
Evaluating Collaborative Cues for Remote Affinity Diagramming
Tasks in Augmented Reality

Nathaniel R. Llorens

Thesis submitted to the Faculty of the

Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Master of Science

in

Computer Science and Applications

Sang W. Lee, Co-chair

Douglas A. Bowman, Co-chair

Wallace S. Lages

August 12, 2021

Blacksburg, Virginia

Keywords: augmented reality, brainstorming, affinity diagramming, collaborative cues

Copyright 2021, Nathaniel R. Llorens



Evaluating Collaborative Cues for Remote Affinity Diagramming
Tasks in Augmented Reality

Nathaniel R. Llorens

(ABSTRACT)

This thesis documents the design and implementation of an augmented reality (AR) applica-

tion that could be extended to support group brainstorming tasks remotely. Additionally, it

chronicles our investigation into the helpfulness of traditional collaborative cues in this novel

application of augmented reality. We implemented IdeaSpace, an interactive application

that emulates an affinity diagramming environment on an AR headset. In our application,

users can organize and manipulate virtual sticky notes around a central virtual board. We

performed a user study, with each session requiring users to perform an affinity diagramming

clustering task with and without common collaborative cues. Our results indicate that the

presence or absence of cues has little effect on this task, or that other factors played a larger

role than cue condition, such as learning effects. Our results also show that our application’s

usability could be improved. We conclude this document with a discussion of our results

and the design implications that may arise from them.



Evaluating Collaborative Cues for Remote Affinity Diagramming
Tasks in Augmented Reality

Nathaniel R. Llorens

(GENERAL AUDIENCE ABSTRACT)

Our project was aimed at creating an app for modern augmented reality headsets that could

help people perform group brainstorming sessions remotely from each other. We were also

interested in finding out the benefits or downsides of some of the design decisions that

recent research in remote augmented reality recommends, such as lines showing where a user

is focusing and visualizations for a user’s head and hands. In our app, which we dubbed

IdeaSpace, users were faced with a virtual corkboard and a number of virtual sticky notes,

similar to what they might expect in a traditional brainstorming session. We ran three-

person study sessions comparing design techniques recommended by literature to an absence

of such techniques and did not find they helped much in our task. We also found that our

application was not as usable as we had hoped and could be improved in future iterations.

We conclude our paper discussing what our results might mean and what can be learned for

the future.
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In this chapter, we introduce important concepts and provide the motivation for our project.

Additionally, we set out our aims and the research questions we answered.

Before making important design decisions or choosing a solution to a problem, it is common

for a design team to hold a brainstorming session. Group brainstorming is a group creativity

process that involves team members cooperating to record their thought processes as they

attempt to discover potential solutions to their problem [20]. Inherently, brainstorming is a

collaborative process, and often team members will each post their thoughts on small notes

and append them to a common board [20]. As a potential solution takes shape, the notes

might be reorganized and restructured.

Affinity diagramming [13] is a process that can be similar to a group brainstorming session.

The process involves trying to find patterns in unstructured data and organizing the data into

clusters [22]. Often it is a process that can be performed on the output of a brainstorming

session, where many ideas have been generated and now need to be structured by affinity,

or similarity.

Traditional brainstorming has its limitations. Typically, brainstorming and affinity diagram-
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ming are performed on physical sheets of paper, such as small sticky notes, and placed or

grouped on a board that acts as the group sharing space. Because of its physical nature,

ideas cannot easily be modified or placed into multiple different groups. Additionally, the

output of brainstorming sessions cannot easily be digitized, as this would involve intensive

typing or taking digital pictures that do not include important textual data, limiting the

abilities of users to search or iterate over the output. Digital tools and methods, such as

collaborative augmented reality, could be used to transcend these limitations and improve

the processes.

Augmented reality (AR) is a medium that has gained increased prominence in recent years

due to advances in commodity technology and lower prices [6]. It provides a higher level

Figure 1.1: Microsoft HoloLens AR headset (credit: https://www.roadtovr.com/microsoft-
hololens-augemtend-reality-virtual-reality-headset-microsoft-holographic-windows-10/)



of immersion than the two-dimensional screen of a computer or phone, especially when

used with a headset, but also does not completely remove a person from their physical

surroundings. AR is similar to virtual reality, but it involves starting first with the physical

world and then superimposing computer generated graphics onto it [17]. Typically, AR also

involves some interaction between the virtual and physical world, even if the interaction is

as small as anchoring virtual objects to a physical location. AR can be a powerful tool,

especially for overlaying additional information from the world around the user that the user

would not have been able to see otherwise — e.g., the 3D model of an underground mine

that an app allows a user to view from the surface. In Figure 1.1, we show the Microsoft

HoloLens, an AR headset that debuted in 2016 with a price of $3000 for the Dev kit and

$5000 for commercial [12].

Despite being a powerful medium, collaborative AR comes with its own set of challenges.

Immersive virtual environments can often require additional cues that would not normally

be considered or taken for granted in the real world. Kim et al. [14] showed the importance

of pointers and annotations in creating an experience that feels truly collaborative, where

each user feels as if they were sharing an environment together. Liao & Wang [16] demon-

strated how the additional visibility of hand gestures in a collaborative task can improve

communication between parties. Indeed, much of AR research is centered around construct-

ing affordances to make up for the lack of visual body cues or other kinds of cues taken for

granted in the real world [7, 9, 19]. Despite these challenges, we believe AR can be used to

augment group brainstorming.



The aims of this thesis are two-fold. The first is to evaluate the potential of AR for effective

brainstorming or affinity diagramming with remote users. The second is to observe the

performance of commonly used collaborative cues in a brainstorming task with remote users.

To accomplish the the first aim, the work can be split into a number of specific objectives.

The first objective is to create a virtual environment for AR headsets in which a user can

manipulate virtual sticky notes around a board. Secondly, the environment needs to be

networked so remote users can interact in the remotely shared environment. Lastly, collab-

orative cues need to be implemented so the remote users will be able to visualize what each

of them are doing and what they are manipulating.

The second aim involves altering the app from the first aim. The collaborative cues need

to be toggle-able so the investigator can enable or disable them during a study session.

Additionally, prefabricated notes need to be generated so that the study participants will

have notes to cluster. Finally, a new logging system needs to be added to the app that will

log interesting interactions to a text file.



Along with aims, we also had two research questions that we sought to answer in our user

study.

We consider the answers to these questions in the Discussion chapter.

In this thesis, we created a tool for brainstorming tasks, which we dubbed IdeaSpace. The

main contribution of our tool is the exploration of the potential of AR for remote affinity

diagramming. Additionally, we observed the inclusion or exclusion of common collaborative

cues in our tool to see how they fared, and found these cues had little impact on the clustering

tasks our participants completed, likely due to learning effects which we address in the

Discussion chapter.



In this chapter, we summarize past works relating to our project.

In recent years, AR and virtual reality (VR) technology has become increasingly accessible

to consumers and researchers thanks to dropping prices and improvements in usability [6].

As a result, collaborative AR and VR have seen increased popularity in the last ten years of

research.

Although collaborative AR has become popular more recently, remote collaboration is a

mature field where researchers seek to find the next best ways to design applications and

interfaces to take advantage of emerging technologies and methodologies. In this section, we

explore a number of works published regarding remote collaboration.

Higuchi et al. [10] created a digital whiteboard that was meant to simulate a real whiteboard

for remote collaboration. There were two prototypes, each consisting of a large touch screen

with a Kinect camera on one end or the other depending on whether it was the right or the

left board. The authors later tested their prototypes to see how well users could interact

from one board to the other using a teaching and a game task.

Tang et al. [23] attempted to design a tabletop interface that could support three-way

6



remote collaboration. After creating a program that ran on touchscreen tabletops, they

performed two user studies. The first user study was intended to determine if different task

types might favor different configurations of users in the workspace. They found that the

same-side configuration, where all users were represented as being on the same side of the

table, was best for text-based work and the around-the-table configuration, where the users

were spread in various positions around the table, was best for non-text-based work. Their

second study involved comparing media channel configurations for which was optimal in test

tasks. They found that the cues they offered worked reasonably well.

Liao & Wang [16] sought to understand the importance of hand gestures in computer me-

diated brainstorming. They constructed a user study with three conditions and compared

them. Their hypothesis that users would be more creative in media where they could see

each other was not supported by their results. However, they did find that users used hand

gestures more in these kinds of media than in audio only. It also seemed that gestures were

helpful for creativity. They used their findings to recommend hand gestures be incorporated

into computer mediated brainstorming programs in order to benefit users.

Gauglitz et al. [8] created a software application that could support collaboration between

a local worker and a remote expert. They were interested in discovering whether enabling

the remote expert to create in-world annotations that the local user could see in the desired

position would aid in a simulated real-world task. They designed a study mimicking a real-

world scenario that a remote expert would guide a local user through and compared their

world-stabilized annotation technique to a static annotation technique and a normal video

conferencing style. Users preferred their technique, but it was not significantly better than

the static annotation technique.

Scott & Inkpen [21] were interested in how people divide up tabletop spaces and whether

this knowledge could be used to improve tabletop digital interfaces. To investigate how



users segment tabletop spaces they held an observational study and identified three separate

area types: personal, group, and storage. Using these observations, they held a user study

where they segmented the tabletop task space and recorded how often actions occurred

in the various segments. This study helped them get a better idea of the area each of

their identified categories covered. Finally, they condensed their findings down into design

guidelines of future tabletop interfaces.

Widjaja & Takahashi [24] chose to design a distributed interface to support affinity diagram-

ming between remote users. They used a two-screen configuration, where one screen would

display the authoring space and the other would display the public space that all users could

see. They color coded authored ideas by user to help improve productivity. After designing

their interface, the authors held user study sessions that involved discussions of topics and

the use of their interface to present ideas, perform affinity diagramming, or other tasks.

They concluded from their experiments that the users were able to come up with more ideas

using their digital means than physical means.

Similar to Gauglitz et al. [8], Kim et al. [14] noted a number of problems with video

conferencing systems and sought to improve two factors they identified as “sense of being

together” and “connectedness”. They designed a prototype remote collaboration system,

with one user being considered the local user and the other considered the remote user. The

local user would be a user wearing a head-mounted device (HMD) or holding a handheld

device (HHD), and the remote user would be a user at a desktop computer, able to see

the video from the local user and make annotations or point to things. They conducted a

user study where they compared a number of conditions and found most users preferred the

pointer condition most, with the baseline coming in last.

Brennan et al. [3] were interested in improving visual search tasks with pairs of people.

They implemented a system for shared gaze that displays a gaze cursor for each user of the



user’s eye position, obtained from eyetrackers. Additionally, their system supported audio

communication between the two searchers. The task in their study was for the pairs to

collaboratively search for a letter O in a group of Qs. The study was also configured with

various communication conditions to try to gauge the effectiveness of each. They found

that users in the no-communication baseline (with no shared gaze or audio) showed far

more search misses than the other conditions. They also found users seemed to use various

strategies for spatial division of labor in the communication conditions. Interestingly, they

found that adding speech actually hurt rather than helped performance in the task. The

authors ultimately concluded that collaborative search is faster than solitary search and that

the shared gaze was effective enough to mediate collaboration.

Much like Brennan et al. [3], D’Angelo & Gergle [5] investigated a system of shared gaze

in order to improve collaboration in a paired task. They developed a study with three

settings: co-located, remote with shared gaze, and remote without shared gaze. The task

they gave their study participants was to assemble a puzzle, where users on computers could

move puzzle pieces by selecting two pieces at once. Shared gaze was displayed as a cursor

captured by eyetrackers with a smoothing function.

D’Angelo & Begel [4] devised a system to improve pair programming, a common practice at

technology companies, using shared gaze visualization. However, for this project they used a

processed eyetracking method in order to help slow down the visual cursor to mitigate biases

in the technology. Once they had implemented their method, they performed a study with

pairs of software developers and had them perform refactoring tasks with their visualization

method enabled and disabled. Following the study, the authors analyzed recorded screen

capture video. They found that users of their gaze visualization method had more gaze

overlap which indicated improved collaboration. Completion time seemed to stay the same

between the two conditions. They concluded their work by pointing out that their design



improved collaboration and was unobtrusive. They found participants used the gaze cursor

to refer attention to specific pieces. They also found, however, that the shared gaze could

be detrimental, especially when it was somewhat misaligned, causing the eye cursor to be

displayed over the wrong puzzle piece. The main contribution of the authors’ work was their

recognition that users of their shared gaze were able to collaborate and coordinate in similar

ways too the co-located users.

AR has been a topic of research for far longer than it was a practical reality. Novelists

envisioned a world where people could be surrounded by AR interfaces that helped them

in their everyday lives [17]. As AR technology matures and researchers explore it further,

it is important to have knowledge of what came before and what might await the field in

the future. In this section, we explore two works that provide brief histories of AR and give

predictions of its future.

Lukosch et al. [17] set out to document past visions of AR, the state of AR at the time, and

the work in collaborative AR that still needed to be done in 2015. They described myriad

scenarios and tasks where AR had been experimented with and the many ways in which

it could improve collaborative tasks that otherwise would be limited by the physical world

or commonly used digital technology. They emphasized the need for researchers to further

explore the realm of remote AR collaboration, discovering the ways in which the presence

and awareness of remote users could be improved. They also pointed out that research into

utilizing senses beyond simply aural and visual was rare and lacking.

Similar to Lukosch et al., Ens et al. [6] performed a survey of collaborative mixed reality

in 2018. The authors were seeking to provide an overview of collaborative mixed reality up
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