block, the most used syntax format was ⟨action⟩ only, shown in all

four categories of referents. If the speech does not indicate the target, it can then be assumed that

gestures were used for identifying the target object in a multi-object AR environment. As antic-
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ipated, based on the results, 87.5% of proposals with ⟨action⟩ only syntax format have involved

gestures of “pointing”, “tapping”, or “grabbing”. Furthermore, with ⟨direction⟩ only syntax pro-

posals, 84.21% of gestures showed “pointing” or “tapping” to indicate the target object. In contrast,

proposals consisting of the ⟨ob ject⟩ only syntax format had merely 28.95% of the proposals in-

volving the gestures “pointing” or “grabbing”. This result proved the complementary feature of

multimodal interaction. Due to the necessity of identifying the target object in a multi-object en-

vironment for manipulation and the flexibility of using speech that multimodal interaction gave

participants, less agreement was shown with speech proposals in the GS block compared to in the

S block (Table 3.1).

Gesture and Speech Association – The study looked into the association between the stroke

of a gesture proposal and the corresponding speech proposal in the GS block. A stroke is

considered the peak of effort for a specific gesture [162], which holds the meaningful content

of the gesture. We classified the main speech content into three types of expressions (nominal,

deictic, verb) based on prior work from Bourguet and Ando [163]. During the video annotation,

recordings were made of the expressions in relation to speech content while the main stroke of the

gesture occurred. The study found that strokes for abstract referents were mainly associated with

nominal expressions, such as “the yellow cube” or “objects”. The referents Destroy and Destroy

Both were exceptions, which could be related to the low agreement on gesture proposals. All

scale strokes were more synchronized with verb expressions, mostly “enlarge” and “shrink”. It

should be noted that there were far fewer deictic expressions used in the scale speech proposals,

which indicates the limitation of associated expressions. In terms of the translation and rotation

referents, 9 out of 12 showed a strong association between strokes and deictic expressions. For

example, participants would execute the stoke of pitch up while saying “up”. The Move Away and

Yaw Right referents were slightly more synchronized with verb expressions, and the stroke of roll

counterclockwise showed more association with nominal expressions.
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Figure 3.7: Top three proposed gesture variants for abstract referent

Figure 3.8: Top three proposed gesture variants for scale referent
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Figure 3.9: Top three proposed gesture variants for translation referent

Figure 3.10: Top three proposed gesture variants for rotation referent

39



3.1.6 Discussion

The results support our hypothesis H2 that the consensus set of gestures indicates that partici-

pants preferred to use both hands for two virtual object manipulation. Chi-square analysis showed

that the difference between one hand and two hands adoption in the two AR environments was sta-

tistically significant (X2 = 255.33, p <.001). This means that using a multi-object environment

increased the usage of both hands. The results support H1 for some tasks, because there were

11 out of 17 single object manipulation referents resulting in different winning gestures, compared

to ones from a single object AR environment. In general, there are similarities and dissimilarities

in multimodal interaction within a multi-object AR environment and a single-object AR environ-

ment. The multi-object environment has inspired more physical interaction which came from

experience with the real world.

Based on our resulting top three proposal variants for each referent, among 17 single object

manipulation tasks, six referents have the same winning gestures as prior findings in a single ob-

ject AR environment [145, 149]. Another five referents’ second place proposals were identical to

previous results in a single object AR environment [145, 149]. Within the six referents that have

the same winning gestures in both AR environments, two of them are Shrink and Enlarge from

scale referents, three translation referents are Move Toward, Move Away, and Move Left, and one

rotation referent is Yaw Left. Legacy bias is an issue in elicitation study that uses’ gesture pro-

posals are biased due to the previous experience with existing interfaces [164]. The legacy bias

from interaction with a multi-touch screen could contribute to the identical scaling proposals. The

“screwing in a light bulb” gesture for rotating around the Z axis was also found in Williams et

al., and Pham et al.’s works [145, 149]. Unsurprisingly, abstract referents have less similarity in

their proposals. The winning gesture for creating an object in this work used gathered and then

spread fingertips as the original blooming gesture from HoloLens 1 [165], but with the palm facing

forward instead of facing up. Due to the difference, we do not consider that our blooming ges-

ture came from legacy bias and more likely was a spontaneous proposal that could inspire future

gesture designing for AR interaction.
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Besides using the agreement rate to measure the consensus among gesture proposals and facil-

itate gesture sets generation, other criteria such as reversibility can also be considered validation

after gesture sets are generated [166]. As shown in the gesture figures (Figure 3.7, Figure 3.8,

Figure 3.9, Figure 3.10), all winning gestures for opposite scale referents and rotation referents

met the reversibility criteria, then winning gestures for opposite translation referents were mostly

reversible except for Move Left and Move Right. The winning gestures for opposite abstract ref-

erents were not fully reversible, which might be due to the difficulty of suggesting gestures for

abstract interaction. Nevertheless, winning gestures for Create Both and Destroy Both perfectly

met the reversibility criteria.

This paper has eliminated the presentations of variations of similar hand poses, which could be

due to the physical features or object sizes or individual differences between users [167]. Through

the binning procedure, most interchangeable variants of a hand pose with the same movement path

are grouped into the same gesture. For example, pinching with two and three fingers is all grouped

into the same pose. And if they all move clockwise, they are binned into the same gesture class.

In terms of speech proposals, our results showed more variety in syntax formats. We have two

more single-word syntax formats in GS block compared to the ones found in Williams et al. [147],

and they were ⟨ob ject⟩ only and ⟨status⟩ only. For speech-only interaction, our study presented

⟨action⟩ + ⟨ob ject⟩ as the top rank syntax format, compared to the ⟨action⟩ only syntax format

which has a similar proportion in a single object environment [147]. We believe this result was due

to the multiple object environment in our study, and participants tended to specify the target object

for interaction.

The results of the study found that participants preferred symmetric bimanual versions

of the single-handed gesture for two object manipulation. For example, the winning proposal

for shrinking a single object was the zoom-in gesture, and the winning gesture for shrinking two

objects side by side was to perform zoom-in with both hands simultaneously. This result of sym-

metric bimanual interaction is reasonable since both targets were inside the participant’s field of

view, which made symmetric actions easy to perform [168]. The exception of destroying proposals
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could be related to the low agreement rate for both destroy referents, which indicates people have

less grounding for destroying from reality-based interaction [169]. According to the answers in the

post-study questionnaire, 13 out of 24 participants expressed that it was fairly natural to think of

using both hands for two object manipulation. Five participants indicated it was harder to develop

the proposal for two object interaction compared to the single object manipulation. One partic-

ipant said that the single-hand gesture could be used to replace two-hand interaction as needed.

Our findings could be used to develop gesture recognizers for a multi-object AR environment by

sensing the user’s intent based on the hands involved.

Speech recognition with an AR headset is difficult due to the environment noise, unintended

commands, and sometimes the accent of the user. With the knowledge of the association between

speech expressions and gesture stroke, a more specific hypothesis can be implemented in the recog-

nition system to improve speech detection efficiency and accuracy in AR. While previous work

only focused on pointing gestures [163], our study discovered the association between common

manipulation gestures and speech commands for interaction in a multi-object AR environment.

3.1.7 Design Guidelines

Based on the user-defined gesture sets from our study and literature, while some gestures and

speech syntax formats remain similar, there were differences in multimodal interaction between

a single object and a multi-object AR environments. Participants’ proposals in our study showed

more physical interactions such as pinching or grasping the target object and “turning a door-

knob” for rotation tasks. Similar to prior findings suggested including aliasing for gestures and

speech [138, 141, 145], we propose that including aliasing could significantly improve the perfor-

mance of the recognizer. For example, using the commands “spin” or “rotate” plus a gesture that

indicates direction should be equal to using commands “roll/yaw/pitch”. With gestures, performing

pinching or grasping and then moving the hand for virtual object translation should be equivalent

to pointing at the target and then moving the finger. Our results indicate that implementing the top

three proposed variants (Figure 3.7, Figure 3.8, Figure 3.9, Figure 3.10) of a gesture could increase
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the coverage of proposed gestures to 70% on average. The variety of syntax formats in the GS

block indicates that various combinations of speech and gesture could be designed for interaction

in an augmented reality environment. For example, to perform an interaction with a virtual object

such as “move the clock to left”, the system provides options that the user can either say “clock”

plus move a finger to the left, or use a finger to point at the clock plus say “(go) left”. Moreover,

as Williams and Ortega mentioned in their work, legacy bias could be a benefit to new technology

because it is memorable and discoverable [170]. We suggest that emerging technology such as

AR-HMD should consider both legacy bias from the touchscreen and physical interaction based

on body awareness and environmental skills [169].

3.1.8 Limitations and Future Work

The text referents could bias participants’ speech proposals in our experiment. We also know

that using animations as referents would bias the gesture proposal in the elicitation study [145,

171]. It is still a research question that how to eliminate the bias from referent presentation. Our

experiment design requires participants to give both speech and gesture in GS block, which could

end with unnatural speech proposals from participants. Therefore, we will use a more efficient but

flexible way to elicit proposals from participants in our future elicitation studies. For example, we

could adopt the “before” and “after” approach to present the desired effect of a referent for our

future study [149, 172]. Reducing the fatigue caused by mid-air interactions is another necessary

vein of future work. One way to mitigate this issue is to use other modalities such as eye-gazing

combined with speech to replace mid-air gestures. Another option for reducing fatigue could be

developing microgestures that require less psychical effort than mid-air gestures.

This study has focused on interaction in an AR environment, still, the elicited speech proposals

can also be used for interaction in a VR environment due to the more occlusive VR environment.

In terms of hand gesture proposals, further evaluation and comparison studies are necessary since

gesture usability can be affected by the field of view of the HMD and the clutter of the scene.
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This work used two object manipulation as multi-object interaction cases. Future works are

expected to verify the current elicited proposals with referents that involve three or more object

manipulation. Also, further studies can answer the questions of how more virtual object manipu-

lation influences the speech and hand gesture proposals for interaction in AR.

3.1.9 Conclusion

This study investigated multimodal interaction in a multi-object AR environment. We chose

22 referents for the elicitation study that included canonical referents for scale, translation, and

rotation tasks and three abstract referents. We generated a consensus set of gestures for interaction

in a multi-object AR environment and found that participants used the same gesture for one and

two objects but with both hands for two object manipulation. The results further demonstrated

that participants tended to act on the target objects in a multi-object AR environment, indicating

more physical interaction where preferred. Further, in the study, more speech syntax formats

were proposed in multimodal interaction in a multi-object AR environment. We discovered the

association between expressions and stroke, which can improve the accuracy and efficiency of the

recognition system. We also provided design guidelines based on our findings and comparison

with prior works in a simple AR environment.
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3.2 Towards Establishing Consistent Proposal Binning Meth-

ods for Unimodal and Multimodal Interaction Elicitation

Studies3

3.2.1 Overview

More than two hundred papers on elicitation studies have been published in the last ten years.

These works are mainly focused on generating user-defined gesture sets and discovering natural

feeling multimodal interaction techniques with virtual objects. Few papers have discussed binning

the elicited interaction proposals after data collection. Binning is a process of grouping the entire

set of user-generated interaction proposals based on similarity criteria. The binned set of proposals

is then analyzed to produce a consensus set, which results in the user-defined interaction set. This

paper presents a formula to use when deciding how to bin interaction proposals, thus helping to

establish a more consistent binning procedure. This work can provide human-computer interaction

(HCI) researchers with the guidance they need for interaction elicitation data processing, which is

largely missing from current elicitation study literature. Using this approach will improve the effi-

ciency and effectiveness of the binning process, increase the reliability of user-defined interaction

sets, and most importantly, improve the replicability of elicitation studies.

3.2.2 Introduction

Elicitation is a form of participatory design where researchers ask novice users to produce input

proposals that would execute various commands (i.e., referents) within a system (e.g., augmented

reality displays, multi-touch surfaces) [138, 173]. During this process the participant is shown

referents one at a time and the participant produces input proposals that they find appropriate

for executing those referents. This might look like showing a participant a virtual object using

3Verbatim From Zhou, X., Williams, A.S., Ortega, F.R. (2022). “Towards Establishing Consistent Proposal Binning

Methods for Unimodal and Multimodal Interaction Elicitation Studies”. In: Kurosu, M. (eds) Human-Computer

Interaction. Theoretical Approaches and Design Methods. HCII 2022.. Lecture Notes in Computer Science, vol

13302. Springer, Cham. https://doi.org/10.1007/978-3-031-05311-5_25
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augmented reality technologies and asking them to produce a mid-air gesture that would cause the

virtual object to move left [145, 154].

During an elicitation study researchers often identify the consensus set of input proposals by

quantifying the agreement between participants on input proposals for a given referent [138, 160].

In between labeling the raw input proposals and measuring participant agreement, researchers of-

ten bin the input proposals into equivalence groups based on their similarity of execution. Without

binning proposals, the consensus set will be biased by individual differences and agreement cal-

culations will return pessimistic estimates of agreement. As an example, without binning, a swipe

right with the index and middle fingers would be counted as a distinct gesture from swiping right

with the index alone. In actuality these two gestures are similar in execution, intent, and at times

may have been produced by the same user for the same referent [154, 155].

It is well known that the binning procedure is time-consuming due to the process of annotat-

ing the recorded videos [148, 174], and error-prone because of the subjective human judgments

involved [148]. Moreover, adopting different similarity criteria can lead to underestimated or over-

estimated agreement rates as a result of more or less permissive binning protocols [148]. In this

paper, we present a formula that can assist experimenters with binning gesture proposals from par-

ticipants through a unified binning procedure. This work uses mid-air gesture elicitation proposals,

which can be extracted from both unimodal and multimodal interactions. This formula could be

used equally well to bin gesture proposals from elicitation studies with different systems, such as

virtual reality displays or multi-touch devices.

It is critical that experimental science is reproducible, replicable, and reapeatable. Researchers

in HCI have been calling for more work focusing on the replication or reproduction of prior

works [148, 175]. In particular, for elicitation studies, adopting a standard data processing pro-

cedure and guidelines can accelerate the replication or reproduction process for future researchers.

The necessity of a standard procedure for binning is increasing along with the rapid growth of

elicitation studies. It is time to fill this gap and form a guideline for elicitation data processing.
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3.2.3 Related Work

Based on recently published elicitation study literature reviews, over two hundred elicitation

studies have been conducted in the last ten years [176]. Most of the previous works aimed to de-

velop user-defined gesture sets [138,141,145,154,155,177–180], and a few works have discussed

the tools and criteria used for binning the interaction proposals in the studies [174, 181, 182].

Binning Tools

Several studies proposed new approaches to improve the efficiency of the binning process and

reduce the effort required by researchers. Ali et al. proved that letting online crowd workers make

the proposal’s similarity comparison, then using automatic binning algorithms for sign classifica-

tion, can produce similar results compared to using experts with less time spent on the task [174].

Nevertheless, the crowd-powered tool Crowdsensus proposed by Ali et al. only demonstrated the

use of elicited voice commands in text string format. Vatavu introduced the dissimilarity-consensus

method to replace the subjective binning criteria, and manual labeling with automated computation

by a computer [181]. This method helps mitigate human error and subjective decisions on propos-

als similarity. However, using the dissimilarity consensus approach accurate skeletal and pose

information is needed, which is not suitable for most elicitation studies’ data captured in video

format. Moreover, despite the computational method, subjectivity still exists during raw data pre-

processing and extracting procedures. Anthony et al. developed a tool to identify similar gesture

articulations and generate clusters automatically, and the agreement rates were reported after bin-

ning [182]. Nevertheless, the tool allows the researcher to edit and correct the cluster partition,

making the binning process still subjective. While it is difficult to entirely avoid the subjective

human judgments during the binning process, following the guidelines put forth here can help to

mitigate it.

Binning Criteria

It is not uncommon that different elicitation studies adopt different criteria for evaluating the

similarity of proposed interactions from participants [148, 181]. Few works have reported the
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criteria they used for proposal binning in the study, which led to irreproducible study results [148].

Most of the elicitation studies have described the classification process in a broad manner [138,150,

155]. Several works in augmented reality have mentioned the general binning approach or criteria

was used in their studies [145, 149, 154]. Piumsomboon et al. defined “similar gestures” as the

gestures that have identical static pose and path, or have different static poses but with consistent

directionality [154]. Pham et al. adopted themes such as the analytic unit and binned gestures

based on similar themes despite different executions (e.g. binned squishing with clapped hands,

fingers, or fist) [149]. Williams et al. binned gestures according to the movement path and hand

pose, and explained the definition of each hand pose presented in the study [145]. Many elicitation

studies have used a taxonomy for gesture classification and binning [154, 155, 183–186].

Taxonomy based binning criteria are not always well suited for direct interaction elicitation

study proposals. In most elicitation studies a large proportion of the referents revolve around direct

manipulations (i.e., translations, rotations, and scaling). When eliciting direct manipulations, in-

teraction proposals will often be impacted by the participants’ notions of real world physics [169].

If the referent is move left the participants will most likely push the object to the left with their

hand [149, 154, 155]. These proposals will often fall under a single category when using a taxon-

omy [187] (e.g., “direct manipulation”), making using taxonomy for binning difficult. This paper

will not discuss the procedure of classifying mid-air gesture proposals based on taxonomy. Our

study aims to provide researchers and designers with a guideline for executing the proposals bin-

ning procedure in an elicitation study, as shown in Figure 3.11. With the structured criteria and

procedure, more elicitation studies can be replicated, and the results can be reproduced.

3.2.4 Data Collection

Often elicitation studies’ data is captured via video recordings [141, 145, 147, 148]. An exo-

centric camera is commonly used to record participants’ proposals. If the study used head-mounted

displays (HMDs), an ego-centric camera can also be used. For data completion and analysis

convenience, recommend experimenters adopt both ego-centric and exo-centric cameras to cap-
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Figure 3.11: Procedure to Group Interaction Proposals Into Equivalence Groups in an Elicitation Study

ture different views of interaction. Based on observations from our prior experiments’ data with

HMDs, participants have various preferences on hand position while performing manipulation

tasks [145, 147]. Some participants proposed physical interaction more than others, which means

the gesture acted physically on the object, and their hands reached out to the objects. When partic-

ipants proposed more metaphorical gestures for interaction, their hands were closer to their bodies

during the manipulation. As a result, it is possible that the ego-centric camera is unable to capture

the full view of the interaction due to the different positions of individual proposals. The exo-

centric view could be very helpful, when the ego-centric camera does not capture the full hand

movement. For example, while participants’ hands are too close to the face and the movement

is out of the view of the ego-centric camera, the exo-centric recording became the only source of

participants’ proposal. For exo-centric view, it is suggested to place the camera with a tripod on

the front right or left corner that faces the participant. For the ego-centric view, the camera (e.g.

GoPro) can be mounted on top of the head-mounted display (e.g. HoloLens 2). It should be noted

that experimenters need to check the camera angle before starting the experiment. It is not unusual

that the head-mounted display is unable to hold the camera on the top, or the camera mounting

cause unbalance or discomfort to users. In that case, the experimenters could choose to use a head

strap attaches to the camera and ask participants to wear it on their heads. The downside of this

approach is the complexity of the camera angle set-up, since the head-mounted display could block

the view of the ego-centric camera.
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3.2.5 Video Annotation Procedure

Once the elicitation data has been collected a granular labeling pass should be done to convert

the raw video to meaningful interaction information (Figure 3.11). These labels should capture all

relevant information about the gestures. For each interaction elicited, the hand used, fingers used,

direction of movement, start time, stop time, changes in hand shape or pose, and the correspond-

ing referent name should be recorded. Some additional interaction features that can be recorded

depending on the studies’ aims are outlined in the following sections.

Stroke Segmentation

A gesture generally starts with a preparation phase, moves into a stroke, then returns to the

resting position [188]. For example, the hand was usually placed on the lap of the participant or on

the desk surface with a relaxed hand pose. When the participant is ready to perform the gesture, the

hand will hold up and leave the lap or desk first, then reach out to the target object or perform the

interaction immediately. This means that experimenters need to find the boundaries of a gesture,

and it also can be called the stroke of a gesture. According to McNeil, a stroke is considered

the peak of effort for a specific gesture [162], which holds the meaningful content of the gesture.

Based on previous experiment data, when the stroke happens, the direction of movement will

change, or the speed of movement will show a sudden increase [147]. This can be observed while

the experimenters go through each recorded video frame.

Gesture Information Recording

After the boundaries of the gesture are found, the video of the stroke can be segmented, or the

screenshot of the stroke can be captured for later reference. This reference could be very useful

while experimenters need to review or double-check certain proposed gestures. The start and end

times of both gestures and strokes should be noted during video annotation for later analysis of

stroke time distribution, or the relationship between strokes and other modalities of interaction.

In addition, the experimenters should also record which hand and finger have been used for the

interaction, how many hands were used, and what fingers were involved. These elements contain
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important information for verifying results from previous studies with mid-air gestures in aug-

mented reality environment [145, 147, 149, 154].

Stroke Coding

To code proposed gestures, experimenters need to define each hand shape before starting cod-

ing. For example, the “pointing” gesture could involve the index finger, index middle fingers,

or all fingers from one hand. “Pinching” could include thumb and index finger, or thumb index

and middle fingers. “Grasping” could be gathered five fingertips, and “grabbing” shows as a fist.

During stroke coding, the hand pose and the path of hand movement are the main points that exper-

imenters should pay attention to. In terms of hand pose, hand shape and palm and finger orientation

should be noted. For example, moving an object up with the thumb and index finger holding the

object should be coded as pinching with the palm facing forward and moving the hand along the

Z-axis. In terms of movement path, experimenters should code proposed gestures based on which

axis it moved along or around. For example, translations up and down should be both considered

as movements along the Z-axis. The referents of translations left or right should be identified as

movements along Y-axis. Moving an object towards or away should be recognized as movements

along X-axis. The rotations clockwise and counterclockwise should be both coded as movements

around X-axis. Rotating around Y-axis could describe the response to referents pitch up or pitch

down, and rotating around Z-axis could represent proposals to referents yaw left or yaw right.

It is worth noting that the thumb position could be less meaningful compared to other fingers.

We suggested experimenters consider the interaction theme while recording the thumb position for

each proposal. The variants of thumb position in hand poses could be due to hand differences or

individual habits. In general, the relaxed position for the thumb is to stick out instead of closing to

the palm or gathering with other fingers. As a result, when a gesture does not require the thumb,

it normally stays relaxed, which could look like the thumb is sticking out. For example, based on

our previous data, some proposals with index finger pointing gestures also had the thumb pointed

to the front [147]. In this case, we ignored the thumb pose and only recorded the pointing gesture

executed by the index finger. However, with proposals involving pinching or grasping poses, which
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could be proposed for referents of translation or rotation, the experimenters should pay attention

to every fingers’ status including the thumb.

3.2.6 Interaction Proposal Binning

Once all of the collected video has been annotated the elicited interactions can be binned into

equivalence groups based on pre-defined metrics of similarity. This reduced the space of elicited

proposals to a smaller set of binned interaction proposals which can then be used during agreement

rate and consensus calculations. Conceptually, the binning process smooths out interpersonal dif-

ferences between interaction proposals. As an example, if binning processes were omitted, a three

finger pinching gesture where the participants index, middle, and thumb come together to grab a

virtual object would be considered different from a two finger pinching gesture where only the

index and thumb are used. When considering how to implement the elicited interaction proposals

into a interaction system, it makes more sense to say that those two gestures are the same. Their

intent and motion trajectory’s are similar. Outside of motion and intent, this step can be further

justified when considering how the same user may use inconsistent numbers of fingers for the same

gesture [154], making the difference between using the index and thumb or the index, middle, and

thumb trivial.

Figure 3.12: Formula for Binning Gesture Proposals

As shown in our formula (Figure 3.12), while binning mid-air gesture proposals, we suggest

the experimenter mainly focuses on the similarity of static hand pose and hand movement path.

Bins are created based on the pairing of binning criteria. This might look like making bins for

pinching hand poses moving along the x-axis, or grasping gestures that move vertically. Some
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bins may not be predictable a priori. To account for that researchers can expect to add new binning

criteria while analyzing their results. For example someone might pantomime usage of a steering

wheel for rotations. This gesture might necessitate a new equivalence group to be established. The

experimenters can set up a worksheet to assign a name or number and provide a brief description to

each bin for later reference. It is possible that the same gesture was proposed for different referents,

and we recommend sharing bins through the binning procedure for all referents in the study. If the

same gesture resulted in the same agreement rate with different referents, the experimenters could

use further analysis or use other criteria to decide which referent the gesture is best suited for.

Figure 3.13: Different Proposals of the Pinching Gesture

Figure 3.14: Interchangeable Variants for Pinching or Grasping Gestures

Hand Pose

The proposed gestures with identical or near identical hand poses and moving paths belong

to the same bin (Figure 3.15). For example, both gestures pinch an object with thumb and index

finger then move the hand along the Y-axis. However, some near identical hand poses could look

a bit different from others due to individual preferences, as shown in Figure 3.13. For example,

in prior work done by this lab, some participants proposed using blooming gestures with the palm

face up to perform the create object task, and some participants opened their hands less wide than

others [145, 147]. For referent move away, among participants who adopted using an index finger
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to point at the object and moving along the X-axis, few participants held their pointing finger with

their palm facing left instead of facing frontwards.

Figure 3.15: Binning Gesture Proposals with Identical Hand Poses Criteria

As previous works pointed out [147,149,154,156], variations of similar hand poses were often

elicited among participants. The variations could be due to the physical features or the size of the

target object [149], and we are focusing on using the same objects for the entire elicitation study.

According to prior studies, the variants of a single hand pose could come from the same participant

or different participants [154], and the previous study has shown that participants preferred to

perform the same gesture in a different manner [155]. In Piumsomboon et al.’s work on eliciting

user gestures in augmented reality, variants of pinching and grasping gestures were similar and

grouped into the same bin. The shapes or affordances of the objects used to elicit interactions can

also impact the hand poses elicited. If the same object was used for all experiments, we suggested

experimenters consider that variants of a single pose are often interchangeable, and that those

variants should be grouped into the same bin if they have the same movement path (Figure 3.14).

The most common variations of hand poses that were mentioned in prior studies involved a

different number of fingers when gesturing [145, 154, 155]. As an example, the proposals for

referent rotate clockwise in previous elicitation studies were performed by pinching gestures with

two or three fingers, or grasping gestures with five fingers [145, 147]. It was not due to different

sizes or affordances of the object since the same object was presented to every participant. A

similar case is that while participants performed move away with pointing fingers, some chose

to use both their index and middle fingers pointing at the object compared to others who used
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Figure 3.16: Binning Gesture Proposals with Identical Hand Poses and Pose Variants Criteria

only their index finger. Another example would be the same pinching gestures with thumb and

index finger, but different positions of the other three fingers. Some participants kept their other

three fingers spread instead of together while performing pinch gestures. Furthermore, based on

our elicitation data, we found another type of variation included different hand orientations. One

example is that for the referent move up in our study, most participants have proposed grasping the

object and moving their hand straight up, and we found three variants of the same hand pose with

different hand orientations. The participants were grasping from the front of the object with palm

facing front and fingers pointing up, left, or right (Figure 3.16).

Movement Path

If the proposed gestures have identical or variant hand poses, experimenters can continue to

check if the moving paths of proposals are the same before making the binning decision (Fig-

ure 3.17). Based on the stroke coding results, if the moving path is along or around the same axis,

we can put those gestures in the same bin. For example, pinching with thumb and index finger
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Figure 3.17: Binning Gesture Proposals with Identical Hand Poses, Pose Variants, and Movement Path

Criteria

then moving hand along Y-axis can be grouped with grasping with five fingers then moving hand

along Y-axis. However, pinching with a thumb and index finger then moving the hand along Y-axis

should not be binned with grasping with five fingers and moving the hand along Z-axis then mov-

ing it along Y-axis. Not all gestures will move in a straight line or follow a directional axis. Some

proposals for enlarging or shrinking objects, especially when the gestures involved both hands,

were proposed with diagonal movement paths.

3.2.7 More than Mid-air Gestures

Our formula can be used equally well for elicitation studies outside augmented reality envi-

ronments, because researchers can adopt our formula to bin gesture proposals from studies con-

ducted with virtual reality headsets or multi-touch devices. For multi-touch devices, hand poses

and movement path are still the crucial criteria for the binning procedure. The experimenters

should reconsider the interchangeable variants of a single pose since the multi-touch devices could

have a different definition for the number of fingers in a gesture counted as a single-point touch or
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a whole-hand touch. Based on Wobbrock et al.’s elicitation study on tabletop gestures [138], using

1-3 fingers should be considered as a single-point touch, and using four fingers or more could be

considered as a whole-hand touch. It means that the experimenters can consider variants of touch

gestures with 1-3 fingers as interchangeable during the binning process.

3.2.8 Limitation and Future Work

The formula presented in this paper focused on hand gesture proposals, and it is not suitable for

other proposals generated by other body parts such as the head, foot, or arm. Since different body

gestures have their features and limitations, it is difficult to use the same criteria for all elicitation

studies’ data processing. In future work, we are interested in perfecting the binning criteria for hand

gesture proposals in elicitation studies. Another future direction regarding binning procedures is

to explore further criteria for binning other body gestures and creating guidelines for researchers

that can be used in different elicitation studies.

3.2.9 Conclusion

This paper proposed a formula that can help experimenters or researchers to bin gesture pro-

posals in elicitation studies. In addition, we explained the necessity of a manual binning procedure

and the formation of guidelines for elicitation data processing in HCI. To achieve this goal, this

paper went through how experimenters might capture the elicitation data, annotate the recorded

video, and what similarity criteria should be considered during the proposals binning process. We

also presented real data from our previous elicitation study to demonstrate the possible variations

of each gesture. We hope that this paper can be leveraged to create binning procedures for differ-

ent categories of elicitation studies, such as studies involving gestures using different body parts

or using different devices.
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Chapter 4

Interaction and Navigation in AR vs. VR

Due to their characteristics, augmented reality and virtual reality provide different benefits and

setbacks to user interaction and navigation. What are the factors that cause the differences? How

do different realities influence the sensemaking process, and what strategies do users choose to

interact and navigate in AR and VR? How can we utilize different realities to maximize users’

efficiency during sensemaking? Most prior studies have explored sensemaking in AR or VR, and

no comparison work has been done with data visualization sensemaking tasks with the AR and VR

HMDs. This chapter reports on the design and implementation of a prototype immersive analytics

platform that allows users to perform 3D data analysis with the provided analytic toolkit. With

a controlled study with 40 participants, we present our observations and insights into how users

interact and navigate in AR and VR and what factors future researchers should consider when

choosing between AR and VR for immersive analytics.

The study is presented in this chapter as it was published [6]. This article is included with

copyright holder permission.

I Did Not Notice: A Comparison of Immersive Analytics with Augmented and Virtual

Reality.4

4Verbatim From Xiaoyan Zhou, Anil Ufuk Batmaz, Adam S. Williams, Dylan Schreiber, and Francisco Ortega. 2024.

“I Did Not Notice: A Comparison of Immersive Analytics with Augmented and Virtual Reality.”. In Extended Ab-

stracts of the CHI Conference on Human Factors in Computing Systems (CHI EA ’24),. May 11–16, 2024, Honolulu,

HI, USA. ACM, New York, NY, USA, 7 pages. https://doi.org/10.1145/3613905.3651085
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Figure 4.1: The interface displayed in the training session (left), AR session (middle), and VR session

(right)

4.1 Overview

Immersive environments enable users to engage in embodied interaction, enhancing the sense-

making processes involved in completing tasks such as immersive analytics. Previous comparative

studies on immersive analytics using augmented and virtual realities have revealed that users em-

ploy different strategies for data interpretation and text-based analytics depending on the environ-

ment. Our study seeks to investigate how augmented and virtual reality influences sensemaking

processes in quantitative immersive analytics. Our results, derived from a diverse group of partic-

ipants, indicate that users demonstrate comparable performance in both environments. However,

it was observed that users exhibit a higher tolerance for cognitive load in VR and travel further in

AR. Based on our findings, we recommend providing users with the option to switch between AR

and VR, thereby enabling them to select an environment that aligns with their preferences and task

requirements.

4.2 Introduction

Along with the rapid growth in the popularity of virtual reality (VR) and mixed reality (MR)

headsets, many researchers are particularly interested in exploring the differences between aug-

mented reality (AR) and VR Head Mounted Displays (HMDs) and how they can be leveraged

to enhance user performance [3, 94, 189, 190]. While see-through AR provides users with an in-
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teractive and intuitive experience by seeing 3D objects and their own hands, VR offers users a

fully immersive experience with clutter-free and infinite spaces. Previous studies have explored

the effects of AR or VR environments on sensemaking strategies in non-quantitative immersive

analytics [3] and their impact on the perception of 3D data visualization [94]. However, there is

limited empirical evidence on how different realities influence 3D data visualization sensemaking,

as well as their respective advantages and disadvantages. To address this gap, we developed a data

analytics platform in both AR and VR with the same HMD, using identical objects and layouts.

We then conducted a user study to measure performance and record feedback in each reality. To

minimize confounding variables such as differing fields of view, we utilized a headset that sup-

ports displays for both AR and VR. Our results reveal that user performance, overall subjective

workload, and presence experience are comparable between AR and VR. However, users reported

distinct perceptions of frustration in AR versus VR; additionally, they displayed more varied pos-

tures and physical navigation in the VR environment. Based on our observations, we offer insights

and guidelines for future researchers developing immersive analytics platforms to consider.

4.3 Related Work

4.3.1 Immersive Analysis

Immersive analytics extends the domains of data visualization, visual analytics, mixed reality,

computer graphics, and human-computer interaction. Users engage in sensemaking within immer-

sive environments using abstract data representations to facilitate a comprehensive understanding

of data and decision-making processes for independent work as well as collaborative endeavors

[27, 123, 191].

Recent studies have explored user performance in immersive analytics with different realities

[88, 192] while also focusing on improving sense-making strategies to increase user performance

and experience when engaging in immersive analysis tasks [193–196]. For example, several studies

have shown that the use of spherical layouts for displaying multiple visualizations can enhance the

sensemaking process and encourage greater user engagement [192, 194, 197, 198].
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Although earlier work primarily focused on sensemaking with quantitative datasets [192,193],

researchers suggested that non-quantitative data could also benefit from the significant space avail-

able in immersive environments for offloading cognition during a sensemaking process [199,200].

Our research focuses on immersive data visualization with a 3D scatter plot to explore variations

in users’ sensemaking strategies in AR and VR settings.

4.3.2 AR vs. VR

Several previous studies have compared AR and VR focused on specific aspects such as object

manipulations [201, 202], data visualization interpreting [94], depth estimations [203], eye-hand

coordination [204], mode switching between display types [66], or different research methods

[205]. Steffen et al. provided guidelines for developing specific affordances for better user expe-

riences by comparing the affordances between AR, VR, and physical reality [189]. Williams et

al. initiated discussions about how different levels of reality choices may impact user interactions

while performing immersive analytics [190].

The most related study to this one came from Lisle et al. [3], who explored the sensemaking

task in an immersive analytics context with AR and VR. They found that users can focus more

on the task in VR than AR; however, with the ability to access real-world tools, user experience

has improved during the task execution. Differently, our study focuses on immersive data visual-

ization instead of text-based data. This could lead to different approaches to user navigation and

sensemaking processes due to the spread of the data. Davidson et al. found that navigation patterns

change according to the different stages of the sensemaking process [206].

Cross-virtuality analytics has become increasingly prominent in recent years, with the goal of

enabling users to transition seamlessly between different levels of mixed reality. This approach

aims to address the limitations of each technology and facilitate a combination of their advantages

for enhanced analysis efficiency [118,134]. Our findings indicate that the choice of reality level de-

pends on individual preferences and the complexity of the analysis task at hand. We offer insights
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and guidelines for future researchers looking to implement immersive analytics in cross-virtuality

environments.

4.4 Study Design

We employed a within-design approach with two display types (DT2 =VR, AR). Each partic-

ipant completed two question sets (QS2 = VR questions, AR Questions), 6 questions in AR and

6 in VR, with the same data set. We ensured an even distribution of questions across both condi-

tions concerning question type and difficulty level. The order of display type plus question set was

counterbalanced among participants to mitigate learning effects, as was the order of questions for

each participant under the same condition. Besides objective metrics such as task completion time

and accuracy of answers, we used subjective measures including VZ-2 paper folding test [207],

NASA Task Load Index scale (NASA TLX) [208], Presence Questionnaire (PQ) [209], and Sys-

tem Usability Scale (SUS) [210]. Additionally, a semi-interview was conducted at the end of each

experiment to gather more insights into user experience.

4.4.1 Experiment Setup

The study utilized a Varjo XR-3 headset [211], which is the best mixed reality headset that

is available on the market. This headset operated on a desktop PC equipped with an Intel Core

i9-11900F processor and an NVIDIA GeForce RTX 3090 graphics card. Additionally, participants

used HTC Vive controllers [212] to manipulate virtual objects in both environments, with track-

ing performed by three HTC Vive Tracker 2.0 units [213]. Our immersive analytics platform was

employed in both conditions, and a simulated office environment was presented in VR, as seen

in Figure 5.1. To elicit natural interactions from participants, we included an office desk, corner

chairs, a bookshelf, a microwave, and a mini refrigerator to replicate the real office setting. Fur-

thermore, participants were provided with bar stools for easy body rotation as well as standing up

or sitting down without safety concerns.
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4.4.2 Procedure

Upon the participant’s arrival, the experimenter provided a brief introduction and handed con-

sent forms for signatures. Then, participants completed a demographic questionnaire and the VZ-2

paper folding test. Next, the experimenter introduced the study and experiment process before in-

structing participants to put on headsets and use controllers to interact with virtual objects. They

then followed the instructions displayed to complete eye calibration, training sessions, as well as

two experimental sessions. During the training session, the participants were guided through each

function of the platform with detailed instructions shown on the HMD. During the experimental

session, participants were asked to answer 6 questions in each environment with the same dataset.

These questions included outlier detection requiring axis switching or identifying data at a fourth

dimension, identification of summarization (mean or median) and data trend, along with cluster

recognition. Following each experimental session, participants filled out NASA TLX, PQ, and

SUS. A 3-minute break was implemented between conditions. Each experiment finished with a

semi-structured interview. The entire study takes around 60 minutes.

4.4.3 Participants

40 participants (17 female, 20 male, 3 preferred not to specify their gender or identify as

nonbinary) aged between 18 and 67 (average age of 29.45) volunteered for this experiment. Of the

participants, 36 were right-handed while the rest were left-handed. Our participant pool comprised

individuals from various fields: computer science, engineering, natural science, social science,

business school, and others who were employees or did not specify a field of study (Figure 4.2).

4.4.4 Hypotheses

Based on the results from the preliminary study [214] and prior research comparing AR and

VR [3, 94], we have developed three hypotheses for this study.

H1: Participants’ performance in AR is higher than in VR. Our preliminary study showed that

participants in VR performed better than those in AR. Apart from variables like different head
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Figure 4.2: Participants Background in the Study

displays, we suspect that the presence of the experimenter and a cluttered room may influence per-

formance, as suggested by a previous study [3,201]. Therefore, we eliminated unnecessary objects

from the room and introduced a folding screen between the participants and the experimenter to

see if these adjustments led to similar performances across both conditions.

H2: Participants spend more time in AR than in VR. The preliminary study’s results indicated

that some participants experienced frustration during the experiment. It could have been caused

by the difficulty of using hand gestures of HoloLens 2, as noted in another comparison work

between AR and VR head-mounted displays [215]. To address potential issues with hand gesture

interactions, we provide controllers in both environments. Additionally, the visibility of the real

world is anticipated to influence color perceptions among participants, possibly affecting their

engagement with tasks in AR [94, 216]. It is also assumed that due to real-world distractions,

participants will take longer to complete tasks in AR compared to VR.

H3: Participants in AR navigate through visualization physically more than VR. In the pre-

liminary study, participants were given a chair equipped with a handle and asked to sit at a table
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before the experiment started. The results showed that only some VR participants exhibited upper

body movement. Building on prior research, which suggests that with full environmental aware-

ness, participants feel more comfortable moving around in AR than in VR [94]. By informing

participants about the freedom of movement and implementing a bar stool setting in this study, we

anticipated that greater physical movement in AR than in VR.

4.5 Results

After examining the correctness of each question in both conditions, we found that question

4 in the AR condition has a significantly lower correctness rate compared to other questions. It

was also identified by the Interquartile Range method as an outlier, so we decided to remove

question 4 from our dataset before proceeding further analysis. We performed a chi-square test to

compare the proportion of correct responses between AR and VR conditions. It yielded a p-value

of 0.405, suggesting no significant difference in correctness between the two display conditions.

When comparing the time spent on questions between the two conditions, the Mann-Whitney U

test indicated no significant difference in the time spent on answering questions across these two

conditions (p-value = 0.745). These results indicate that hypothesis H1 is not supported. Moreover,

there is no evidence supporting H2, which suggests participants spent more time in AR.

We conducted a correlation analysis to investigate the connection between scores from the

VZ-2 paper folding test and the answers’ accuracy in the experiment. The analysis uncovered a

moderate positive correlation, with a correlation coefficient of 0.40, suggesting that participants

who achieved higher scores on the folding test tended to have greater accuracy. However, this

relationship was not strongly pronounced. After removing an outlier, further regression analysis

supported these findings by showing a moderate positive linear relationship ( Figure 4.3).

A non-parametric Wilcoxon signed-rank test was conducted to compare the mean SUS scores

between the AR and VR environments after removing one outlier in the AR condition. The non-

significant p-value of 0.119 suggests that there is no statistically significant difference in system

usability across the AR and VR environments. We attribute the comparatively low SUS scores
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Figure 4.3: Regression Line of Folding Test and Accuracy

Figure 4.4: SUS Scores of AR and VR
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Figure 4.5: Comparison of NASA TLX Overall Scores

( Figure 4.4) to technical difficulties we encountered multiple times with XR-3 during the study,

which were promptly resolved upon identification. Participants reported experiencing visual lag-

ging and latency response from the headset once connection issues arose, likely impacting usability

ratings. Additionally, a wide spread of SUS scores supports these technical challenges, as some

users found the system highly usable while others experienced abnormal usability issues.

4.5.1 NASA TLX and Presence

A paired samples t-tests was conducted on NASA TLX scores from each dimension with both

conditions. None of the dimensions show a statistically significant difference between the AR and

VR conditions (using a conventional alpha level of 0.05). As shown in Figure 4.5, the mental

demand scores are generally higher in VR than in AR, and frustration in both conditions is com-

parable. In addition, correlation analysis (refer to Figure 4.6) revealed that a smaller radar area for

frustration in VR, which indicated frustration is less interconnected with other workload aspects
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Figure 4.6: Correlation Between Categories in NASA TLX
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Figure 4.7: Comparison of Presence Scores

in VR than in AR. These findings suggest that users might be more tolerant of errors or learning

curves associated with a fully immersive experience.

The overall average presence score across all questions and environments is 4.56 on a scale

of 1 to 7, suggesting a moderate to high level of presence experienced by participants. Due to

the unequal variances across conditions, we conducted Wilcoxon signed-rank tests on aggregated

categories of questionnaire items to compare the presence scores between AR and VR conditions.

The results revealed no statistically significant differences across most categories at a alpha level

of 0.05, suggesting comparable immersion and interaction for participants in both settings. In

Figure 4.7, However, some categories approached significance, suggesting nuanced differences in

participant experiences between the two environments. For example, categories of naturalness and

immersion approached significance (p = 0.051), indicating a possible difference in how natural

and immersive the environments were perceived. Also, categories of adjustment and proficiency

approached significance (p = 0.078), hinting at potential differences in how participants adjusted

to and interacted with the environments.
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Figure 4.8: Postures in the Experiment

4.5.2 Video Analysis and Interview Feedback

In their study, Lisle et al. found that the tether of the HMD caused concern among participants,

potentially affecting their choice to walk in the VR environment [3]. To address this issue, a

hook was used in our study to hold the tether above the participants, eliminating distraction and

preventing incidents. After collecting postures shown by each participant in each environment,

three major postures were identified: sitting, standing, and walking. A chi-square test revealed no

significant difference between conditions across three postures that we found among participants

throughout the entire study ( Figure 4.8). Additionally, participants showed more varied postures in

VR compared to AR; particularly an increased amount of walking activity. This result contradicts

our hypothesis H3 as it shows more physical navigation occurring in VR than AR. Furthermore, 22

participants demonstrated greater variation within similar postures in VR for sitting and standing

compared to AR ( Figure 4.9).

Interestingly, six participants replied that they did not really notice that they were in different

environments or the differences between AR and VR. “I did not notice that I am in different envi-

ronments, all I noticed is that oh I am more familiar with how to use these tools.” Nevertheless, for

participants who noticed the differences, they indicated that they have greater situational aware-

ness in AR, enabling them to better understand the space they are navigating and facilitating the

sensemaking process. Video analysis further supports this, showing that five participants walked a

longer distance in AR compared to VR while exploring visualizations under both conditions.

Similar to Whitlock et al. discovered in their study [94], three participants mentioned that text-

reading in AR is difficult due to the presence of physical objects in the background. Additionally,
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Figure 4.9: Participants Postures Distribution in AR and VR

two participants brought up concerns about clutter and its distracting nature. However, as shown

in Figure 5.1, there does not appear to be any significant clutter in the room - it resembles a typical

office setting. This observation validates that ordinary objects in an AR environment can disrupt

users when they are engaged in demanding cognitive tasks, even without influencing performance

[217]. Nonetheless, participants prefer AR due to the safeness and also the natural feeling it

provides. “VR feels fake, I like AR better, cause VR just a little bit silly.”, “AR is really cool. You

safely see everything around you, but at the same time, you are totally doing some virtual reality

thing...”, “In AR, can see the real world, feels more natural.”, “I kinda like the AR more, because

it feels more like I am here.”

Half of the participants mentioned that practice and training helped them become familiar with

the tools and data, allowing them to answer questions more quickly. “You just need to get used

to using it and focus on it.”, “As long as you’re accustomed to the tool, answering the question

is easy.” Individual preferences also play a role in how participants choose to navigate through

the data: “Once I figured out how to manipulate the visualization for my needs, it became much

easier.”, “Being able to move around was really helpful...”.
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4.6 Discussion

The NASA TLX responses gave us insights into the importance of immersion and engagement

in virtual environments for enhancing the user experience. The high correlation between Mental

Demand and Effort, along with the low correlation between Frustration and Effort in VR, suggests

that even when tasks in VR require significant effort and cognitive load, the immersive experience

may help alleviate feelings of frustration. The immersive nature of VR could potentially induce a

flow state where participants become so engrossed in the activity that they lose track of external

frustrations. Additionally, by offering a more seamless and entirely digital environment, users

are spared from having to integrate digital elements into the physical world, which can reduce

potential sources of frustration. In designing future iterations of immersive analysis tools, it is

important to consider the complexity of tasks and provide options for different realities based on

cognitive load demands. For instance, cross-virtuality systems could offer seamless integration and

transitions between different reality implementations. This would allow users involved in extensive

data analysis or prolonged sensemaking processes to enter a VR environment through a “portal”

while being able to switch back to AR when tackling simpler tasks or wanting to maintain the

connection with the real world.

Based on the responses to the presence questionnaire, participants felt that both environments

provided realistic experiences and allowed for seamless exploration and movement, creating a

strong sense of involvement and immersion. However, technical issues served as reminders of the

artificial nature of the environment and could result in frustration or disengagement. In addition to

preventing technical difficulties, it is imperative for HCI researchers to optimize visual presentation

and enhance input device responsiveness. One approach could be implementing a hybrid user

interface [218] that incorporates familiar input methods like tablet or smartwatch interfaces and

also compensates for the downsides of mixed reality HMDs, which would help ease users into the

3D interaction while enhancing their overall presence in their experience.

The posture analysis of the participants indicates that they exhibited a wider range of postures

in VR compared to AR, with notably more walking in the VR environment. This suggests that
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Figure 4.10: Various of Posture in VR

participants felt secure and fully engaged with the tasks within the immersive virtual environment.

Further detailed findings also affirm that immersion enhances engagement and focus. For instance,

participants displayed a greater variety of still postures, as demonstrated in Figure 4.10. This re-

flects their relaxed state while comfortably adapting their posture, indicative of being “in the zone.”

These insights highlight to researchers that when aiming to introduce new interaction techniques or

demanding tasks requiring high user concentration, increasing immersion during the design phase

should be carefully considered.

The diversity of our participants suggests that our results are generalizable for users from var-

ious backgrounds. It also resulted in various perspectives from different ages and individual pref-

erences. One participant highlighted the importance of considering “different ages of users” and

the “generation gap,” while praising the system. Additionally, one participant expressed concerns

about “looking ridiculous” with stretching arms for interaction but became more engaged in the

experiment after realizing that “no one is watching.” This confirmed our assumption that users ex-

hibit heightened self-awareness when they know the experimenter is observing from a distance. As

anticipated, the folding screen used in this study effectively ensured privacy, indicating that future

study designs should replicate real user scenarios, such as simulating personal offices to encourage

natural interaction and increase participants’ engagement.
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4.7 Limitation and Future Work

Technical difficulties arising from unstable headset cable connectivity have caused some par-

ticipants to experience issues during the experiments, potentially introducing bias to the system’s

usability evaluation and overall user experience. While we were able to address these hardware

issues as they occurred, future endeavors must take into account the potential for technical chal-

lenges during studies and establish contingency plans to mitigate their impact.

Our findings confirm that implementation with AR or VR is influenced by the immersive en-

vironment’s nature, required efforts, and individual preferences. Our upcoming work will con-

centrate on integrating various realities into the immersive analytics platform, affording users the

option to select their preferred reality for specific tasks or at any given time. Additionally, this

involves incorporating input devices and interfaces with a minimal learning curve so that users can

reduce cognitive load while becoming familiar with analysis tools and 3D visualization.

Although this study has been conducted with the best mixed reality device available on the

market, the study results will vary with different environments and headsets. We are planning to

validate the results with other mixed reality HMDs and environment setups.

4.8 Conclusion

This study compares user sensemaking strategies with immersive analytics using quantitative

data in both AR and VR environments. By simulating the physical environment in VR and using

a mixed-reality headset for both AR and VR conditions, we significantly mitigate confounding

variables. Our results show comparable user performance in both conditions, as well as similar

subjective feedback regarding presence experience, overall workload, and system usability. How-

ever, we discovered that users exhibit a higher tolerance for mental demand and effort in VR than

in AR. Regarding navigation, more walking was shown in VR while further travel distance was

found in AR. Additionally, users showed more posture variants in VR, indicating greater engage-

ment and focus on tasks at hand. This work provides insights into how different realities facilitate

the sensemaking process and offers guidelines for future immersive analytics platform design.
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Chapter 5

Hybrid User Interface for Situated Analytics in

Mixed-Reality

Integrating different devices into interaction and compensating for each other’s drawbacks were

explored in prior studies. However, previous work either used the second user interface only for in-

put or showed the same mcontent in a different format and layout. Moreover, no research has been

done by using the hybrid user interface in situated analytics, in which the availability of the user

interface can change based on the user’s location. To utilize the hybrid user interface to improve

user interaction and navigation efficiency during decision-making, we need to understand how

users use them, what factors influence their choice, and what are the opportunities and challenges

for adopting HUI in situated analytics. This chapter reports on the design and implementation

of a prototype that simulates a smart home with situated AR visualization with a HUI that users

can interact with to assist their decision-making. Our observations and discussion provide insights

into designing an efficient and helpful HUI for SA and the factors that need to be considered for

implementation.

The study presented in this chapter is still under review by a peer-reviewed conference. There-

fore, this chapter has been rewritten and adapted to comply with copyright requirements and to

provide additional context and insight.
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Figure 5.1: Images of our prototype for situated analytics using hybrid user interfaces, simulating AR in VR.

Left: In the foreground, the user holds a tablet at chest height with a dashboard of situated visualizations

that show energy usage data of lights in the apartment. In the background, embedded visualizations of

energy usage are next to their respective lights. Right: The apartment’s living room and kitchen with more

embedded visualizations. Leader lines connect each embedded visualization to one or more lights that it

relates to.

5.1 Overview

Augmented reality headsets offer new perspectives on viewing and interacting with data, and

when combined with traditional computing devices, they can create a hybrid user interface. One

potential application for taking advantage of this combination is situated analytics, where AR pro-

vides embedded views linked to physical references while a separate device like a tablet offers

a situated overview of the integrated information. Our study aimed to explore how individuals

perceive and utilize visualizations presented in both embedded (in AR) and situated (on a tablet)

formats to accomplish their objectives. Additionally, we investigated how people perceive using a

conventional 2D user interface for interaction in a 3D environment. To achieve this goal, we con-

ducted an exploratory study using a common scenario: adjusting light levels in a smart home based

on personal preference and energy usage. In our prototype simulating AR within virtual reality,

embedded visualizations were positioned next to lights throughout an apartment while situated vi-

sualizations were displayed on handheld tablets. Through observation and interviews involving 19

participants interacting with the prototype, we found that although participants completed the task

easily, they utilized different visualization methods according to individual goals and preferences.

Our results indicated that using the 2D user interface for interaction as well as presenting inte-
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grated information proves advantageous for meeting diverse needs during situated analytics tasks.

We also identified distinct roles for both situated and embedded visualizations which could lead

to improved user satisfaction by minimizing attention-switching overheads within this hybrid user

interface setup. We conclude by emphasizing the importance of considering users’ needs, goals,

and physical environments when designing effective applications for situated analytics.

5.2 Introduction

The tangible world is abundant with information that we interpret and comprehend in our ev-

eryday lives. However, this information can sometimes be imperceptible, requiring the use of

external tools to enable us to comprehend the objects and phenomena in our surroundings. For

instance, a specialist in grape cultivation might utilize aerial imaging data to assess the current

condition of their vineyards and make decisions on how best to improve crop productivity for the

upcoming season [219]. In more theoretical terms, the ’logical world’ where the imaging data

exists embodies directly represents the ’physical world’ [220] , which in this context refers to the

vineyards. Though it is within logical constructs that may guide actions, actual changes are imple-

mented at ground level within physical reality. Performing both of these stages simultaneously in

the same location can be advantageous or, at times, essential. For example, if a viticulturist arrives

on-site shortly after an aerial imaging and discovers a pest infestation that was not captured by the

imaging, new decisions would need to be made using current knowledge derived from both logi-

cal and physical environments simultaneously. This method of analyzing data within its specific

physical context is referred to as "situated analytics" (SitA) [89].

Spatial Augmented Reality can be enabled by any technology that allows access to data near the

objects it pertains to, known as "referents" [220]. Immersive technologies like virtual reality and

particularly augmented reality have been utilized to merge visualizations with physical referents.

These referents may be located in close proximity, creating a situated visualization (SitVis), or

directly embedded onto them, resulting in an embedded visualization (EmbVis) [220–222]. The

use of EmbVis reduces the spatial gap between data and referent, making it easier to establish
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mental connections between the two. While there may only be a single referent at times such as a

street [223], there can also be numerous referents that need collective consideration like products in

a supermarket [91] or elements of a museum exhibit [224]. Although having individual EmbVis for

each reference is common(One-to-One configuration) [221], Sayara et al. point out this approach

becomes impractical when supplied all spread far apart. Therefore, they suggested using one

unified situated dashboard for information aggregation instead of separate visuals.

Combining a SitVis as a situated dashboard with multiple distinct EmbVis in AR forms what

is known conceptually as a hybrid user interface (HUI) [53]. In HUIs, different display modes are

merged to create a "symbiosis of interfaces" [225], where each device compensates for the limita-

tions of the other. The use of HUIs has now become associated with AR and spatial computing and

has been showcased in visualization (e.g., [64, 226]) and general contexts, such as with the Apple

Vision Pro [227]. For SitA, the AR headset can offer embedded views of individual referent’s data

while another separate display not involved in mediating the AR experience(e.g. tablet or monitor)

provides a situated dashboard overview encompassing all referent’s data.

The combination of SitA and HUIs introduces a new scenario with unique constraints that must

be taken into account. Initially, the layout of AR visualizations is determined by the physical ref-

erents, which may not be familiar to the user, unlike typical spatial computing applications where

users have control over the layout (e.g., [228,229]). Furthermore, interacting with and considering

the physical world and its referents is crucial in SitA but not as significant in conventional HUIs

that use physical space primarily for AR views. Additionally, factors such as navigating a large

physical environment while carrying a non-AR display and shifting attention between AR and

non-AR visualizations are likely to influence the use of non-AR displays. These constraints and

requirements could significantly impact design decisions and user strategies. Prior research con-

ducted by Whitlock et al. [230] has explored the integration of mobile and AR devices in real-world

settings, with a primary focus on supporting data collection and analysis during fieldwork. How-

ever, their study did not examine how individuals actually utilize such a setup. We anticipate that

this convergence of SitA and HUIs will become a standard approach for combining AR devices,
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smartphones, tablets, Internet of Things (IoT) devices, and sensors to enable spatial augmented

reality anywhere and everywhere [231].

In order to explore the obstacles and possibilities presented by the combination of SitA and

HUIs, we conducted an exploratory study of the design and utilization of a SitA application,

wherein users having access to a SitVis dashboard on a tablet along with several EmbVis in close

proximity to their referents. We intentionally designed our prototype and study to resemble a sim-

ple baseline scenario: optimizing energy usage of lights in a smart home setting [232]. This ap-

proach allows us to observe how people interact with the system in the absence of helper functions

such as occlusion mitigators [233] and navigational aids [234]. From this, we seek to understand

what aspects of the combination of SitA and HUIs users like and dislike, and as a result, identify

relevant research challenges and opportunities. With this, we hope to build towards a formal set of

guidelines for spatially situated visualization and analytics [235]

Our work contributes to both SitA and HUIs with the following:

• Identification of suitable scenarios and the physical environments that hybrid SitA can be

deployed in (Section 5.4)

• A prototype (Section 5.5) and exploratory user study (Section 5.6) using simulated AR in VR

wherein 19 participants used situated visualizations on a tablet with embedded visualizations

in the environment for a self-directed optimization task

• Analysis of user preferences and behaviors while interacting with such a system (Section 5.7),

and a discussion of takeaways and recommendations for both SitA and HUIs (Section 5.8)

5.3 Related Work

This work lies at the intersection of three research fields: the use of virtual and augmented

reality (VR/AR) for data visualization, also known as immersive analytics (IA), and the aforemen-

tioned situated analytics (SitA) and hybrid user interfaces (HUI).
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5.3.1 Immersive and Situated Analytics

The relevance of immersive analytics has increased with the widespread adoption of consumer

VR and AR devices such as Apple Vision Pro and Meta Quest 3. According to Marriott et al. [78],

IA involves using interactive, physical tools to aid in understanding data and making decisions. VR

and AR offer advantages like stereoscopic 3D visualizations including space-time cubes [236], 3D

scatterplots [237], and 3D trajectories [238]. While perceiving depth for these visualizations is

easier in VR/AR than on desktops [239], caution should be taken when using them, particularly

without justification [240]. Research suggests a middle ground by combining 2D and 3D visualiza-

tions, either side-by-side or through animated transformations between the two formats [241–243]

. A third choice is to opt out of using 3D visualizations altogether. In this approach, the 3D space

functions mainly as a workspace for spatially aligned 2D visualizations, which can be organized

by the user’s preferences [244, 245] or (partially) automated [246, 247], and potentially influenced

by the surrounding context [228, 237].

In contrast, spatial augmented reality is distinguished by its focus on the physical environment.

Instead of serving as a mere background or a method for organizing visualizations, the environment

holds significance and meaning alongside the data [248]. Consequently, the design and placement

of SitVis are influenced by and limited to the involved referents [221]. This was evidenced in a re-

cent study conducted by Shin et al. [222], where most surveyed AR systems for SitA situate views

in an absolute world manner. In other words, visualizations are typically directly integrated onto

the referent to visually overlap with them—such as on grocery products’ fronts [91] or buildings’

facades [249]. While handling scenarios with few referents poses no significant challenges, Lee et

al. [221] highlight difficulties in managing large quantities of widely dispersed referents. For exam-

ple, comparing EmbVis representations of buildings at different locations would require physically

moving between these locations - hence suggesting that only situated visualizations be employed

under such circumstances [220, 221]. Although this approach lacks direct spatial connections be-

tween data and referents it offers a single representation providing an overview of all referents.
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However, the two approaches do not have to be mutually exclusive: simultaneous provision can

include both SitVis offering an overview while EmbVis provides more detailed information [250].

Our research has commonalities with three other works in this area. One of these is a study by

Jahn et al. [232] where they presented a framework for displaying energy usage information from

smart home sensors on both a fixed screen and an AR display on a handheld mobile phone. This

involved using the mobile phone to overlay labels showing the name and energy consumption of

objects when pointed at them, such as a desk lamp, in AR. However, it’s important to note that

their study did not include user testing nor did it incorporate the use of an AR headset. Doerr

et al. [251] also employ a comparable setup involving a (virtual) tablet and referents, but their

emphasis is mainly on visual highlighting in basic brushing and linking tasks, which do not fully

capture the analytical aspect of SitA. Thirdly, Whitlock et al. [230] conducted a preliminary study

to explore the potential of using SitVis (from mobile devices) in combination with EmbVis (from

AR headsets) to facilitate data collection and analysis during field work. While they gathered input

from 10 field analysts through a design probe and guided walkthrough, they did not directly observe

how the analysts would independently utilize the system or encounter any associated difficulties.

To the best of our knowledge, no existing research has thoroughly investigated the natural user

behavior with HUIs for SitA. Therefore, we aim to examine the advantages, obstacles, and possible

approaches of utilizing a single SitVis dashboard [252] in conjunction with multiple EmbVis within

a SitA setting. Specifically, our study delves into understanding the requirements of users in SitA

when references and their visual representations are located at distant points within various fields

of view, all arranged according to an environment’s predefined layout.

5.3.2 Hybrid User Interfaces with AR and Mobile Devices

2D representations are frequently utilized in augmented reality, often taking the form of float-

ing virtual panels [244–246]. While virtual panels offer a versatile spatial environment, there are

advantages to incorporating physical displays as well. Mobile devices have gained significance in

visualization research [253] due to their ubiquity [254, 255], mobility, and portability [256]. In-
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tegration of these mobile devices with augmented reality has been explored for various purposes

in human-computer interaction. One common approach involves using mobile devices as input

tools to manipulate AR visualizations by leveraging their touch and spatial tracking capabilities

(e.g., [247, 257, 258]). Additionally, mobile devices can present 2D data views while AR provides

spatially registered 3D views. For instance, MARVIS by Langner et al. [64] showcases how AR

enhances data visualizations on tablets placed on a tabletop setting . On the other hand, STREAM

by Hubenschmid et al. focuses primarily on facilitating 3D visualizations through AR while utiliz-

ing a handheld tablet that is both an input device and display for alternate 2D visualizations. In this

study, we employ a handheld tablet as a familiar and portable interface enabling users to access

and interact with 2D visualizations.

When users view digital content that is spread across multiple displays and locations, they are

required to shift their attention between them. This transition has been noted to result in perfor-

mance costs as the user must readjust to new visual elements at varying distances, sizes [259], or

even different visual presentations [260]. Rashid et al. [261] identify numerous factors influencing

the cost of switching displays, including the degree to which users need to turn in order to see all

relevant displays (angular coverage), and whether there is semantic coherence among the content

on various displays (content coordination). Grubert et al. [262] later summarize additional factors

found in literature such as users’ ability for (divided or split attention [263]) when spreading their

focus across multiple devices. Therefore, systems with human-user interfaces can be developed

in a way that reduces the need for switching between different modes. One study by Wang and

Lindeman [264] demonstrated that aligning 3D interaction methods across a tablet view and an

immersive VR view decreased this cost during a virtual world creation activity. In the context

of visualization, this presents a challenge similar to that of coordinating and integrating multiple

view [265], where data from various views must be examined and evaluated simultaneously. We

anticipate, however, that the introduction of SitA brings about new elements that transform any

straightforward guideline into a tradeoff. For example, relocating EmbVis from one room to an-
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other automatically in order to improve angular coverage could disconnect the visualizations from

their physical surroundings, potentially leading to confusion.

To the best of our knowledge, there has been no research that specifically examines scenarios in

which AR views in a HUI are dispersed in space and linked to tangible references. Moreover, the

exploration of whether users can effectively manage this setup remains unexplored. This entails

investigating the compromises involved in optimizing the placement of visualizations for alignment

with references as opposed to ensuring clear visibility for facilitating comparisons across different

views.

5.4 Scenarios for Hybrid Situated Analytics

Sensemaking and understanding of data in real-world settings is now a common practice, which

is the same as SitA. It involving information from both digital sources [220], typically accessed

through mobile devices, and the user’s own perception of the physical environment. Augmented

reality headsets have the potential to seamlessly integrate logical world data with physical phe-

nomena while maintaining access to familiar tools and input methods available on mobile devices.

For example. a traffic engineer is conducting an on-site examination at a bustling intersection.

Their laptop is equipped with a traffic monitoring application that generates map visualizations

of traffic patterns in the nearby area using data from road sensors, and also offers access to addi-

tional details such as timing of traffic lights. In order to comprehend the reasons behind current

traffic conditions, they analyze the flow of vehicles to determine if enough can pass within the

allotted green time, if vehicles are moving in groups as planned, and other factors. By utiliz-

ing AR headsets for these observations, EmbVis can provide support by displaying cycle timings

overlaid on physical traffic lights and presenting reported vehicle counts over individual sensors.

Consequently, while the laptop provides an overview of surrounding conditions, AR technology

enhances real-world observations to assist the engineer in developing a comprehensive understand-

ing of how effectively the intersection functions and why. Consider, another example, a scenario

where a group of friends in an urban setting is looking for a place to dine. Using their mobile
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devices, they seek out nearby restaurants and peruse customer feedback and menu prices to aid

in making a decision. Additionally, they assess the attractiveness, cleanliness, and crowd levels

of each potential restaurant as they walk by before choosing whether to enter. With AR head-

sets, all this information could be amalgamated through EmbVis displayed on the front window

of the restaurant or used to guide them towards another potential dining spot via AR navigation

aids [234]. Herein lies a configuration wherein the smartphone initially presents an overview of

all restaurants in the vicinity using SitVis while AR offers detailed insights into each individual

restaurant through EmbVis.

5.4.1 Study Scope

The fundamental research question of this work is the following: What are the opportunities

and challenges of using AR headsets to support situated analytics with mobile devices? Shin et

al. [222] stated that there exist at least four archetypal designs of SitA that aid the user in different

ways and for different purposes based on the context. In other words, the design of SitA and the

visualizations within it are dependent on the goals of the user and the configuration of the physical

environment [221]. We will outline the scenarios in which our research is relevant, beginning with

an overview of three primary attributes of the physical settings within our scope. These have been

selected to reflect what we anticipate will become standard in future contexts.

• More physical referents. There can oftentimes be many objects and referents of interest,

such as books in a library [266, 267]. As Sousa Calepso et al. [224] point out, a very small

number of physical referents are typically examined in SitA research. To further explore this

gap, we investigate a scenario in which many referents are considered together at once.

• Spatially scattered referents. Referents can also be spread far apart in sub-optimal viewing

arrangements, such as in two separate rooms, thus making tasks such as pairwise compar-

isons [250] challenging. The layout of these referents might not even be adjustable by the

user, particularly if they are stationary in nature.
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• Interaction with the environment. Another key aspect of SitA, as Sousa Calepso et al. [224]

again argue, is the combination of both physical and analytical tasks. That is, the environ-

ment should considered and/or interacted with for SitA to have proper value, otherwise it is

simply IA.

These three environmental characteristics inform the baseline setup to which a relevant SitA

application can be designed. These effectively form the basis of our exploratory prototype in

Section 5.5.

• Situated visualizations on the mobile device. As a baseline, we assume that SitVis are

accessible on a mobile device, be it a tablet, smartphone, etc. The design and layout of these

visualizations may either be bespoke (e.g., [230]), similar to a dashboard [252], or simply an

existing mobile application.

• Embedded visualizations in AR. EmbVis enables a closer integration between data and

referent. Information can be seen hands-free directly within their context, thus allowing the

referent to be physically interacted with and manipulated.

Under the classification of Shin et al. [222], this form of SitA application would be considered

an Assistant. Each referent has some associated data that supports the user’s decision-making

process. The situating trigger is, therefore, the referents themselves as they come into view, the

view situatedness a combination of device-relative for the mobile device and world absolute for

AR, and the visual encoding and data abstraction dependent on the type of data that is being

visualized.

5.4.2 Example Working Scenario

We now present a possible scenario in the near future that illustrates mobile devices and AR as

parts of HUI might be used in a SitA application in an environment with the aforementioned char-

acteristics. We use the same scenario for our following prototype in Section 5.5 and exploratory

study in Section 5.6.
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• The environment. Emma has recently moved into a new five-room apartment at the begin-

ning of the month. Each room has several light bulbs that are all connected to a pre-installed

smart lighting system, which supports manual adjustment of brightness levels. The system

provides the estimated energy usage per month (in kWh) of each light bulb to inform the user

of their energy consumption. The previous tenants have also consented to provide Emma the

historical energy consumption of each light bulb in the previous six months.

• The task. Emma, being environmentally conscious, optimizes the brightness levels of each

light bulb based on their current and historical energy usage within each room and across the

entire apartment. She also takes into account other real-world factors not typically captured

as data, such as the presence of natural lighting, the actual perceptible brightness of each

different light bulb, and her own subjective preferences of what she considers pleasant to

live in.

• The visualizations. Emma installs the smart home application on her mobile device and

synchronizes it with her AR headset. The mobile application summarizes the energy usage of

all the lights in each room and the overall apartment in a convenient dashboard. After putting

on the headset, Emma sees several small EmbVis overlaid on the light bulbs throughout her

apartment, which indicates the energy usage of each light. With this, Emma can make fine-

grained adjustments to each light bulb individually, and see both how bright the light shines

and how much energy it is now estimated to use in real time. Emma also walks from room to

room to check on and adjust each set of lights. Referencing to the mobile application allows

Emma to confirm that the overall energy usage is satisfactorily low enough, or if there are

other light bulbs she would like to adjust.

The above scenario follows the same smart home setting presented by Jahn et al. [232] as

mentioned earlier. The task was also inspired by Schröder et al. [268], who also employed hetero-

geneous devices (i.e., desktop, tablet AR, headset VR) used in an asynchronous manner to solve

a spatial optimization task with lamps in a virtual park. Unique to our scenario however is the
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synchronous use of multiple devices, and our focus on single-user contexts and the absence of

quantified “score” that the user optimizes for.

5.5 A Prototype for Situated Analytics with Mobile Device and

AR

The purpose of this work is to build a preliminary understanding of how people use a SitA

application in the form of a HUI. To do this, we develop a SitA prototype as shown in Figure 5.1

which we later use in an exploratory study in Section 5.6, employing the scenario described in

Section 5.4.2. We intentionally keep the system’s functions simple for it to serve as a baseline.

This is to understand the extent that known factors such as occlusion and the need to attention

switch (Section 5.3) negatively affect people’s ability to use the baseline system.

5.5.1 Experiment Setup

The prototype is developed using Unity 2020.3.4f1 and tested and deployed for use with the

Meta Quest Pro in VR with two tracked handheld controllers. We made the decision to simulate

AR using VR for several key reasons. VR offers a controlled environment that is unconstrained by

technological limitations such as poor tracking, calibration, network connectivity between devices

(e.g., IoT sensors), ergonomics, and field-of-view (e.g., with the HoloLens 2). Previous studies

have cautioned against the use of AR as it may mask the potential benefits of SitA due to these

limitations [224,230], whereby the benefits (and drawbacks) of SitA are precisely what we hope to

understand from our later exploratory study. Moreover, research has suggested that insights from

AR studies can be replicated when simulating AR in VR [269–271]. Recent AR headsets like the

Apple Vision Pro may have overcome some of these technical challenges, though the headset was

not available when this prototype was developed and the study conducted. The use of VR also

avoids the logistical issues of conducting a study in a real apartment, be it owned by the authors

or temporarily rented, which would be personally invasive or expensive. While a less personal
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scenario would be an alternative (e.g., lights in an office), we wanted a scenario that would be

relatable to almost any participant.

The virtual environment is an apartment, as seen in Figure 5.1 right, that is approximately 10 m

by 12 m and consists of five rooms: a living room, two bedrooms, and two bathrooms. As per our

scenario, the referents in question are the light bulbs that are spread throughout the apartment.

There are 9 ceiling lights, 5 drop lights, and 9 counter lights and lamps. Note that we did not

artificially distribute the lights to keep their locations as organic as possible (e.g., no drop lights

in the middle of a bathroom). To adjust the brightness of each light, the user points at the desired

light with their right-hand controller and presses the trigger button, cycling between 4 brightness

levels. The lowest brightness level turns the light off. A raycast beam indicates what the controller

is pointed at, and changes from red to green when the pointed object is a valid target. This can

be seen in Figure 5.3 right. Some lights are treated together as a group where logical, such as the

adjacent ceiling lights in a room, and thus cycle their brightness levels together. All light sources

update in real time, illuminating their surrounding areas accordingly.

Using VR for large virtual environments necessitates using locomotion techniques, such as

teleportation, which can cause cybersickness [272] and distract from the true aims of our study.

We therefore ensured our prototype worked in a large real-world space, allowing users to physically

and naturally walk from one end of the apartment to the other, thus more accurately simulating AR.

5.5.2 Situated Visualization on Tablet

On the left-hand controller of the user is attached a virtual tablet, as seen in Figure 5.2 left,

which represents the SitVis used for the task. This mimics a person carrying a tablet with them

with one hand. The tablet is 24 cm by 16 cm—large enough for text to be easier to read, but small

enough to be similar in size to a real tablet. It can be held in any manner the user wishes, such as in

Figure 5.1 left at chest height. The tablet’s interface takes on a dashboard-style layout and consists

of four separate views in the four separate corners.
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Figure 5.2: The dashboard of situated visualizations (referred to as SitVis) that appears on a virtual tablet

attached to the user’s left hand with four linked views: a pie chart, bar chart, time series, and map.
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Figure 5.3: Left: An example of an embedded visualization (referred to as EmbVis) that is attached to a

bedside lamp. Right: The user points at a light with their right controller and presses the trigger to adjust

the brightness level at incremental stages.

The pie chart on the top left provides an overview of the energy consumption of lights across

the five rooms of the apartment. It allows the user to understand the part-to-whole relationship

between each individual room and the rest of the apartment. Using the raycast controller, the user

can also select a slice (i.e., room) to filter the other three linked views accordingly. The bar chart

on the top right therefore shows the breakdown of each set of lights and their individual predicted

energy usage per month. This is color-coded with the time series on the bottom left, showing the

historical energy usage of each set of lights over the previous six months (as per the scenario in

Section 5.4.2). Lastly, the map on the bottom right provides a spatial reference for which room

the user had selected on the pie chart as indicated by the blue outline, and where they are currently

located in the apartment as indicated by the red “location” icon which moves in real-time.

5.5.3 Embedded Visualizations in AR

Next to each light is a simple donut chart, an example seen in Figure 5.3 left, which are the

EmbVis that would be seen in AR. It shows the predicted energy usage per month of the light.
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The donut, in particular, encodes the part-to-whole relationship of its current usage at the active

brightness level versus its maximum possible usage. In cases where lights are logically grouped

together (e.g., all illuminating the same area), the donut chart shows the sum of all lights, with

leader lines indicating the respective lights that it is linked to (Figure 5.1 left). As this work is pre-

liminary in nature, we intentionally chose not to include more complex visualizations, particularly

those that are multi-dimensional, to focus on the usability of the overall SitA setup and not on the

understandability of the chosen visualizations.

To mitigate the context switch cost, we designed the HUI considering aspects mentioned in

Section 2.4.2 regarding transitional interfaces:

• Maintain context. Our prototype does not support users to leave annotations or highlight

data points to assist users in maintaining context and spatial memory while switching be-

tween interfaces.

• Liking content. We used the same color encoding for both interfaces, which helps users

establish and maintain a mental connection between visualization on the tablet and the 3D

space,

• Switching Cost between devices. With the mixed reality headset used in our design, users

do not need to remove the headset to see the content displayed on the tablet. Although we

did not verify this design due to simulated AR in our study, it is believable that users can

read it on a tablet with an MR headset, especially since the MR headset display quality is

improving rapidly.

• Consistent user experience. Our tablet prototype was simulated with VR so that users can

use the same controller to interact with the tablet and the virtual object, which represents the

referent in an AR environment. As a result, the interaction between different interfaces in

our study is consistent. With the real tablet and AR environment, we imagine the interactions

are easy to keep consistent with the hand gestures in AR and finger-touching with the tablet.
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5.6 Exploratory User Study

We now describe the exploratory study that we conducted using the SitA prototype described

in Section 5.5. The goal was to observe how people use the prototype, elicit the perceived benefits

that such a SitA application can have, and understand the drawbacks and challenges that need to

be resolved to support future SitA systems.

5.6.1 Study Design and Data Collected

Being exploratory in nature, we give participants only the single scenario and task in Sec-

tion 5.4.2 that we believe to be common in the future. We discuss other possible task types later in

Section 5.8 that would further explore the breadth of SitA. The data provided to participants during

the study was artificial, but chosen within ranges that would be plausible. This was particularly

relevant for the time series data that needed to be created per light. Else, the energy usage of each

light was dependent on the brightness level which the participant was tasked with adjusting. These

levels were set to their maximums by default.

We collected subjective quantitative data in the form of three questionnaires. The Simulator

Sickness Questionnaire [273] (SSQ) was used to determine if our use of VR had inadvertently

induced cybersickness in our participants, which may bias their feedback. The NASA Task Load

Index [1] (NASA-TLX) and System Usability Scale [274] (SUS) was used to compare our proto-

type with known benchmarks [275, 276] and help validate our prototype as a usable SitA system.

The NASA-TLX questionnaire included the pairwise weighting procedure. We also conducted

semi-structured interviews after the task to obtain subjective qualitative data about their general

thoughts on the prototype, suggestions for improvement, and whether they could see themselves

using a similar system in AR in the future. Several questions were also guided by the considera-

tions raised in Sections Introduction and 5.3. These questions relate to the strategies participants

used to: solve the task as a whole; to look at and use both SitVis and EmbVis together; and to

navigate the apartment. Lastly, we collected logs and first-person video recordings of participant
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movements and interactions with the system. The study was approved by our university’s ethics

review board.

5.6.2 Apparatus

The same setup described in Section 5.5.1 was used to conduct the study. The study was

conducted in a university classroom that had a usable space of approximately 12 m by 14 m—larger

than the virtual apartment. We used the Oculus Air Link feature to stream from the experimenter’s

PC running Unity to the Meta Quest Pro, allowing participants to freely walk around the virtual

apartment without the risk of tripping over a tethered cable. The PC was equipped with an Intel

Core i9-13980HX 2.20 GHz with 32 GB of RAM, with an NVIDIA RTX 4070 Laptop GPU with

8 GB of VRAM. When answering the questionnaires, participants entered their responses on the

experimenter’s tablet. We recorded the semi-structured interviews with a GoPro Hero7 Black, set

up in such a manner to ensure a high-quality audio recording to be transcribed afterward.

5.6.3 Study Procedure

The study comprised five sections, totaling approximately 50 minutes.

Pre-study (5 minutes). Participants first signed a consent form and filled in a demographics

questionnaire. The experimenter then helped the participant put on and adjust to the Meta Quest

Pro.

Training (10 minutes). The experimenter then introduced the scenario of the study as per Sec-

tion 5.4.2. They then guided the participant through the virtual environment and its visualizations

and features. Participants were then given five minutes to freely explore, use the system, and ask

questions. While the same apartment and lights were used during training, the energy usage data

shown to participants was heavily simplified compared to the actual task.

Short break (5 minutes). Participants were then allowed to take a short break before the study

began if requested.

Study (15 minutes). Participants were then instructed to complete the task as per Section 5.4.2.

They were instructed to think aloud during the experiment and were also told that there was no
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correct or incorrect answer to the task. A text version of the task could be accessed at any time by

selecting the “?” button on the top left of the tablet (Figure 5.2). The participants had to indicate

to the experimenter when they felt like they had adequately completed the task, which ended the

study.

Post-study (15 minutes). Participants answered the SSQ, NASA-TLX, and SUS question-

naires on a physical tablet. They were then interviewed by the experimenter. At the end, partici-

pants received a US$20 gift card as compensation for their time.

5.6.4 Participants

We recruited 19 participants (six female) in total. To mitigate against the effects of novelty

bias, especially as the majority of our data collection is subjective in nature, we sought to recruit

participants who already had experience with VR and/or AR. 12 experienced participants (four

female) were thus recruited from both a VR/AR course taught at the local university and from

our VR/AR research group via internal mailing lists and word of mouth. These participants are

labelled P1 to P12. To still capture a broad range of opinions however, we also recruited seven

novice participants (two female) from the same university who had next to no prior experience

with VR or AR via the same advertising methods. These participants are labelled P13 to P19.

All participants had normal or corrected-to-normal vision. One participant was red-green color

blind and had difficulties seeing the red and green raycast from the right-hand controller, though

they did not report any major difficulties in reading the visualizations. One other participant was

left-handed, though they reported no difficulties in using the prototype.

5.6.5 Data Analysis

For the semi-structured interviews, the audio recordings were first transcribed using AI and

then cleaned by the author who conducted the interviews (the experimenter). The same author and

a separate author who was not present for the interviews (the non-experimenter) then used thematic

analysis [277] on the transcripts together using an inductive approach. The transcripts were read

and discussed by the two authors together and, whenever a statement was deemed relevant, a code
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was assigned that the two authors agreed on. Codes were progressively merged as similarities were

found throughout the analysis and were finally assigned to overall themes. The non-experimenter

then reviewed, analyzed, and structured a narrative report of the themes, which was later reviewed

and validated by the experimenter. For the video coding, a technical issue caused the video footage

of P14 to not be saved. Regardless, the same experimenter first compiled an initial set of codes

based on handwritten notes and a review of six of the 18 videos. The codes were then refined after

discussion with the non-experimenter. The experimenter then applied the refined codebook to all

18 videos.

5.7 Results

We present our results from participant demographics (Section 5.7.1), questionnaire responses

(Section 5.7.2), interview feedback (Section 5.7.3), and observations from video coding (Sec-

tion 5.7.4).

5.7.1 Demographics

The mean age of our participants was 25.05 years old (sd = 4.21). Regarding their experience

with AR and VR, six reported using either daily, five weekly, and two monthly, and the remaining

six reported N/A. For using 2D data visualizations, four participants reported using them daily,

seven weekly, four monthly, and the remaining four reported N/A. For using 3D data visualizations,

only seven participants reported any prior experience.

5.7.2 Questionnaire Responses

The results from the three administered questionnaires are as follows.

SSQ. The calculated total simulator sickness score [273] has a mean value of 20.47 (sd =

17.11). According to Stanney et al. [278], this puts the prototype slightly above the threshold of

20 for “a bad simulator”.
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Figure 5.4: The distributions of the overall weighted scores and the six individual unweighted subscales

from the NASA-TLX questionnaire [1].

NASA-TLX. Figure 5.4 shows the distribution of scores for each of the six unweighted sub-

scales and the overall weighted workload score. The weighted workload had a mean score of

31.65 (sd = 18.07), which according to Grier [275] places the prototype at slightly below the 20th

percentile of global NASA-TLX scores which is 33.00.

SUS. The mean overall score for the SUS was 80.66 (sd = 10.27). When breaking this down

by participants’ experience level to account for novelty bias, experienced participants gave a lower

average score of 77.50 (sd = 10.50) than novice participants with 86.07 (sd = 7.75). According

to Bangor et al. [276], the overall and experienced scores correspond to “Good” and the novice

scores correspond to “Excellent”.

5.7.3 Interview Feedback

We now report on the relevant topics raised by our participants during the interview, categorized

by the coded themes from our analysis. Note that in this section, quotes have been modified to

remove filler words for readability, and that “tablet” is used synonymously for SitVis, and likewise

for “donut chart” and EmbVis.

General impressions of the prototype. Participants provided positive feedback on the system.

They thought it was “straightforward and easy to use” [P15], “seems like something that would

be useful” [P3] and that “it was very neat, about the tablet [and] light kind of combination” [P5].

They also reported feeling immersed in VR, admitting that “I know I could walk through the bed
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or walk through the table, but I just kept walking around” [P1] and that they were “definitely im-

mersed” [P17]. However, the use of VR did make it “hard to read [the tablet]” [P14], with at least

eight participants making similar statements. There were also some technical issues as when “you

turn too fast or walk too fast it kind of lags” [P16]. From a task perspective, several participants

reported that the SitA prototype was well suited as “the system allowed me to have the information

I need when I needed it” [P7], with one participant acknowledging that “we have a tablet that

can also display data, it makes sense to potentially capitalize on that” [P3]. Some comments also

signified the benefits of situatedness, such as one making the observation that “some rooms will

need more energy just because there’s more lights in them and they’re bigger” [P12] and another

saying that “it’s good to see that the bedside lamp took a lot of energy, but it wasn’t that bright”

[P17].

Impressions of the visualizations. Regarding the SitVis on the tablet, feedback was mixed

and sometimes contradictory. For instance, P3 said that the pie chart was the most useful, whilst

P12 did not see the purpose of it. Likewise, four participants found the bar chart helpful, whilst

P15 “never even looked at [it]”. Only the line chart received clearly negative feedback, summed

up by the following: “I was more focused on how I wanted to set up my space, not what someone

else did before me” [P3]. In contrast, eight participants gave clearly positive remarks about the

EmbVis. They “really liked that although I had the tablet, there were [donut] charts all by the

lights as well” [P15] and thought that “having them floating there is a good indication” [P8]. It

is possible however that they interpreted the EmbVis not as a data visualization, but as a “gauge”

that signifies the current lighting level of each light. Four participants made statements that suggest

this, such as “it was nice to remember that I liked the lighting at a quarter, and I could go back to it

easily” [P10], and “I used less the number on [the donut chart], and more just the percent of what

was left” [P17]. This is reinforced by a fifth participant who thought the donut charts “were useful

to know what lights I could control, but other than that, I didn’t really use the power numbers too

much” [P5].
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Navigating the space and its referents. This theme focuses on how participants decided

where in the apartment they should go to first. While not all participants gave clear responses,

we coded seven participants who suggested that they did zero prioritization and wandered into

any room, turning out to be the most common approach. For instance, “I just walked around

and walked into the rooms exploring” [P17] and “I was able to click on the room [on the tablet]

as I walked up to it and then look at the lights” [P7]. Two participants said the opposite, as “I

clicked on the pie chart for each room and I went back to that room and saw if I could make any

adjustments” [P2] and “I would look at [the map] and say, okay, I’m gonna go there next” [P19].

Many participants described how the map helped with the task. From seven participants, this was

to “identify which room I’m in, either the main bedroom or the guest bedroom” [P5] as the two

looked alike, which then let them “figure out which [room] to click on the pie chart” [P1]. Five

participants used the map as a reminder tool, such as “during the training, I almost missed the

bathroom next to the door, but then the map helped me realize there’s a bathroom right there”

[P4]. On the other hand, four participants reported not using the map at all. Several comments

hint as to why: P15 applied her intuition of how apartments are typically laid out, and P4 and P16

became familiarized with the apartment’s layout after the training phase.

Workflows for using visualizations. This theme focuses on what visualizations participants

used and how they used them for the task, after having entered a room with lights in it. We coded

four distinct workflows for how the SitVis and EmbVis were used, though we could not confidently

assign one to each participant. The most common workflow from six participants was to first focus

on the EmbVis, adjusting the lights as necessary, then validating their changes on the SitVis on the

tablet. For example, “when I was when I thought I was done with the room, then I would check

the chart on the tablet and see if I felt like that was good enough” [P12] and “I used the donut

graph [...] and then I used the [tablet] a lot to see the actual statistical differences of changing

lighting levels in the room [...] this was mostly just seeing if I had half lighting that I could only

get maybe a quarter more lighting down” [P17]. Two participants reported the opposite workflow,

with one saying “as I walked into a room, I would click on the pie chart, and I would look at what
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areas were taking more power and especially at anything that was at the top of those charts, and

then I would look around the room and find the light that was presenting the highest amount of

energy usage” [P7]. In contrast to these two workflows, several participants claimed not to have

even bothered with one set of visualizations or the other. Three participants suggested they only

used the tablet, as they “haven’t concentrated much on the graph close to the light” [P6]. Two

others instead felt that they only needed the EmbVis, as “for me to accomplish what you told me

to do, I don’t think the tablet is needed” [P18].

Interaction with Hybrid User Interfaces. This theme focuses on how participants felt about

the interaction with the tablet in an immersive environment. Due to the tablet being simulated

instead of using a physical tablet in our experiment, participants reported it was hard to read with

the true size of a tablet but less clarity of the content presentation in VR. Also, some participants

thought the casting ray from the controller could be thinner, so it is easier to choose the section on

the pie chart. Some participants mentioned that they wished the tablet could be bigger so that the

graphs and visualization were big enough to read and interact with easily. Moreover, a couple of

participants said it would be much easier to interact with the tablet if it is in the real world and they

could use touch input.

Priorities in decision-making. This theme now focuses on why participants adjusted the lights

the way that they did. As with the preceding two themes, we identified three distinct mindsets based

on participant responses. Five participants would first adjust the lights based on their own personal

preferences, and then make further adjustments and refinements by referring to the energy data.

For instance, “I was definitely prioritizing my preference over the cost. If I prefer [the] room to

look like this, I’d make the cost work” [P1]. Four participants would instead try to find a balance

between their personal preferences and energy usage. For instance, “[it was] personal preference,

which is directly also tied to keeping energy levels down. I want to use the least amount of energy

possible, while also keeping comfort in” [P15], and “I just tried to make it comfortable, but still

use as little lighting as I could” [P17]. Perhaps the most extreme option, four participants reported

having ignored the data entirely, only following their personal preferences. For instance, “I just
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went with my personal preference, whether I want the lights or not. And mostly, I keep my lights

off” [P13] and “I feel comfortable without light, or I usually prefer natural light. So I just turn off

all the lights and that’s it” [P18].

Further improvements to the prototype. The most common suggestions relate to the design

of the SitVis on the tablet and the interactions that it can support. This includes the ability to

click on the room in the map to link views together [P2, P3, P7, P10], showing the total energy

consumption of the room on the bar chart [P8], showing dollar prices instead of kWh [P17], the

ability to make pairwise comparisons of rooms [P5], or even using 3D visualizations [P6, P8]. The

only suggestion specific to the EmbVis was to have them always rotate to face the user [P8]. One

participant suggested using the position of the user as a means to control which information is

shown, “so when I walk into the living room, then I see the pop ups, because there’s not really a

reason for me to see what light in the other room is doing, it’s more about where I currently am”

[P3]. Lastly, one participant suggested showing the location of the lights on the map itself, “if it

was a bigger map, in each room you can see on the tablet, and it shows me where the light is on

the map, that would be useful” [P8].

Future use of SitA. While participants hinted at being willing to use an AR version of the

prototype in the future, this came with caveats. An obvious caveat was due to the high price [P17]

and relatively poor ergonomics of current AR headsets [P8]. This also depended on the actual

situation, such as “if I had a house though, I would be willing to spend a little bit of money on an

app that allowed me to visualize my cost like that” [P7]. Two participants did state that they would

likely only use a similar prototype in more complex scenarios. For example, “if it was like an

industry where there are multiple machines and there can be emergency hazards and stuff, where

you have to actively go and interact with the equipment, having that information [...] can be really

helpful” [P11]. This may also be the case in scenarios where “there was a temporal demand where

I’ll have to look around or look for that information [...] I would like to have information right

next to the object itself, but if it’s not, then I can just refer to it on my tablet or my phone and not

have some stuff floating” [P11].
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Figure 5.5: Left: P9 standing close to the light and EmbVis and needing to hold the SitVis high. Right: P6

standing far away from the light and EmbVis while holding the SitVis at a comfortable height.

5.7.4 Observations and Video Coding

In order to enhance our analysis, we present findings and outcomes derived from our video

coding of participant behaviors and interactions with the system. We focus solely on the most

significant results obtained through our analysis. For details on our coding process, please refer to

the supplementary material provided.

Hold SitVis halfway up to light

Hold SitVis up to light

Look down at SitVis

Hold SitVis halfway up to light

Hold SitVis up to light

Look down at SitVis

Look at SitVis while changing light

Visualization Usage

Visualization Usage

t = 0 t = T

t = 0 t = T

P
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P
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Go to closest light in another room

Finish one room at a time

Go back to check previous lights

Use personal preference for final checks

Use pie chart for final checks

Go back to check previous lights

Use personal preference for final checks

Use pie chart for final checks

Task Order

Light Preference
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P
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Figure 5.6: Timelines of coded behaviors. See supplemental material for complete timelines of all partici-

pants.
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When and how to use visualizations. Aligned with the interview responses, there was signifi-

cant variation among participants in their utilization of the visualizations. Regarding SitVis usage,

two participants [P13, P18] used it for less than 6% of the experiment, while seven others [P1, P5,

P6, P8, P10, P12, P17] used it for at least 40%. The timing and manner of SitVis use also varied

among participants. For example, P3, P4, and P7 only looked at the SitVis after adjusting a light;

whereas P6 primarily used it while in the process of adjusting a light. In contrast, P1, P5, and P10

consistently referred back to the SitVis throughout the entire experiment regardless of their activity

or location (e.g., as seen in Figure 5.6 top left).

Relative positioning of the visualizations. Participants displayed varying ways of holding

the SitVis device. Typically, when not engaging with a light, the SitVis was held at a relaxed hip

level. However, when participants interacted with a light, they would hold the SitVis at different

heights, impacting the relative angular distance between the SitVis and EmbVis. In summary,

some participants such as P1, P5, and P17 maintained slight proximity to but not perfect alignment

with the EmbVis when holding the SitVis. For example, they might hold it at chest height while

looking at an EmbVis close to ceiling level. Conversely, some individuals, such as P6, P8, and

P10, opted to keep the SitVis closely positioned to the EmbVis, even when the latter was near the

ceiling (see Figure 5.5 left), for approximately 13% of the trial. However, their approach to holding

the SitVis evolved over time (see Figure 5.6 bottom left). One effective strategy they employed

to reduce physical exertion was standing farther away from the EmbVis, thus reducing required

angular coverage while maintaining a more comfortable lower height for SitVis (see Figure 5.5

right).

Navigation strategy. Aligned with our interview results, we observed two general approaches

for prioritizing which lights to navigate to. Five individuals [P2, P12, P13, P15, P19] seemed

to act opportunistically by moving from one visible light to the next in their peripheral vision,

regardless of whether it was in the same room or not (e.g., in Figure 5.6 top right). This behavior

was particularly noticeable when the lights were scattered throughout a room, potentially causing

participants to overlook them. On the contrary, four individuals (P2, P3, P4, and P19) had evidently
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customized the SitVis to display data from a particular room before proceeding to navigate to

it. However, this behavior was not consistent across all rooms, and there was variability among

participants in terms of when during the task they demonstrated this conduct. For example, P4 did

so twice in the first half of the experiment, while P3 also did it twice but in the second half.

Refining light settings. In the later phases of the study, numerous participants revisited lights

that they had previously modified to make additional improvements. The extent to which they

consciously consulted the data during this process seemed to differ among them. Four participants

[P5, P6, P17, P19] had deliberately checked the SitVis and its data whilst making these refinements.

In comparison, nine individuals [P2, P3, P4, P5, P9, P10, P11, P13, P18] participated but did not

specifically observe the SitVis. Instead, they focused solely on the light itself and its associated

EmbVis. P5 was the sole individual to perform both actions, as depicted in Figure ??, where a

comparison is made with P9 who was just mentioned.

Beyond the lights and visualizations. During our coding process, we also observed various

occasions when participants engaged with the prototype beyond the light and visual stimuli. For

instance, five participants [P10, P13, P17, P18, P19] paid attention to the furniture and décor in the

background during the experiment. Additionally, some others tried to interact with the physical

environment by attempting to open drawers and closets. Significantly, 17 participants were seen

turning their heads around after adjusting a light at some point in order to likely assess how the

room looked with the new lighting level.

5.8 Discussion & Future Work

Based on our study, we now discuss key takeaways, provide several guidelines, and highlight

avenues for future work.

The prototype was usable and valid. As a whole, the prototype we developed to represent

the baseline of using HUIs for SitA was functional and suitable for its intended purpose. While the

SSQ results show some shortcomings [278], it’s worth noting that VR studies often report average

scores above 20 [279], suggesting that the use of VR did not significantly hinder participants. In
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contrast, the NASA-TLX and SUS scores were positive, indicating that the prototype was func-

tional and appropriate for its purpose. The low taskload may have been influenced by participants’

varying levels of involvement due to self-determined task aims. The high SUS scores could also

be attributed to novelty, although an average score of 77.50 from only experienced participants is

still encouraging. Therefore, we believe that combining HUIs with SitA holds promise and should

be further explored; however, potential differences when deploying on a physical mobile device or

AR must be acknowledged. Future work should likely focus on understanding usability while car-

rying a physical device during interaction with physical objects—and analyzing and interpreting

data at the same time.

The needs and goals of users SitA are varied, and so too should their design and evalua-

tion. The participants’ interpretations of the task and scenario varied widely, leading to different

utilization patterns of the prototype. Some relied on visualizations for decision-making while oth-

ers disregarded them altogether. This lack of strict guidance, such as through gamification meth-

ods [224, 268], allowed participants to make autonomous choices similar to real-world scenarios.

Interestingly, no participant felt incapable of completing the task satisfactorily. In retrospect, this

outcome prompts considerations about user requirements and testing strategies for validating SitA

applications. It is evident that not all individuals possess an inherent "analytical need" that can

be addressed by a complex SitA application. While one individual may simply want to view the

overall health rating of a grocery product, another person may focus on and deliberate over the

nutritional value breakdown. Given that our participants varied across this spectrum, it is rea-

sonable to assume that this variability exists in real life as well. Hence, SitA applications should

have the capability to display varying amounts of information based on users’ specific goals and

requirements. When assessing SitA applications in a usability context, the traditional performance

metrics in visualization such as time, accuracy, or "insights gained" may be considered less signif-

icant. This is especially true when users establish their own objectives based on their expertise and

preferences. While we do not propose an alternative metric for this purpose—see a related article

by Wang et al. [280] for further discussion—it’s important to consider the diverse goals of users
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when designing and evaluating SitA applications. It should be noted that our perspective on SitA

focuses on its role as an Assistant [222], which may not necessarily apply to other archetypes like

Simulators or Planners with more distinct use cases and goals.

Hybrid user interface helped maintain a low effort for interaction in an immersive envi-

ronment. There is no participant reported arm fatigue during the study, which is common feedback

for interaction in AR or VR environments due to the mid-air poses. Even though we couldn’t uti-

lize the tangible features of a real tablet, and users still need to hold up controllers to click on the

tablet, the benefit of using HUI is already shown in our study. One participant who had limited

movement in the neck and arm mentioned that the HUI setup did not cause any pain during the

study since using the tablet provides options to users to choose the suitable height for individual

needs. Future studies will be conducted with a real tablet in AR which offers the benefit of a tan-

gible interface, and we can further examine the opportunities and challenges brought by adopting

HUI with MR HMDs.

SitVis for cognitive tasks, EmbVis for physical tasks. The EmbVis utilized in our research

were intentionally kept simple and one-dimensional. It was surprising that none of the participants

proposed increasing the amount of information displayed on the EmbVis; instead, they expressed

positive feedback about its current design. This suggests their appreciation for the simplicity of the

EmbVis, as it directly supported their task of adjusting light levels. Any suggestions to enhance

visualizations focused on adding more functionality to SitVis, such as enabling pairwise compar-

isons of rooms [P5 ]. Given our prototype’s hybrid setup, we hypothesize that SitVis served as

a "data analysis" tool supporting cognitive tasks, while EmbVis functioned as "helper" tools sup-

porting physical tasks. Accordingly, a SitA designer might consider offloading complex data and

visualizations onto SitVis while maintaining simplicity in EmbVis. The role(s) assigned to Em-

bVis may also include providing visual guidance by using glyphs and trajectories [221]. Rashid

et al. [260] have recommended an asymmetric distribution of visual elements and information for

minimizing attention-switching costs in HUIs; however further research is needed to confirm this
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hypothesis particularly regarding varying levels of information shown on SitVis versus EmbVis for

SitA applications.

Attention-switching between SitVis and EmbVis was not a problem, though fatigue should

still be considered. Based on our video coding analysis, it was observed that the majority of par-

ticipants utilized both SitVis and EmbVis in combination for the task, with a few exceptions. One

unexpected finding was that none of the participants mentioned facing challenges when switch-

ing their attention between the two visualizations, which is noteworthy considering this aspect

aligns with one of our primary research interests. It’s important to note that we refrained from

directly asking about this during interviews to prevent any potential bias. This observation may

be linked to an earlier point indicating that while EmbVis was straightforward and unique, it dif-

fered from SitVis. Nevertheless, we observed that participants held the SitVis at different heights,

ranging from a comfortable hip or chest level to head height when the EmbVis was near the ceil-

ing. Despite this variation, no participants mentioned experiencing fatigue during the interviews.

It is worth mentioning that there were some outliers in the NASA-TLX physical demand score.

Additionally, it is significant to highlight that compared to an Apple iPad Pro 11-inch (164 g ver-

sus 466 g), the Meta Quest Pro controller is lighter and has a more favorable center of gravity.

Nonetheless, it is probable that exploring potential strategies to alleviate fatigue for similar HUIs

remains essential. When there is a need for visual comparisons between SitVis and EmbVis, one

clear approach would be to reduce the distance between them, although this may vary depending

on the task at hand. One option could be relocating the EmbVis alongside the SitVis; however,

this might not serve any purpose if users need to observe lighting changes in their environment

and therefore must keep their focus around the light source. Alternatively, positioning the SitVis

above the EmbVismay involve creating a mirrored image of it to preserve touch input on mobile

devices. Future studies could explore effective techniques for integrating HUIs and spatial aug-

mented reality, particularly when there is a necessity to support traditional coordinated multiple

view techniques [265] such as brushing and linking [251]. As a side note, in Figure 5.1 on the

right side, the donut chart section of the EmbVis appears noticeably distant from the four lights.
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This situation may prompt consideration as to whether attention-switching was required between

the EmbVis and its reference point. Despite not being highlighted during our interviews, we could

not definitively confirm this based on video coding data without eye gaze information. Naturally, if

the donut chart were positioned further away (e.g., at a distance as great as that mentioned in viewer

space [249]), it would no longer be regarded as embedded. Specific visualizations such as glyphs

and decals depend on sharing the same spatial coordinate system as their reference points [221],

thus requiring innate shared attention in these instances too.

Support revisiting prior referents through bookmarks or annotations. Video analysis re-

vealed that many participants, in the later stages of the task, revisited and made final adjustments to

the lights. While their reasons for these refinements varied, some were based on data while others

were purely personal preference. The recurring nature of this behavior highlights its significance.

In our context, we assume that participants could easily do this due to the task’s pre-attentive na-

ture. They could effortlessly move from room to room and quickly assess whether it was slightly

too bright or dark for their liking. However, this may not be applicable in a more complex task

that requires thorough examination of similar-looking components of a machine rather than just

a cursory look at past references. In such situations, having a way to bookmark or annotate im-

portant references may be beneficial in supporting process and provenance of SitA [281]. Further

research could explore effective methods for tracking provenance using simple 3D drawings in

AR, traditional 2D annotations on mobile devices, or novel approaches like world-in-miniature

representations for embodied provenance [282].

Personalizing SitA based on the user’s familiarity with the environment. Due to the phys-

ical exploration required by participants in the apartment, we naturally included a map to assist

them. However, our interviews revealed that many participants did not ultimately use it for naviga-

tion. Despite their initial unfamiliarity with the apartment, they quickly became accustomed to it

through training and their understanding of modern apartment layouts. As a result, they were able

to complete tasks without much need for navigational or attentional support. We argue that this

factor of familiarity should be considered in personalization strategies. While homeowners might
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not require navigational or attentional assistance, it may be necessary for tradespeople who are

new to the space. Providing such information "just in case" could lead to visual and information

overload when using AR cues [251]. Therefore, future research should explore how personal dig-

ital assistants can adapt based on individuals’ changing needs, considering factors like familiarity

among others.

There is a need to understand the relationship between physical environment and SitA.

It is evident that our selection of scenario and setting directly impacted the behavior of our par-

ticipants, thereby influencing our observations and conclusions. In Section 5.4.1, we outlined the

scope and environment to demonstrate the real-world contexts to which our work applies. Nev-

ertheless, a slight modification in these parameters could lead to changes in user behavior. For

instance, if participants were not required to interact with the environment, they might express

dissatisfaction about having to move around, potentially making a ProxSituated approach more

attractive [283]. Furthermore, altering the environment itself could also affect user behavior and

preferences; for example visually distinct rooms may eliminate issues encountered by participants

when differentiating between similar-looking rooms on a map. This indicates the necessity to em-

pirically assess how the various attributes of physical surroundings impact the usability of SitA,

similar to Doerr et al.’s examination of highlighting methods based on reference layouts [251].

From a design perspective, this implies the necessity for applications to smartly adjust to evolving

environments and goals, as no two settings will be identical. This could involve integration with

artificial intelligence (as suggested by Shin et al. [222]), visualizations whose layout [284] or even

appearance [285] adapts to real-world scenarios, or other innovative approaches.

Limitations. The apparent limitation of our research lies in utilizing VR as a means to sim-

ulate AR. While we believe that our findings can be applied to AR, as suggested by previous

studies [269–271], it is clear that VR has influenced our results to some extent. For instance, some

participants were focused on interacting with virtual furniture which could indicate their deep en-

gagement. Nonetheless, this did not noticeably hinder us from obtaining valuable feedback in such

cases. Our prototype also encountered performance challenges, especially when both users turned
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their heads quickly or moved to the remote corner of the physical space with weaker reception

for the Oculus AirLink. The SSQ findings indicate that these performance effects were probably

not significant in comparison to other VR research studies. One noticeable consequence of VR,

however, was our inability to incorporate a task that involved physical manipulation of objects, as

exemplified in the study by Sousa Calepso et al. [224]. It is possible that a task with a more prac-

tical focus [286] (i.e., working towards a physical goal) could impact the usability of SitVis and

EmbVis in this context, for example if the user had to physically install light bulbs of varying color

temperatures. Equally, a task that is more focused on acquiring information [286] (i.e., discovering

knowledge) may also receive different types of feedback, for instance if the user had to identify

an underlying issue. Our task was inherently simpler in terms of SitA, and did not necessitate

the same level of analytical thinking as a field worker might need to utilize [230]. Subsequent

research could aim to examine and differentiate the requirements of users when undertaking tasks

with either pragmatic or epistemic objectives.

5.9 Conclusion

Motivated by the potential of HUIs to facilitate specific situations, we conducted a study on

the natural utilization of both SitVis and EmbVis in an optimization task. Our goal was to gain in-

sight into the underlying difficulties and prospects. We designed a prototype using VR technology

to simulate AR within an apartment environment with dispersed smart lights. The objective was

to optimize energy consumption by adjusting lighting levels. The SitVis included multiple views

displayed on a handheld virtual tablet, while the EmbVis consisted of donut charts associated with

individual lights. We used this prototype in an exploratory study of 19 participants, who had the

freedom to move around the apartment and customize the lighting according to available data.

Our results indicate that users’ approaches to determining the "correct" solution varied widely,

with some carefully considering the data while others disregarded it. Despite these differences,

both methods led to satisfactory outcomes, demonstrating their equal validity. Additionally, our

study confirmed the usability of the hybrid user interface among participants and did not iden-
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tify attention-switching cost as a significant issue. These findings suggest potential for integrating

heterogeneous devices in SitA applications in the future. Moreover, our results highlight the im-

portance of broadening perspectives when designing and evaluating SitA applications to account

for diverse user aims, goals, and physical environments. Subsequent studies should explore how

changes in these variables may impact both human factors and system adaptability within an SitA

environment.
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Chapter 6

Conclusion

This thesis included three user-centered studies that aim to improve user experience and perfor-

mance in interaction and navigation with AR and VR environments. The elicitation study discov-

ered user-designed hand gestures and speech for interaction with AR HMD. The comparison study

in AR and VR explored the differences between user interaction and navigation strategies dur-

ing sensemaking with 3D data visualization. Lastly, the exploratory study disclosed various user

experiences with using hybrid user interfaces for interaction and navigation in decision-making

scenarios with a simulated AR environment. Through three studies, we found that user interaction

and navigation were influenced by different realities, users’ goals, and users’ preferences. Future

research should improve interaction and navigation experiences based on the level of reality, in-

dividual goals, and preferences. Furthermore, hybrid user interfaces showed big potential in AR

interaction and navigation, which should be taken into consideration with more investigation.

6.1 Summary: Multimodal Interaction in AR

In Chapter 3 we explored user-designed gestures and speech for interaction with AR HMD.

A multi-object AR prototype was developed and used for the elicitation study. With a Wizard

of Oz approach, we showed the participants text-based prompts (referents) with the AR display,

to elicit their proposal to accomplish the task, then showed them the animation as the result of

the interaction. In this way, participants feel that their proposal manipulated the object. Based

on previous elicitation research in AR, we generated 22 referents including interaction of abstract

manipulation, scale, translation, and rotation. The study has three conditions, which include both

multimodal and unimodal interaction. The proposed gestures and speech were collected from 24

participants, and after binning and analysis, we presented the top three proposed gestures for each

referent. These results offer future researchers references for designing the gestures when consid-

ering user preferences. We also compared our results to previous elicitation work in a single-object
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AR environment and discussed how participants tended to perform more real-life-like interactions

in a multi-object AR scenario than in a single-object AR scenario. Based on our video coding

results, we also present the syntax format of the speech proposal in both unimodal and multimodal

interaction. This can be used as guidance for future speech interaction technique design. Our find-

ings also included the association between gestures and speech in multimodal interaction, which

can be beneficial for increasing the accuracy and detection efficiency of the gesture or speech

recognition model.

Later, we presented a guideline for the gesture binning procedure, which is a critical step

during proposal analysis. Using our study results as an example, we generated the formula and

walked through each decision-making step during the gesture binning process. We also presented

our approach for binning variations of the gesture, and hopefully, this will lead to future work to

continue perfecting the binning guideline for the elicitation study.

Nevertheless, designing prompts for elicitation studies is always a complicated decision due

to the bias caused by using either animation or text. Using text-based prompts has influenced

the proposed speech in our study, as the user will read the prompts out loud as a response to the

referent. Utilizing other modalities, such as audio for prompts, can be a potential solution for

future elicitation research, or showing the start and end position of the object as a prompt to the

participants.

6.2 Summary: Cross-Reality for Sensemaking

In Chapter 4 we explored users’ interaction and navigation strategy during sensemaking with

an immersive analytics platform. An immersive analytics prototype was developed in both AR

and VR and used for a controlled study with 40 participants. We used a within-subject design

for the experiment, and each participant performed the task in both AR and VR environments,

with the same mixed-reality headset. Participants answered 6 questions in each environment and

analyzed the dataset with 3D data visualization and analysis tools that they could manipulate. The

results did not show significant differences in user performance. However, differences were found
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between workloads perceived by participants. The findings showed that even with a similar amount

of perceived mental demand and effort, participants have a higher tolerance for frustration in VR

compared to AR. This means that a complicated sensemaking system should be considered to

implement in VR or provide options for users to choose to work in VR. Furthermore, we discovered

that participants showed more walking behavior in VR; however, they reached further locations

when they walked in AR. This verified the feedback from participants that more safeness and

naturalness they felt in AR. Nevertheless, the consistency and immersion that VR provides are

well-received by participants. All findings suggested that both realities can be very helpful and

have their benefits and drawbacks, and exploring cross-reality is a promising direction for future

work to facilitate users’ sensemaking process. Lastly, the observation and users’ feedback on

interaction provides insight into improving user experience by adopting hybrid user interfaces,

including both conventional 2D user interfaces and innovative 3D user interfaces. With familiarity,

users can adapt to mixed-reality technology easily without an entry barrier caused by uneasy-to-use

hand gestures or controllers.

6.3 Summary: Hybrid User Interface for Decision-making

In Chapter 5, we explored using a hybrid user interface to assist users’ decision-making in

situated analytics scenarios. A situated analytics prototype was designed and developed in VR,

which aims to simulate a physical environment with AR visualization. A tablet was used as a

2D user interface that users can interact with and display the result of all user interactions. Users

can interact with virtual objects which represent the referents in a situated analytics scenario. A

visualization was displayed close to each referent which also changes along with users’ interaction

to the according referent. An exploratory study was conducted with 19 participants, including

12 experienced users and 9 inexperienced users. Users freely explore the space with physical

walking and having a mini-map on the tablet to assist navigation. The task is to optimize the

lighting based on the visualization of hybrid user interfaces and personal preferences. The results

showed various approaches and strategies for using HUI during decision-making. While users
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have positive feedback about the system’s usability, they have different goals and expectations for

the HUI in this situated analytics scenario. This finding demonstrated the necessity of adopting

HUI with mixed-reality HMD and the flexibility it provides to meet individual needs.

6.4 Future Research Directions

In this section, we conclude the thesis by discussing possible future research directions based

on the findings and the insights we have gained from the three studies in this thesis.

6.4.1 Hybrid User Interface

The results of Chapter 5 showed a promising use case with HUI in mixed reality. It can be used

to facilitate interaction efficiency by deploying heavy inaction to the conventional 2D user inter-

face, which mitigates the learning curve for users to use MR HMD. It also offloads the visualization

presentation in 3D space and eliminates the cluttered AR scenario. However, the distribution and

layout of visualizations can vary depending on individual preferences and needs, as well as en-

vironment and context. Future work can explore how to use artificial intelligence models to help

make decisions about the distribution of the visualization in real time based on the changes in

factors. In terms of facilitating interaction with HUI, we can explore how to reduce the workload

caused by context-switching between user interfaces, such as arm fatigue and content loss.

6.4.2 Cross-Reality system

The results of Chapter 4 demonstrated that different realities provide users with assistance

and setbacks. With the popularity of mixed-reality headsets, it is plausible for users to switch

between different realities in a soon to come future. To this end, we should develop cross-reality

systems with smooth transition techniques, so that users can choose between realities based on their

needs. We can also include artificial intelligence into the picture and train the model to recognize

situations requiring a transition between realities. Inevitably, the transition between realities could

induce context-switching costs, which means a high mental workload for users to connect the
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environments and relocate themselves, not to mention if the task in hand strongly relies on the

content. Using HUI to maintain the mental model between realities can be a potential solution to

facilitate the transition procedure.
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Appendix A

Appendix

A.1 Questions Asked During Experiments

The questions below were the first question set used in the AR-VR comparison study (Chapter

4).

• Which brand makes the cereal with the highest Fat?

• Which brand makes the cereal with the lowest Dietary Fiber and Sugar?

• What is the Sugar content of the cereal that has the lowest Fat and Protein as well as the

highest Carbs?

• Which value is the closest to the mean Dietary Fiber content?

• What is the relationship between Carbs and Sugar?

• What are the Fat content values for the three largest clusters (groups)?

The questions below were the second question set used in the AR-VR comparison study (Chap-

ter 4).

• What are the Protein content values for the three largest clusters (groups)?

• What is the relationship between Sugar and Protein?

• Which value is the closest to the mean Fat content?

• What is the Protein content of the cereal that has the lowest Fat and Carbs as well as the

lowest Dietary Fiber?

• Which brand makes the cereal with the lowest Sugar and high Protein?
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• Which brand makes the cereal with the highest Dietary Fiber?

The questions below were used in the semi-structured interview of the hybrid user interface

with situated analytics study (Chapter 4).

• Do you notice any difference between AR and VR?

• Do you have any insights or strategies you took to get more comfortable with the tasks?

• Do you have any other thoughts you want to share with the research team?

• Do you have any additional comments about your experience today that you’d like to add?

The questions below were used in the semi-structured interview of the hybrid user interface

with situated analytics study (Chapter 5).

• What is your impression of the system? Can you please elaborate?

• What strategies did you use to solve the tasks? Did it work? If it didn’t, why not?

• What strategies did you use to look at and analyze both the graphs and visualizations on the

tablet and in the apartment? Did it work? If it didn’t, why not?

• What strategies did you use to navigate through the physical space? How natural did walking

around feel to you?

• Do you have any suggestions for improving the system to help you perform similar tasks in

the future? In terms of its features, user interfaces, visualizations, and interactions. Tasks

would include looking at data on both the tablet and in the environment to help make some

decision.

• Do you see yourself using this system in the real world with augmented reality? What about

if the augmented reality system included your proposed suggestions?
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A.2 Surveys

A.2.1 Paper Folding Test

The paper folding test originally was originally released in the “Kit of Factor-Referenced Cog-

nitive Tests” in 1976 [2]. The version used in this study is shown in figures A.1A.2A.3.
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Figure A.1: Paper Folding Test VZ-2, Page one [2]
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Figure A.2: Paper Folding Test VZ-2, Page two [2]
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Figure A.3: Paper Folding Test VZ-2, Page three [2]
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A.3 Supplementary Material

A.3.1 Codebook

This document contains additional visualizations from the video coding process as described in

the main paper. The codebook consists of 23 behaviors, with explanations shown in Table A.1. The

total duration of codes are shown in Figure A.4 as well as their individual counts in Figure A.5.

Complete timelines for each individual participant are shown at the end of the document. As

mentioned in the main manuscript, P14 could not be coded due to a technical error in recording

their POV.
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Table A.1: The codebook of 23 behaviors that were applied to the videos of our participants’ POVs during

our exploratory study.

Category Code Description

Task Order Finish one room at a time Adjust all of the lights in the same room before

continuing to another room

Task Order Go to closest light in another

room

After adjusting a light, continue to the next clos-

est light even though it is in another room

Movement Pattern Wander to each light Move around the apartment from light to light

Movement Pattern Wander in a circle Move around the apartment in a circular pattern

Movement Pattern Wander randomly Move around the apartment with no pattern

Movement Pattern Stay close to a light Stand still directly next to a light

Movement Pattern Stay in middle of room Stand still around the middle of the room

Movement Pattern Stay in corner of room Stand still in a corner of the room

Movement Pattern Go to room first then check

data

Go into a room first, then look at the SitVis

Movement Pattern Check data first then go to

room

Look at the SitVis, then go into a room

Movement Pattern Look at other furniture Look around at furniture not relevant to the task

Visualization Us-

age

Look up at EmbVis while

changing light

Looking up at an EmbVis whilst changing the

light level

Visualization Us-

age

Look up at EmbVis without

changing light

Looking up at an EmbVis but not changing the

light level

Visualization Us-

age

Look at SitVis while chang-

ing light

Looking at the SitVis whilst changing the light

level

Visualization Us-

age

Look down at SitVis Looking down at the SitVis

Visualization Us-

age

Hold SitVis up to light Holding the SitVis up to a light and its EmbVis

such that the two are visually adjacent

Visualization Us-

age

Hold SitVis halfway up to

light

Holding the SitVis slightly upwards to a light and

its EmbVis such that the two are still visually sep-

arated, requiring head turning

Visualization Us-

age

Look around to check light-

ing effects

Looking around the light and its EmbVis to see

the effects of the new light level

Interaction with

Lights

Walk close to lights Standing directly next to a light while adjusting it

Interaction with

Lights

Stay far from lights Standing far away from a light while adjusting it

Light Preference Use pie chart for final checks Making light adjustments based on the pie chart

Light Preference Use personal preference for

final checks

Making light adjustments without looking at data

on the SitVis

Light Preference Go back to check previous

lights

Making light adjustments by going back to previ-

ous lights that were already adjusted
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Figure A.4: Total durations of coded behaviors aggregated across all participants.
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Figure A.5: Total counts of the frequency of coded behaviors aggregated across all participants.
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