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Abstract

Remote pair programming has in recent years seen a surge in popularity, espe-
cially with the work from home movement. However, remote collaboration does
not carry all the benefits of co-located collaboration. There is a lack of non-verbal
cues, and referential communication is more difficult with remote work. These
disadvantages affect the quality of collaboration and the cognitive load of the re-
mote pair programmers. With the help of eye trackers, we design and evaluate a
feedback system for remediating the disadvantages of remote pair programming.
The system is implemented as a Visual Studio Code extension which provides
real-time gaze awareness and cognitive-load-based feedback. The feedback sys-
tem visualizes pair programmers’ gazes in the source code, and it indicates when
they are looking at the same area. It also provides feedback when their cognit-
ive load is too high. We conducted a within-subject-design experiment to test and
evaluate the feedback system. Pair programmers completed two debugging tasks
in a simulated remote pair programming environment with and without the feed-
back system. The feedback system helps remote pair programmers manage their
focus with their partners in a non-distracting manner. Programmers spent more
time looking at the same code area, i.e., the system encourages and increases joint
focus. However, the system does not reduce the programmers’ overall cognitive
load. The cognitive-load-based feedback was intrusive, although helpful. Future
work should investigate how cognitive-load-based alerts can be better triggered
and how to deliver the feedback.
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Sammendrag

Fjernparprogrammering har de siste drene sett en gkning i popularitet, spesielt
pa grunn av gkt bruk av hjemmekontor. Fjernsamarbeid har imidlertid ikke alle
fordelene som samlokalisert samarbeid. Det er mangel pa ikke-verbale signaler,
og referansekommunikasjon er vanskeligere med fjernarbeid. Disse ulempene pa-
virker kvaliteten pad samarbeidet og den kognitive belastningen til fjernparpro-
grammererne. Ved hjelp av gyesporere har vi designet og evaluert et tilbakemeld-
ingssystem for a redusere ulempene med fjernparprogrammering. Systemet er im-
plementert som en Visual Studio Code-utvidelse som gir blikkbevissthet og kognit-
ive belastningsbaserte tilbakemeldinger i sanntid. Tilbakemeldingssystemet visu-
aliserer parprogrammerernes blikk i kildekoden, og indikerer nér de ser pa det
samme omradet. Systemet gir ogsa tilbakemelding nér deres kognitive belastning
er for hgy. Vi gjennomfgrte et innen-emne-designeksperiment for a teste og evalu-
ere tilbakemeldingssystemet. Parprogrammererne fullfarte to feilsgkingsoppgaver
i et simulert fjernparprogrammeringsmiljg med og uten hjelp fra tilbakemeld-
ingssystemet. Tilbakemeldingssystemet hjelper fjernparprogrammerere med a ko-
ordinere fokus med partnerne sine pa en ikke-distraherende méate. Programmerere
brukte mer tid pé a se pa det samme kodeomrédet. Det vil si at systemet fremmer
okt felles fokus. Systemet reduserer imidlertid ikke programmerernes kognitive
belastning. Den kognitive belastningsbaserte tilbakemeldingen var pétrengende,
men nyttig. Fremtidig arbeid bgr undersgke hvordan kognitive belastningsbaserte
tilbakemeldinger kan bedre utlgses og hvordan man kan vise frem tilbakemeldin-
gene.






Acknowledgment

First, we would like to extend our sincere thanks to our thesis advisor Kshitij
Sharma of the Department of Computer Science at NTNU. His support and guid-
ance throughout these two semesters have been invaluable. He allowed this paper
to be our own work but provided directions and feedback whenever we needed it.
We would also like to thank a fellow eye-tracking master’s student Fredrik Svend-
sen for helping us with the recruitment process for our experiment. We are also
thankful to Sigrid Marita Kvamme and Espen Gudmundsen for keeping us com-
pany in much-needed lunch breaks and late-night writing sessions. We want to
thank Monica Plassen and Dee Roberts for their help with proofreading and for
giving vital feedback on our thesis. Lastly, we want to extend our gratitude to our
family and friends for continuous encouragement throughout our years of study.

vii






Contents

Abstract . . . . . . L iii
Sammendrag . . . . .. ... e e v
Acknowledgment . . ... ... ... ... ... ... . vii
CONtentsS . . . . . . . . ittt e e e ix
Figures . . . . . . . . e xi
Tables . . . . . .. xiii
Acronyms . . . ... e e XV
1 Introduction . ... ... ... ... ... ... 1
1.1 Motivation . .. ... .. ... e 1

1.2 Problemstatement . ... ... ... ...ttt 3

1.3 Structureofthethesis . ........................... 4

2 Background and Related Work . ... ..................... 7
2.1 Paperselection. .. ... ... ... ... 7
2.2 Joint Visual Attention. . . . . . . .. .. .t e 7
2.3 Cognitiveload . ... ... ... ... .. .. e 8
2.4 Using eye tracking to estimate cognitiveload . ... .......... 9
2.5 Feedback-tools using eye tracking for collaborative tasks . . ... .. 11
2.6 Visualizing aze . . . . . . . . ..t e 12
2.7 Signaling principle . . ... .. ... .. .. 15
2.8 Remote pair programming . . . . . . .. ... i i 16

3 Methodology . . . . ... .. i e 19
3.1 Researchdesign .. ......... ... ..., 19
3.1.1 Researchstrategy . ........... ..., 19

3.1.2 Designandcreation . ................iii..... 20

3.1.3 Experiment . .. .. ... ... ... 25

3.2 Implementation . . ... .. ... ...ttt 29
3.2.1 Logical View. . . . . .. . . . . i 30

3.2.2 ProcessView . .. .. ... ... 34

3.2.3 Development View . . . .. ... ... ... 41

ix



X A. Rimolsrgnning and O. Plassen: Eye-tracking studio

3.2.4 Physical View . . . .. ... . ... 43

3.3 Dataanalysis . . . . . ... 43
3.3.1 Quantitative . . . . . . . . . e e 44

3.3.2 Qualitative. . . ... .. ... . e 45

4 Results. .. ... ... .. .. e 47
4.1 Quantitativeresults . . . .. ... ... ... .. .. e 47
4.1.1 PerfOormance. . . . . . v v v vt it e et e 47

4.1.2 CognitiveLoad . . ... ... .. ... ... 48

4.1.3 JointVisual attention . .. ..................... 49

4.2 Qualitativeresults . . . . . . . ... e e 51
421 Alerts . . . ot e e e 52

4.2.2 Gazevisualization .. .......... ... ... ... ... 55

4.2.3 Communication and cooperation . . ............... 57

4.2.4 Adopting the feedback system . . . . ... ... ......... 60

5 Discussion . .. ... ... ... e 63
5.1 Interpretation and Implications of the results . . . .. ......... 64
5.1.1 Performance. ... ... ... ...t 64

5.1.2 Cognitiveload . ........... ... . ... .. .. . ..., 65

5.1.3 Joint Visual Attention . . . . ... ... ... ... ..... 66

5.1.4 Design of Feedback System. . . . ... .............. 67

5.2 Limitations and Future Work . .. ... ... ... ............ 68
5.3 Generalizabilityof Results . . . ... .................... 69
5.3.1 Rigour in the Qualitative Data Analysis . ............ 70

6 Conclusion . .. ... ... .. ... .. 71

Bibliography . . ... ... ... . ... 73



Figures

3.1 Gaze visualized in the left margin of the text document — with and

without joint visual attention. . . ... .................. 23
3.2 Joint visual attention and cognitive load alert notification styles. . . 23
3.3 Activity bar showing the Jump to partner and gaze toggle buttons. . 23
3.4 Gaze visualized in the left margin of the text document — with and

without joint visual attention. . .. .................... 24
3.5 Simplified logical view (class diagram) of the feedback system. . . . 31
3.6 Logical view (class diagram) of the feedback system. ... ... ... 32
3.7 Detailed logical view (class diagram) of the feedback system. . . . . 33
3.8 Process view (activity diagram) of joining and hosting a session. . . 35

3.9 Process view (activity diagram) of reading data from eye tracker to
sending data to partner. This process is continuation of Figure 3.8.. 35
3.10 Process view (activity diagram) of reading data received from part-
ner to stopping the session. This process is continuation of Figure 3.9. 36
3.11 Process view (activity diagram) of reading data from eye tracker to

sending datato partner. . . .. .. ... ..o v v n e 37
3.12 Process view (sequence diagram) of reading data from eye tracker

tosending datatopartner. . .......... ... ... 38
3.13 Process view (activity diagram) of reading data from eye tracker to

sending datatopartner. . ... ... ... ...t euunnenn.. 39
3.14 Process view (activity diagram) of reading data from eye tracker to

sending data to partner. . . .. .. .. ... ...t 40
3.15 Process view of how the system calculates cognitive load based on

pupil diameter and how it handle alerts. . . . . ... .......... 41
3.16 Development view of the system’s components. . ........... 42
3.17 Physical view which depicts the topology of software components

on the physical layer. . . ... ... ... . ... ... ... .. ... ... 43
4.1 Box plot showing mean ipa values for each condition. .. ...... 49

Xi



Xii

4.2

4.3
4.4

4.5

4.6

4.7

4.8

A. Rimolsrgnning and O. Plassen: Eye-tracking studio

QQ plot showing the correlation between the cognitive load in each
group and the normal distribution. . . .................. 50
Box plot showing mean cognitive load values in the three groups. . 51
Box plot of the amount of gaze overlaps between the two experi-
mental conditions. . ... ... ... L L 52
Concept tree showing answers from the interview when participants
discussed alerts. n is the number of pairs commenting on the concept. 53
Concept tree showing answers from the interview when participants
discussed the gaze visualizations. n is number of pairs commenting
on the concept. Only the themes with the highest frequency are
showed. . . . ... 55
Concept tree showing pairs’ comments in regards to cooperation
and communication. . . ... ... ... 57
Concept tree showing answers from the interview when the pairs
where asked if they would like to use the system in their day-to-day
remote pair programming. . . . . . . ..o v v et et 60



Tables

2.1

3.1

3.2
3.3
3.4
3.5

4.1

Gaze visualization design decisions . . ... ............... 15

Features of the feedback system (functional requirements). Does
not include features provided by third party applications (such as

shared document and cursor). . . .. ... .. i . 22
Attributes of the feedback system (non functional requirements). . 22
Experiment conditions and independent variables.. . . ... ... .. 29
Dependant variables measured during the experiment. . .. ... .. 29
Goals data points to collect during the interview. . . . .. ....... 30
Main themes identified from the interviews. . . . . ... ........ 53

xiii






Acronyms

API application programming interface. 20, 21, 30, 36, 39

CAQ Computer Attitude Questionnaire. 26, 47
CLT Cognitive load theory. 2, 8

CSCW Computer Supported Cooperative Work. 3
ETS Eye Tracking Studio. 21, 25, 41, 43, 63, 66, 72
FC feedback condition. 26, 28, 44, 45, 47, 48, 54, 59, 63-66, 68

IP Internet Protocol address. 31, 34

IPA Index of Pupillary Activity. 10, 11, 28, 30, 39, 40, 44, 48, 65

JVA joint visual attention. 1, 3, 4, 8, 11, 14, 16, 21, 26, 31, 39, 41, 44, 45, 49-53,
60, 63, 66, 67, 70, 71

LAN Local Area Network. 43

NFC no-feedback condition. 26, 28, 44, 45, 47, 59, 63-66, 68

NTNU Norwegian University of Science and Technology. 25, 69
PP pair programming. 1, 10
RPP remote pair programming. 1-4, 8, 12, 17, 25, 26, 30, 34, 43, 63-65, 69-71

VPN Virtual Private Network. 43

VS Code Visual Studio Code. 4, 20, 21, 25, 30, 31, 34, 36, 39, 41, 43, 68, 71

XV






Chapter 1

Introduction

1.1 Motivation

Remote pair programming (RPP) is increasing in popularity in conjunction with
improvements in technology. Recently, due to the COVID-19 pandemic, there has
been a surge in programmers working remotely from their homes [1]. However,
RPP does not carry all the benefits of co-located pair programming (PP). Ref-
erential communication, which occurs when speakers refer to an entity and its
location, can be challenging because there is a lack of non-verbal cues in remote
collaboration, such as gestures and pointing at a screen. This referring is often
carried out verbally using deictics and can cause misinterpretation in a remote
setting because of ambiguous verbal communication. However, gaze could be a
natural source of input information that can aid with disambiguation and benefit
collaboration [2].

Therefore, when pair programmers work remotely, communicating location in
code is not as easy as with co-located work. Ineffective communication can make
it difficult for pair programmers to know where their partner is looking, align their
attention and know whether or not they are on the same page. Furthermore, it
causes an unnecessary increase in cognitive load, which affects the pair’s perform-
ance when programming [3]. Tsai et al. [4] found that distributed pair program-
mers had a significantly higher cognitive load than co-located pair programmers.
According to Pietinen et al. [5] the frequency of the partners looking at the same
area, or their joint visual attention (JVA), in a collaborative programming context,
can indicate the efficiency of their collaboration. Thus, the collaborating pair must
be in a similar visual and mental space.

Therefore, we propose a feedback system for remote pair programmers which
will alleviate the aforementioned issues related to RPP. We will also evaluate how
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the system’s feedback can improve collaboration. We are not aware of any existing
feedback systems for helping pair programmers achieve joint focus and reduce
cognitive load.

Eye tracking

An eye tracker is used to measure and record the user’s gaze. Eye trackers have
evolved to become affordable and versatile devices and ubiquitous.

The gaze data produced by an eye tracker can be used to evaluate how users
interact with visual impressions being presented to them. Therefore, eye track-
ers are used in a wide variety of areas, ranging from gaming to various research
areas. For example, in software engineering research, eye trackers have been used
to study various tasks such as source code reading and debugging, comprehen-
sion of software artifacts, e.g., source code and UML class diagrams, and software
traceability [6].

This thesis proposes a feedback system utilizing eye trackers as a tool to im-
prove RPP. The system will mitigate missing non-verbal cues and gestures by using
gaze data provided by an eye tracker. At the same time, the gaze data collected
will be used to evaluate the feedback system using eye-related metrics.

Cognitive load

It is well established that working memory can only process a limited amount
of information at a time [7]. Therefore, limited memory affects learning because
learners must allocate their working memory to process both information which
leads to learning and information unrelated to learning.

Cognitive load theory (CLT) is a framework that categorises working memory
into different kinds of loads experienced during learning [3]. CLT states that ex-
traneous cognitive load — load imposed by inappropriate instructional design re-
lated to the learning material — does not contribute to learning. For example, the
extraneous load can be imposed by the split-attention effect, where a learner splits
their attention between multiple information sources [8, 9]. Therefore, when pro-
grammers experience cognitive overload, the extraneous load must be reduced
because overload hinders learning and understanding of the task at hand.

Thus, the feedback system should provide help when the programmers’ cog-
nitive load is too high. The help provided aims to reduce the extraneous load by
improving the presentation of instructional information related to the pair pro-
grammers’ task. Additionally, the feedback should reduce the cognitive load im-
posed by splitting their attention when communicating and coordinating location
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in the source code.

Feedback systems

We define a feedback system as a Computer Supported Cooperative Work (CSCW)
system for providing timely and meaningful feedback. Feedback systems can be
categorized based on who receives the feedback and the type of feedback given
to the users. For this thesis, we differentiate between feedback to self — where
feedback is given to yourself — and feedback to partner — where feedback is given
to your partner. In addition, we recognize two different types of feedback, namely
behavioral feedback and instructional feedback.

Previous research has evaluated and established the benefits of shared gaze
in feedback systems for remote cooperation [10-19]. However, few studies have
evaluated gaze awareness in a programming context. Stein and Brennan [20]
found that seeing a person’s gaze solving a debugging task before solving the same
task yourself (asynchronously) reduced the time spent finding the bugs. D’Angelo
and Begel [10] used real-time shared gaze in an RPP context and found that gaze
awareness increases JVA and improves referential communication.

For this thesis, we design a CSCW system that provides high-quality real-time
feedback to remote pair programmers. The feedback system targets pair program-
mers who are working synchronously and remotely. The programmers cannot
see their partner’s screen, so the system aids the pair in communicating location
through gaze sharing and encourage pairs to align their focus — called behavioral
feedback. In addition, the system provides instructional feedback to ensure that
the programmer’s cognitive load is not overloaded.

1.2 Problem statement

This thesis aims to design, develop, and evaluate an intelligent feedback system
that utilizes eye tracking in a remote pair programming (RPP) context. The goal
is to develop an effective and efficient system to provide programmers with help-
ful feedback when facing difficulties in synchronous RPP. In addition, since eye
trackers have become affordable and ubiquitous, we explore the use of low-end
eye trackers to gather gaze data from pair programmers and utilize this data to
provide real-time feedback.

The feedback system provides two distinct types of feedback in real-time — be-
havioral feedback and instructional feedback. The behavioral feedback will provide
gaze awareness by visualizing partners’ gazes. The instructional feedback will help
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to debug software by giving the pair hints when their cognitive load exceeds a cer-
tain threshold or providing instructions to align their attention when their gazes
have not overlapped during the last minute. Feedback will be provided based on
three gaze measurements — gaze coordinates, joint visual attention (JVA) and cog-
nitive load. Behavioral feedback is provided based on gaze coordinates, while in-
structional feedback is triggered based on their individual cognitive load and the
lack of JVA. The system will be developed for Visual Studio Code (VS Code), a
text editor with rich extension support.

Our study differentiates itself from previous studies on feedback systems by
providing different types of feedback — when the partners’ cognitive load is high
or when their JVA is low. The system will help programmers with a high cognit-
ive load by giving them instructional feedback with hints on how they can solve
the bugs. The system must be intelligent, meaning that it decides automatically
(in real-time) when to give feedback. We are not aware of any existing feedback
system which aims at solving the aforementioned issues related to RPP and by
providing instructional and behavioral feedback.

We define the following research questions:

RQ 1.
How do timely hints and feedback on cognitive load (instructional feedback) impact

the performance of remote pair programmers?

H1. Remote pair programmers using the feedback system will have a signific-
antly higher performance than pair programmers not using the feedback
system.

H2. Remote pair programmers using the feedback system will have significantly
lower cognitive load than pair programmers not using the feedback system.

RQ 2.

How does the knowledge of a partner’s gaze attention (behavioral feedback) impact
collaboration?

H1. Visualization of the partners’ gazes will significantly increase the level of
joint visual attention (JVA) compared to the condition without the visualiz-
ation.

1.3 Structure of the thesis

Firstly, in Chapter 1, the motivation behind this thesis is presented along with
its research questions. Also, it presents the current gap in research and how this
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thesis contributes to closing this gap. Chapter 2 provides an overview of related
work and how the relevant research was found and deemed relevant. It further
motivates our thesis and proposed feedback system and how it contributes to the
existing research. Chapter 3 describes and justifies this thesis’s research design
— how data will be collected and analysed. It also provides an overview of the
implementation details of the feedback system and its features. Lastly, it informs
researchers on how to recreate the feedback system. Chapter 4 presents our ob-
servations and findings from the data collection and the analysis. In Chapter 5,
the implications of the results are discussed, along with limitations, further work,
and the findings’ generalizability. Lastly, in Chapter 6, a summary of this thesis’s
work and contribution is given.






Chapter 2

Background and Related Work

2.1 Paper selection

We used a combination of database searches and the backwards snowball method
to conduct the background research [21]. Google Scholar! was used as the data-
base for finding papers. We searched for papers containing keywords related to
this thesis’ objectives — eye tracking, gaze, gaze awareness, gaze sharing, feedback
and remote pair programming. The title of the papers was used as the first criteria
for selecting those that appeared relevant. The papers which we deemed relevant
were used as the starter set for the backward snowball method; by reading the
reference list of each paper, we determined which seemed relevant or not. Once
we had gathered roughly 130 papers, we read through their abstracts to make
sure that the papers fulfilled our criteria, which were:

e the paper must be relevant to our objectives
e the paper is peer-reviewed and published
e empirical evidence or evaluation was used to prove their findings

In the following sections, we present key findings from our literature review.

2.2 Joint Visual Attention

A critical factor in learning and collaboration is achieving a joint focus of atten-
tion [5, 20]. Joint attention is defined as ‘the tendency for social partners to focus
on a common reference and to monitor one another’s attention to an outside en-
tity, such as an object, person, or event. [...] The fact that two individuals are
simultaneously focused on the same aspect of the environment at the same time

https://scholar.google.com/
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does not constitute joint attention. To qualify as joint attention, the social partners
need to demonstrate awareness that they are attending to something in common’
Tomasello [22, pp. 86-87].

In a face-to-face situation, the gaze is a vital nonverbal cue for communication,
and social interactions [23, 24]. Unfortunately, working remotely can offer some
difficulties in becoming aware of a partner’s focus of attention. Remote work can
cause problems when communicating and referencing points of attention, which
is an integral part of RPP. For example, discussing elements in a source code doc-
ument involves frequent referring to a specific part or line of source code. As a
result, remote pair programmers must often verbally refer to source code loca-
tions. Unfortunately, verbal descriptions of an object of interest are susceptible to
misinterpretation [25]. However, Zhang et al. [2] found that gaze can be used as
a natural input source for referential communication and improves collaboration
in co-located work.

Overlapping gaze between collaborating partners has been shown in prior
studies to indicate the quality of interaction and comprehension [26]. According
to Whittaker and O’Conaill [27, pp. 23-49], JVA, the synchronization between
two individuals’ gazes, is critical for effective collaboration and decision-making.
Kiitt et al. [28] also found that gaze sharing between partners enhanced partners’
attention awareness and encouraged joint attention.

Our study seeks to investigate the role of JVA in remote collaborative tasks.
Effective collaboration and the quality of interaction and comprehension have
been proven to be tied to JVA [5, 14, 26]. Therefore, our proposed feedback system
will provide remote pair programmers with gaze awareness by visualizing gaze in
their text editor. The goal is to give both partners an indication of where each
other is looking and an easier way of referring to locations in the source code. In
addition, the system will provide feedback to the pair when their JVA falls below
a certain threshold. By giving pairs instructional feedback when their attention is
not aligned, we hope to see an increase in the pairs’ JVA and thus increase their
performance and collaboration quality.

2.3 Cognitive load

CLT is a framework built on the notion that we experience different kinds of load
when learning [3]. It describes instructional design implications and how to man-
age working memory load to ensure successful learning and performance. Paas et
al. [29] categorized three different dimensions of cognitive load — intrinsic, ex-
traneous and germane load. Intrinsic load measures the load required for the task
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at hand, and germane load is associated with cognitive activities that enhance
learning. Therefore, the germane load should be increased to enhance learning
[30].

Extraneous load measures the cognitive load imposed by activities that do
not contribute to learning. This load is imposed by a sub-optimal format of the
learning task at hand and the presentation of information related to the task. By
definition, the extraneous load must be decreased because it hinders learning by
unnecessarily increasing the limited cognitive capacity. Therefore, this is the most
relevant dimension of cognitive load for our thesis.

We seek to decrease the extraneous load by providing feedback when the pair
programmer’s cognitive load reaches a certain threshold. Prior research has found
that measurement of cognitive load allows a system to adapt to the user’s cognitive
state and modulate task difficulty [31, 32]. Duchowski et al. [32] also concluded
that being able to distinguish users’ cognitive load has significant design and eval-
uation implications for interactive systems. In addition, by presenting each part-
ner’s gaze in the text editor, we hope to reduce the cognitive load imposed by
their split attention when communicating and coordinating location in the source
code.

While measuring cognitive load, it is important to accurately estimate how
difficult a person perceives the task at hand and how much mental effort the
subject uses and do this without distracting them. Measuring cognitive load can
play an essential part in providing feedback to users to avoid overloading them.
We will use cognitive load as a variable for measuring how difficult or how much
mental effort participants experience in solving the task at hand. Our feedback
system will provide instructional feedback based on the pair’s cognitive load, and
we expect to see a decrease in cognitive load when this feedback is triggered.

2.4 Using eye tracking to estimate cognitive load

Eye movement, such as pupil dilation, fixations and blink rate, have been shown to
detect cognitive states [33]. Task difficulty was first shown to correlate with pupil
diameter by Hess and Polt [34], who found that pupil size increases with working
memory load and executive load. It has since become one of the most popular
indicators of cognitive load. Several studies have proved pupil size to effectively
estimate the momentary load on a subject [34-38]. Kramer [38] argued that pu-
pil dilation could provide a reliable measure for processing demand in general.
Schulte-Mecklenbeck et al. [37] argued that fixation duration and pupil dilation
could be strong indicators of emotions, stress or cognitive load. Kahneman and
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Beatty [35] also showed that more difficult memory tasks induced larger pupillary
response, further supported by Krejtz et al. [36].

Measuring pupil diameter can be a sensitive process. Several factors can affect
pupil size, such as gender, anxiety, novelty, and light fluctuations [39]. Estimat-
ing cognitive load without interacting physically and thus distracting the subject
during the experiment is critical for accurately estimating it. Therefore, we must
take precautions to ensure that the cause of pupil responses from external factors
is limited.

The use of eye trackers to track cognitive load through pupil diameter has
gained traction due to their recent improvements in both affordability and accur-
acy. In addition, eye trackers can be used to measure pupil dilation continuously
with low latency [40]. The low latency means that the eye tracker data stream
reflects how pupil size reacts to visual information and the task at hand near real-
time.

Additionally, inferring cognitive load based on pupillometry has the added be-
nefits of being a non-invasive measurement with eye trackers and is less expensive
than other physiological methods, e.g. EEG [40]. Also, according to Pietinen et al.
[41], recording eye-related metrics in a PP situation must be done unobtrusively
and mimic a realistic setting. The programmers should be free to move their heads
or bodies as they would do in a natural setting.

When designing our feedback system, we will ensure to record eye metrics un-
obtrusively using eye trackers. The programmers will be free to move their heads
as they wish, avoiding unnecessarily increasing users’ cognitive load. The choice
of an eye tracker can also impact pupil diameter measurements. Our feedback sys-
tem will use the Tobii Eye Tracker 4C. Because this is an older model released in
2016, we do not get the benefits of the latest improvements in eye-tracker techno-
logy, which can give less accurate data measurements than newer eye trackers [42,
43]. For example, the Tobii Eye Tracker 5 has a higher gaze recording frequency
and has improved accuracy during head movements [44].

One of the most prominent approaches for calculating cognitive load using pu-
pil diameter has been to compare diameter relative to a baseline value [32]. How-
ever, this baseline-related measurement imposes several problems due to head
placement changes and illumination changes [32]. Therefore, Duchowski et al.
[32] propose an alternative to the baseline-related metric, which estimates cog-
nitive load based on relative moment-to-moment pupil dilation, called Index of
Pupillary Activity (IPA). IPA provide an alternative to eye-tracked baseline-related
pupil measures. The metric is based on relative moment-to-moment pupil size and
shows how IPA discriminates between task difficulty relative to cognitive load. The
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IPA is a technique that provides a psychophysiological measurement of cognitive
workload based on changes in pupil dilation. It is a wavelet-based algorithm re-
lying on wavelet decompositions of the pupil diameter. The IPA increases signific-
antly with task difficulty, and Duchowski et al. [ 32] suggests that the measurement
of pupil oscillation is a good alternative for estimating task difficulty and cognit-
ive load. They also provide complete documentation of the IPA algorithm and its
calculation.

Because of the IPA’s accuracy in measuring cognitive load and it being well-
documented, we chose the IPA measurement to calculate cognitive load in our
feedback system. However, as Duchowski et al. [32]’s research focused on evalu-
ating the effectiveness of IPA and how well it measured cognitive load, they per-
formed the calculations post-experiment. Therefore, in our contribution, we pro-
pose a system that calculates cognitive load continuously in real-time to provide
cognitive-load-based feedback to the system’s users.

2.5 Feedback-tools using eye tracking for collaborative
tasks

Using eye-tracking data to provide feedback to programmers collaborating on spe-
cific tasks has been proven to increase the quality of collaboration, and it signi-
ficantly improves the effectiveness of communicating locations in the source code
[10, 45]. Providing users with feedback to indicate a partner’s gaze location has
been suggested as an effective method to improve both communication and JVA
[10]. In the experiment performed by D’Angelo and Begel [10], participants ex-
pressed in post interviews that discussing locations in the code was perceived as
more effective with the feedback tool enabled.

Stein and Brennan [20] tested the hypothesis that one person’s visual focus of
attention represented as a cursor could be helpful in a software-debugging setting.
The experiment consisted of two phases. In the first phase, the participants, con-
sisting of professional programmers, searched for bugs in small Java programs.
In the second phase, a new group of participants were able to see the gaze of the
first group, who had solved half of the bugs in the source code. The second set of
programmers found the bugs more effectively when they could see the gaze of the
first group, suggesting that another person’s gaze can be a valuable indicator for
another person in a software debugging task. The gaze visualizations may have
helped by pointing out the bugs’ locations in the source code and limiting the
search area. Our study will apply their findings and take them one step further by
investigating how synchronous gaze awareness affects collaborative interaction
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in an RPP context.

Gupta et al. [15] conducted a user study to test a system prototype for remote
collaboration. They explored the effect of sharing pointing cues and gaze using a
head-mounted camera, eye-tracking camera and a head-mounted display. In the
experiment, participants collaborated as pairs. One of the pair’s partners was cat-
egorized as the local worker and the other as a remote helper. The task involved
constructing three-dimensional structures using LEGO Duplo pieces. They used
four conditions in the experiment. Only live video and audio were shared in the
no cue condition, while the pointer cue condition gave feedback as a green virtual
pointer. The eye-tracker cue displayed the workers’ gaze on the helper’s monitor
to show their focus of attention, and both pointer and eye-tracking cues condition
enabled the cues from all three conditions. Their qualitative feedback indicated
that the pointer and eye-tracking cues in conjunction helped the participants per-
form the task significantly faster. Furthermore, the eye-tracking cue condition saw
the same result as the pointer cue condition in significantly improved quality of
communication, collaboration and co-presence. Additionally, they found improve-
ments in the worker’s focus and the helper’s enjoyment.

The use of eye-tracking data in feedback systems when collaboratively solving
tasks has yielded undoubtedly beneficial results [10, 15, 20]. We need to consider
their design methods and conclusions when designing our new system. These are
their key takeaways: D’Angelo and Begel [10] found that communicating code
locations was more effective with a feedback system enabled. Stein and Brennan
[20] suggested that providing feedback could minimize the search area and make
more efficient bug locating. Gupta et al. [15] saw significantly faster task comple-
tion time with eye-tracking based feedback. These findings further motivate our
study, and we expect to see similar results with our proposed feedback system. We
take Stein and Brennan [20]’s study one step further by incorporating real-time
feedback from the partners’ gazes.

2.6 Visualizing gaze

According to Miller et al. [12], gaze visualization must be designed based on the
task characteristics. Several studies evaluated gaze visualisations [2, 10, 12, 18,
46, 47].

Maurer et al. [18] investigated the use of shared gaze in an online cooperative
game. They found that the gaze can be used for communication in games, but
the participants had an issue with continuously visualizing the gaze. Continuous
visualization confused the cooperating participants since they could not determine
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when the gaze was used as a means for communication or just unwanted input.
Therefore, they suggest that the players can toggle the visualization on and off to
mitigate this issue. We must carefully consider when and how to visualize gaze
to avoid making it distracting for our study’s purpose. Therefore, the feedback
system should give the user control over toggling gaze sharing on and off.

D’Angelo and Gergle [46] evaluated the effect of various gaze visualizations
on communication processes and their influence on collaborative performance.
In a collaborative searching experiment, participants tested different gaze visual-
ization for visualizing their partner’s gaze. The shared area visualization showed
when the partners’ gazes were overlapping as a black outlined circle. In contrast,
the heat map visualization depicted where participants had previously looked.
Lastly, the gaze path visualization depicted a trail of where the participants had
looked in the last three seconds.

The path and heat map visualizations were always enabled, while the shared
area visualization was only visible when the partners’ gazes overlapped. They
found that constantly showing the path visualization was useful, although dis-
tracting. This visualization supported the quick coordination of object locations.
The shared area visualization improved coordination and perceived utility without
distraction, as it only activates when their gazes overlap.

They suggest that partially available gaze visualizations should be further ex-
plored because the style is new. Therefore, we will also implement a shared area
visualization but not the gaze path visualization as it is too distracting. The heat
map visualization was the least useful and the most distracting — participants were
slower when solving the tasks with the heat map. Therefore, we will not visualize
gaze as a heat map in the feedback system. Although, compared to the no visu-
alization control group, some improvements in communicating object locations
were found.

Zhang et al. [ 2] investigated gaze sharing for co-located collaboration between
partners in a searching task using the same screen. They evaluated different gaze
indicators and how they affect coordination and communication between the part-
ners. The results showed that even though gaze enhances collaboration in this
specific task, the visualizations distracted the participants. There was a trade-off
between visibility and distractions, where task performance was influenced by
how the gaze was visualized. The gaze path visualization was the most distracting
and challenging to interpret for the participants. They also gave the participants
control over toggling the gaze on and off. While 15 out of 20 participants left the
gaze indicators on without ever turning them off, others toggled them off when
their gaze was thought to become too distracting, to signalize where the partners
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should look or to hide from the partner where they were looking. Even though
this study evaluated gaze visualization in a different context than ours, they high-
light the importance of preventing the visualization from being too distracting.
Therefore, users of our system will have control over when to display gaze.

Visualizing the gaze in a document’s left or right margin is an excellent way
to visualize the gaze in a remote programming context [10, 47]. Hill et al. [48]
investigated scroll bar visualization of computational wear of a document. They
argue that the relative mapping of the document height in the scroll bar is suitable
for providing an overview of placements and locations in the document. Addition-
ally, it collocates positional information with navigation controls, meaning users
can easily navigate to the location to which the information is related.

Yao et al. [47] visualized students’ gazes in a programming course to support
remote learning. One of the evaluated visualizations was the gaze indicated in the
scroll bar. The scroll bar visualization was helpful since the code spanned over the
screen’s height. In addition, because students could be working on different parts
of the code, this visualization made it easier for the teacher to get an overview of
every student’s gaze.

D’Angelo and Begel [10] visualized gaze in a remote pair programming exper-
iment where the participants were given source code refactoring tasks. The visu-
alization showed the current location of their partner’s gaze in the code. When
the partners looked at the same location in the code, the color of the visualization
changed. The visualizations were directly shown in the code editor in the left mar-
gin as bars. Their visualization increased JVA and used more implicit references
than explicit ones in their communication while being much faster at responding
to the references and communicating more efficiently. In a collaborative problem-
solving task, Schneider and Pea [49] also found that gaze sharing increases JVA
and that JVA is positively correlated with learning gain.

Research has shown that constant sharing of real-time gaze is helpful, al-
though distracting with the current form of visualizations that have been tested
[11, 46].

The visualization must show where each pair programmer is working and in-
dicate whenever their gazes are aligned. These visualizations must be unobtrus-
ively shown so that there is no ambiguity or uncertainty when using gaze for
spatial referencing. Based on D’Angelo and Begel [10] and Yao et al. [47] res-
ults, our feedback system will visualize the partner’s gaze in the left margin of the
document and in the scroll bar in what we believe to be a non-distracting way.
The visualization of gaze in the scroll bar is proportionate to the length of the
document, and its position will vary based on the number of lines of code in the
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document. Having a visualization in the left margin could make it more transpar-
ent where their partner is looking precisely in the code document and when they
are looking at the same area of the code.

A summary of the gaze visualization findings, and their implications on its
design for our study, is presented in Table 2.1.

Table 2.1: Gaze visualization design decisions

Findings Studies  Design decision

Continuously visualizing gaze is [2, 18] User decides when to toggle
distracting and causes confu- gaze on or off.
sion.

Visualizing gaze overlap isuseful [10,46] The gaze visualization will in-

without being distracting. dicate whenever partners’ gazes
overlaps.

Visualizing gaze in the docu- [10] Gaze will be visualized in the

ment margin is a good and use- document margin (next to the

ful visualization in a remote pro- line numbers).

gramming context.

Visualizing gaze in the scroll bar [47,48] Gaze will be visualized in the
is useful for seeing the location scroll bar.

in a document which is longer

than the height of the screen.

2.7 Signaling principle

As referred to by Van Gog [50], the signaling principle is the effect of multime-
dia learning material becoming more effective when cues or signals are added to
guide learners’ attention to the relevant elements or sections of the material being
presented. Mayer [51] conducted a review of two studies by De Koning et al. [52]
and Boucheix and Lowe [53], which explored different aspects of the signaling
principle with the help of eye-tracking data.

Boucheix and Lowe [53] studied how signaling cues affected learners while
playing piano and De Koning et al. [52] performed a study on visual attention
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around animations of the cardiovascular system. Eye movements were measured
in the presence and absence of visual cues. Both studies found that learners spent
more time looking at important features when highlighted. The studies also found
a strong link between eye-fixation time and learning outcomes. Mayer identified
‘spreading color cues’, which highlighted the relevant features of an animation as
the visual signaling that improved learning outcome or cognitive processing.

Kiili and Ketamo [54] performed a study on a game-based learning process.
Based on perceptual data, they evaluated the effectiveness of cognitive feedback.
The result indicated that the sooner players noticed the cognitive feedback (sig-
naling cue), the better they understood the game and the meaning of the feed-
back. Kiili and Ketamo’s results further support Van Gog [50]’s conclusion on the
appropriate and strong highlighting of vital elements.

In our proposed feedback system, users will receive a signaling cue when a
pair’s JVA falls below a certain threshold and continuously visualize the partner’s
gaze in the editor, which can also be viewed as a signaling cue. Boucheix and Lowe
[53] and De Koning et al. [52] found that highlighting increases time spent looking
at important features. In addition, Kiili and Ketamo [54] and Van Gog [50] further
supported appropriate and strong highlighting of necessary elements. Therefore,
with the proper use of the signaling principle, we can guide the pairs’ attention by
highlighting their partner’s gaze location to make it clearer that they are focusing
on the same area of the code.

2.8 Remote pair programming

Pair programming is a collaborative method where two programmers do program-
ming activities on the same code and display. Examples of such activities are
design, review and debugging. This method of collaboration is said to improve
productivity, and the quality of software products [55]. However, it requires co-
ordination and a shared understanding between the programmers.

Pair programming is usually done with two co-located programmers while
they share a display. However, Baheti et al. [56] showed that the co-located factor
could be neglected. They reviewed prior literature where the same benefits had
been reported when pairs worked spatially distributed. Pair programming is a
method which is well suited for studies of shared gaze awareness as the task is
synchronous and collaborative [10]. It is also a tightly coupled collaborative task
where physical affordances such as hand gestures and non-verbal cues play an es-
sential part in the collaborative process. Therefore, it is important to consider how
gaze is visualized, as attending to unintentional visualization of eye movement is
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disruptive [11, 46].

Remote work has seen a steady increase in popularity over the last decades,
especially during the last three years, with the pandemic converting large parts
of the workforce to work from home [1]. Technological advances have improved
the sustainability and efficiency of remote work. However, some of the physical
affordances we experience with co-located work, such as non-verbal cues, are
lost in a remote work environment [10]. Working remotely in groups or pairs
affects the ability to understand where one’s partner is looking. However, dual
eye-tracking solutions could help mitigate the lack of these abilities by sharing
gaze information between partners and thus incorporating non-verbal cues into
remote work [57].

RPP is a commonly used practice where developers work in pairs on a single
project where they do not sit next to each other. This method has been proven in
previous work to provide higher quality software, team cohesion, faster deliveries
and a high perceived value by the programmers [58, 59]. A survey conducted
by D’Angelo and Gergle [46] found that developers would like the flexibility of
RPP. However, the lack of existing tools failed to create an environment where it
could be done efficiently. Our work applies the dual eye-tracking methodology to
RPP and presents a feedback system to extend RPP’s current state. RPP is also a
method which is well suited for studies of shared gaze awareness as the task is
synchronous and collaborative. Our thesis evaluates our tool for sharing gaze and
providing feedback for pair programmers in a simulated remote setting.

D’Angelo and Begel [10] studied remote pair programming (RPP), where their
visualization of gaze was based on a mirrored display. Our solution supports each
programmer having their own separate view of the system, enabling pairs to col-
laborate on a source code base without mirrored displays or screen sharing.






Chapter 3

Methodology

3.1 Research design

First, we design and create a feedback system based on previous research findings
and implement a novel cognitive-load-based feedback mechanism. Then, we con-
duct a true experiment to identify the potential effects of the feedback system on
pair programming. The feedback system will be the experiment’s artefact. After
that, we perform a repeated-measures experiment using a within-subject research
design and collect quantitative and qualitative data. Finally, we analyse the data
collected.

3.1.1 Research strategy

This study’s research strategy was structured into two parts — design and creation,
and experiment. For the first half of the thesis, we designed and created a feed-
back system that would be used as an artefact in an experiment. The experiment
aimed to discover and evaluate the feedback system’s effect on the users, or more
concretely, to answer our research questions. According to Oates [60, p. 109],
a research project that follows the design and creation strategy must show aca-
demic qualities, such as analysis and critical evaluation, to be considered research.
Furthermore, it must also contribute to knowledge. Therefore, we combined the
design and creation strategy with the experiment strategy to analyse and evaluate
real-world usage of the feedback system, thus contributing to knowledge. How-
ever, the design and creation strategy can also contribute to knowledge on its own,
by exploring and implementing technical novel ideas. Therefore, we aimed to
contribute to knowledge by implementing and evaluating a new type of feedback
not previously researched. The new type of feedback is explained in Figure 3.15,
namely cognitive-load-based feedback.

19
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3.1.2 Design and creation

The goal of the feedback system is to help remote pair programmers debug by
improving the communication between them and reducing their cognitive load.
The feedback is based on gaze data gathered using a dual eye-tracking setup with
Tobii Pro 4C trackers'. Each pair programmer will have an eye tracker connected
to their computer. The system is intelligent, meaning that the data gathered is
analyzed in real-time to provide automatic feedback while the programmers are
debugging. The feedback is provided directly in the text editor they are using.

VS Code? is built with a focus on extensibility; its extension application pro-
gramming interface (API)® makes it ideal for implementing a feedback system
imposed in the text editor. Therefore, the feedback system is implemented using
the VS Code text editor. To provide remote collaborative editing and debugging
capabilities for the collaborators, the system uses Duckly*. Duckly is a VS Code
extension which enables real-time sharing of code between pair-programmers
synchronously collaborating remotely. The extension visualizes each programmer
working in the editor with a coloured cursor of where the users cursor is currently
located. Marked text is also highlighted to the partner. We also considered using
Live Share, a VS Code extension created by Microsoft, allowing programmers to
share and collaborate on projects while debugging jointly remotely. However, one
limitation of using Live Share is that it indicates each user’s location in the over-
view ruler (scroll bar), which our system also does. Therefore, Live Share conflicts
with our feedback system’s visualization. Thus, we opted for Duckly instead.

To work with and access the data from the eye trackers, the Tobii Pro SDK is
used. The SDK needs to pass data to the VS Code extension. Therefore, because
the SDK is written in Python, data is shared between the extension and the SDK
through websockets®.

We designed the feedback system and gaze visualization based on the literat-
ure review findings described in Chapter 2 and outlined in Table 2.1. The system
provides real-time gaze awareness to the pair collaborating in the overview ruler
(scroll bar) shown in Figure 3.4 and in the document border, next to the line num-
bers shown in Figure 3.1. However, the visualization in the document border is
only visible to the partners if they have an overlapping viewport. Therefore, they
will not know where each other is looking if they are not scrolled to the same area.

Thttps://web.archive.org/web/20191219134435 /https:/ /gaming.tobii.com/tobii-eye-tracker-
4c/

2https:/ /code.visualstudio.com/

3https://code.visualstudio.com/api

“https://marketplace.visualstudio.com/items?itemName=gitduck.code- streaming

Shttps://developer.mozilla.org/en- US/docs/Web/API/WebSockets API
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We also visualize gaze in the overview ruler to counteract this missing information
since the overview ruler height is relative to the document height. Thus, the gaze
location will always be visible to the partner.

The document border visualization is nine lines high to allow a margin of error.
Thus, we add four lines on either side of the gaze coordinate from the eye tracker.
Because each line in the document is 19 pixels high, the visualization is 19px -
9 = 171px high. Once the participants’ gaze overlaps, the visualization changes
color to green, illustrated in Figure 3.1a, where the visualization is pastel blue
and green in Figure 3.1b. We carefully designed the gaze visualization to avoid
becoming more distracting than informative. The colors were changed from bright
red and green to a more muted pastel blue and green based our initial pilot testing
feedback. As we wanted to reinforce the importance of JVA, the visualization color
changes to green.

We define two non-functional requirements for Eye Tracking Studio (ETS):
performance and usability. The performance of the feedback system must be high
to handle real-time remote collaboration with a shared gaze. Usability is important
for the users to avoid the system being difficult to use or more distracting than
helpful. These requirements are summarised in Table 3.2.

The eye tracker generates gaze data with a 90 Hz refresh rate. However, ren-
dering the gaze 90 times each second makes the visualization appear very bouncy
and choppy. Therefore, to make the gaze sharing appear more smooth, we im-
plemented an exponential moving average calculation of which lines to draw the
gaze in the text editor document. In addition, we limited the rendering rate to 60
Hz, which reduced the load on the system, to fulfill NFRO1. Another measure to
reduce distraction was the toggling gaze visualization on or off feature, using the
button in the activity bar, as shown in Figure 3.3. This feature allows users to turn
off the visualization whenever they feel that it becomes too distracting, fulfilling
NFRO2.

When clicked, the button Jump to partner moves the editor view to the part-
ner’s gaze location in the document. This feature was also accessible with the
shortcut (ALT+P). Alternatively, they could click on the gaze visualization in the
overview ruler. As Figure 3.2 shows, the instructional and behavioral feedback
is presented as a modal covering the editor and forces the user to respond. We
decided to provide feedback as a modal due to the VS Code API guidelines stat-
ing that a modal should be used when immediate user input is needed and only
one input is needed®. We need immediate user input to give them hints for the
debugging tasks. In addition, during the pilot trials of the feedback system, the

6h‘ctps ://code.visualstudio.com/api/references/extension-guidelines#notifications
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participants did not always notice the notifications when they were shown as a
toast notification in the lower right corner, which argues for a modal alert. The
system gives the users feedback on what they should do to improve their collab-
oration. The feedback is instructions to align their focus of attention. In addition,
when the system noticed their cognitive load was high during the experiment, we
physically gave them hints for finding and solving the bugs in the source code. A

summary of the system’s functional requirements is given in Table 3.1.

Table 3.1: Features of the feedback system (functional requirements). Does not

include features provided by third party applications (such as shared document
and cursor).

ID Feature Description

FRO1  Host session Start a gaze sharing session.

FRO2  Join session Join a gaze sharing session.

FRO3  Stop session Stop and leave a gaze sharing session.

FRO4 Gaze document Visualize partner’s gaze in next to the docu-
margin ment lines.

FRO5 Gazein overview  Visualize partner’s gaze in the overview ruler
ruler (scrollbar).

FRO6  Joint visual atten- Indicate that the partners have achieved joint
tion visualization  visual attention.

FRO7  Joint-visual- Give feedback to the partners that they need to
attention-based align their gaze.
alert

FRO8  Cognitive-load- Give feedback to the partners that they can re-
based alert ceive hint to reduce their cognitive load.

FRO9  Jump to partner Scroll to partner’s gaze location in document.

FR10 Toggle gaze Turn the gaze visualization on or off.

Table 3.2: Attributes of the feedback system (non functional requirements).

ID

Requirement

Description

NFRO1 Performance

NFRO2 Usability

Sharing gaze should happen in real time (avoid
lag and delays).
Should not be invasive or intrusive.
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Figure 3.1: Gaze visualized in the left margin of the text document — with and
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(a) Cognitive-load-based alert. (b) Joint-visual-attention-based alert.

Figure 3.2: Joint visual attention and cognitive load alert notification styles.
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Figure 3.3: Activity bar showing the Jump to partner and gaze toggle buttons.
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(b) Overview ruler (scrollbar) visu-
(a) Overview ruler (scrollbar) visu- alization of gaze with joint visual at-

alization of gaze. tention.

Figure 3.4: Gaze visualized in the left margin of the text document — with and
without joint visual attention.
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3.1.3 Experiment

In the second half of the research strategy, we conducted an experiment using the
ETS feedback system in a simulated remote pair programming (RPP) context.

Participants

We recruited participants to test our feedback system. Our target group was stu-
dents with a basic understanding of programming and debugging in the Python
programming language. First, we recruited participants using self-selection sampling
[60]. We posted the experiment sign-up form on various physical and online
bulletins at the Norwegian University of Science and Technology (NTNU). How-
ever, the sign-up rate was meager, so we invited participants using convenience
sampling, which yielded a higher sign-up rate.

Forty participants were recruited, yielding 20 pairs. Sixteen of the participants
were students enrolled at NTNU with experience in programming and Python.
The students ranged from bachelor level studies to doctoral level. Four of the
participants were not students but had worked in the programming industry for
three years. Every participant received a 200 NOK gift card as compensation for
participating. In addition, two randomly selected participants received 500 NOK
gift cards. Each pair spent one hour and thirty minutes completing the experiment.
The participants were randomly assigned to pairs, or they could sign up for the
experiment as a pair.

Setting and procedure

Before conducting the experiments, we performed two pilot tests to discover any
major flaws with our feedback system. We discovered several things that needed
improvement. Initially, we designed the gaze visualization using bright red and
green colors. However, the pilot testers gave us feedback that these colors were
too dominating and caused many distractions. Therefore, we changed the colors
to more muted pastel blue and green. We also found a discrepancy in program
complexity between the two debugging task’s source codes. Therefore, we found
that each bug fixed in the more complex program would be worth 1.5 points,
while the other program would be worth 1 point for each bug fixed. Lastly, we
found that the pilot testers did not notice when an alert was shown as a toast
notification in the lower right corner of VS Code. Therefore, we changed the alert
to cover the screen because we wanted to force an answer from the user.

We also used the pilot tests to verify that the instructional feedback thresholds
were appropriately set. We found that 1 minute without any overlapping gaze was
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suitable for providing JVA-based feedback (FR07). Additionally, an cognitive load
increase of 18% in over 20 seconds was fitting for giving cognitive-load-based
feedback (FROS8).

During the experiment, participants were situated in the same room. How-
ever, their monitors were placed back-to-back, and a wooden board separated the
pair to simulate an RPP session. Therefore, they could not see each other, but
they could speak to each other freely. They were free to move their head as they
wished, as in a real-world RPP context. The pairs edited the source code in a
shared document and could see each other’s code changes in real-time.

Each pair was exposed to all conditions in a within-design experiment struc-
ture, where the conditions are our independent variables. The two conditions are
the no-feedback condition (NFC) and the feedback condition (FC), which are sum-
marised in Table 3.3. The NFC was the control condition where the participants
pair programmed without the help of our feedback system, i.e., no gaze awareness
nor cognitive load based feedback. The NFC served as a baseline for comparing
the feedback’s effects on the pairs. For the FC, the participants pair programmed
with our feedback system enabled. The condition order was counterbalanced to
avoid any potential ordering effect. Half of the pairs were exposed to the feed-
back system enabled condition first, while the other half had the feedback system
disabled in the first condition.

Every experiment session began with us introducing ourselves to the parti-
cipants. Then, we gave them a consent form to sign to be eligible to participate
in the experiment. The consent form informed the participants about the data,
especially personal data, which we would collect from them. The experiment was
structured into three parts. In the first part, the participants answered two self-
report questionnaires. In the second part, they performed the two conditions, and
in the third and final part, they attended an interview. The first questionnaire
measured their attitude toward computers using the Computer Attitude Ques-
tionnaire (CAQ)’, which estimates an enjoyment and motivation score for each
participant. The second questionnaire measured their program comprehension
and expertise with the Python programming language and its syntax. We meas-
ured their Python expertise to compare it with their task performance during the
experiment. The pair spent 5 minutes answering the CAQ questionnaire and 15
minutes on the Python expertise questionnaire.

After completing the pre-tests, we calibrated the eye trackers against each
participant using the 6 point calibration method provided by Tobii Eye Tracker

“https://iittl.unt.edu/content/computer-attitude-questionnaire-caq
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Manager®. Then, we gave a tutorial on how the feedback system worked and
explained all of the system’s features. Section 3.1.2 explains every feature of the
feedback system.

The text editor used the default font (Consolas, 14 pixels) and the default
line-height (calculated based on font size and equals 19 pixels). The participants
used two different screens, one 1920x1080 pixels screen while the other screen
was 1920x1200 pixels. The feedback system accounts for different screen sizes,
however they will not affect the experiment results because gaze coordinates are
transformed to the corresponding line in the document opened in the text editor.

The participants debugged two Python programs while we monitored their
gaze in both conditions. However, the feedback system was enabled for only one
of the tasks. We handled the hosting (FRO1) and joining (FR02) a session in the
feedback system so the pairs could focus on debugging rather than the set-up. The
pair debugged in the same document and could see each other’s source code edits
in real-time. Whenever the feedback system noticed the participant’s cognitive
load was high, we physically gave them hints for finding and solving the bugs in
the source code if they wanted. They could also ask for a hint whenever they were
stuck on a bug (in both experimental conditions). We gave them hints on a paper
note with a source code snippet of the bug. The line that needed to be fixed to
solve the bug was marked on the paper, briefly explaining its functionality. Each
bug had a corresponding hint and was constant for every experiment.

They were given 20 minutes to solve the program bugs for each condition.
The participants had to debug two games implemented in Python. We made our
versions of the games Snake® and Tetris'® as these games are so popular that our
participants most likely would have played them before or be familiar with them.
Being familiar with the games makes it easier for the participants to only focus on
the program comprehension without also learning the game’s rules and the game-
play. The bugs are only tied to the game logic, not the programming language’s
syntax. In addition, these games are simple to make and do not require many
lines of code, meaning that the code fits into one file for each game. However,
the drawback of using two different programs is that the programs might differ in
complexity concerning comprehension and bug difficulty. Therefore, the programs
must be similar in difficulty so that the results from each condition are compar-
able. Achieving similar difficulty is not easy as these are two different games with
different game logic and complexity. The Tetris program had six bugs, while the
Snake program had five bugs.

8https://www.tobiipro.com/product-listing/eye-tracker-manager/
°https://en.wikipedia. org/wiki/Snake_(video_game_genre)
10https ://en.wikipedia.org/wiki/Tetris
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Before each debugging task, we showed the participants the bug-free version
of the program they were about to debug. This was to make them understand how
the finished game works and how it is played. We structured the experiment so
that the participants would alternate between debugging with feedback or without
feedback first. However, the game they debugged with and without feedback was
always constant. Tetris was debugged in the FC, while Snake was debugged in
the NFC. We decided to have fixed games for the conditions to have a common
baseline for comparing the test results. The pair’s performance was given based on
their debugging score, i.e. how many bugs they were able to fix for each condition
and how much time they used.

Once the pair had completed both conditions, we interviewed them about their
experience with the system. The interview lasted approximately 10 minutes and
was held as a group interview.

Data collection

We gathered both quantitative and qualitative data from the experiments. We
chose a mix of quantitative and qualitative data collection approaches as data
regarding the system’s user experience is not easily captured through quantitat-
ive methods, e.g., system log data. In addition, because experiences and feelings
are not easily captured through questionnaires, we interviewed the participants
to capture their emotions [60, p. 187].

Before the debugging phase of the experiment, participants answered two
paper-based self-report questionnaires. They were the Python experience pretest,
yielding a Python experience score for each participant and the computer attitude
questionnaire for estimating motivation and enjoyment scores with computers.

The system logged usage data from the participants during the experiments.
The data collected was pupil diameter from both eyes, gaze as coordinates, gaze
in the program file as line numbers, IPA, timestamps of when instructional feed-
back was triggered and the type of instructional feedback. We also recorded audio
during the task solving phase and the user’s screens with a screen capturing pro-
gram. Once they had completed their tasks, we saved the program files to note
how many bugs they solved and analyze their debugging performance. We also
noted which hints they received during the experiment. Their time on task, e.i.,
time spent solving the bugs, was also recorded. Table 3.4 summarises the depend-
ent measures we collected for both experimental conditions.

User interaction with the system was also logged. Whenever the user used any
of the feedback system’s features, i.e., the jump to partner command, the toggle
gaze on and off command and the responses to the instructional feedback, the
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system logged the interaction.

After each pair had completed their debugging tasks, we interviewed them in
a semi-structured group interview. We opted for a semi-structured interview be-
cause we could ask them additional questions if something came up during the
interview that we had not thought about asking beforehand. Therefore, we could
get a deeper understanding of the participants’ experiences. The goals of the in-
terview are summarized in Table 3.5. We used 10 minutes to interview the parti-
cipants and recorded their answers with a voice recorder. The interview recording
was later transcribed.

Table 3.3: Experiment conditions and independent variables.

Condition Description

No-feedback (NF) Feedback system disabled
Feedback (F) Feedback system enabled

Table 3.4: Dependant variables measured during the experiment.

Data Source Measure Description
Gaze Joint visual Overlapping gaze between the collabor-
coordinates attention ating partners.
Time on task Task completion Used to measure performance of the par-
time ticipants.
Source code Bugs fixed Used to measure performance of the par-
ticipants.

Pupil diameter  Cognitive load  The cognitive load imposed on the parti-
cipants.
Hints Performance Which hints was given to each pair.

3.2 Implementation

This section describes the system implementation following the 4+1 architectural
view model [61]. The diagrams are abstractions of the real system, and some
simplifications of the system details have been made to improve the readability.
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Table 3.5: Goals data points to collect during the interview.

Data Point Description

User experience Overall experience with using the feedback system.
Perceived collaboration = How users perceived the use of the system regard-
ing collaboration.

Adoption If the users would like to adopt the system in their
day-to-day programming.

Graphical design How the users perceived the gaze visualization.

The best and worst fea- Which features they liked the most and which they

ture did not like and why.

3.2.1 Logical View

As shown in Figure 3.5, the logical view diagram shows the relationship between
the classes of the feedback system. Only the most vital classes and relationships
are modeled to improve the readability of the diagrams. In addition, every class in
the frontend has access to the interfaces defined in 3.6. The interfaces have been
omitted from the main diagram to improve readability. In addition, the VS Code
API is also available for every class in the frontend, but this low-level API is not
modeled to increase readability. Figure 3.7 shows a more detailed system diagram
with the most interesting class methods and variables.

The system is structured into a frontend and a backend part, represented
by the colored squares in the diagrams. We define the backend as the part of
the system which reads and parses data from the eye tracker. Additionally, it
deserializes the gaze data and sends it to the frontend. The backend is a Python
script executed by the frontend, e.g., when a RPP session is started. The Connec-
tion_Manager opens a connection to the frontend WebSocket and initializes the
Gaze_Data_Producer class, which subscribes to the eye tracker data using the low-
level package Tobii Pro SDK. The Gaze _Data_Producer then calculates the user’s
cognitive load using the IPA algorithm. It also determines if the cognitive load
has reached a state where the system should give feedback to the user. The gaze
data, which mainly contains gaze coordinates and if an alert should be shown or
not, is sent to the frontend through the full-duplex WebSocket connection. The
MessageManager class handles the gaze data in the frontend and manages both
the backend WebSocket connection and the partner WebSocket. This class serial-
izes the incoming data and determines what to do with it. The class depends on
the GazeDataManager class, which will use the gaze data to translate the gaze co-
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ordinates to the corresponding code line in the program file, which is open in the
editor. Then, the MessageManger deserializes the data and sends it to the partner.

The session host publishes their WebSocket Internet Protocol address (IP) to
Firestore!!, a cloud-hosted NoSQL database, to establish a connection to a partner.
The FirestoreManager class handles this. The partner can then join the session by
fetching the IP and connecting to the WebSocket. Once a connection has been
established, the pair will exchange gaze data. The MessageManager will convert
the data into a GazeData object when a partner receives data. It also checks if
any alerts should be shown, handled by Alerts. Finally,MessageManager passes the
GazeData object to the GazeDataManager, which uses this object to visualize the
gaze in VS Code. It also checks if the partners’ gazes overlap, thus having achieved
JVA.

Backend

Websocket

Connection_Manager

Tobii SDK

Gaze_Data_Producer

External

Cognitive_Load

Frontend

VS Code API

Firestore

. [ i I ] '
‘ ton ] ¢ ds || ] [ dumpr | [F ager | External

BackendSocket

| screenResolution_ | [ startspkworker [ cazen ]

|
I ! ! ! !
[ Aets | [ Expo ge | [ D | [[PreviousDraw | [ Timer |

[ pocument | [ prawoverviewrulerDecoration | [ DrawBorderecoration |

GazeCoordinates

Figure 3.5: Simplified logical view (class diagram) of the feedback system.
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SDKData

RawDataFromSocket

UserData

type: String
data: Gazedata

range: Array<CObject<Int,Int>>
timeStamp: Int
documentPath: String
cognitiveLoad: CognitiveLoad

range: Range

timeStamp: Int
documentPath: String
cognitiveLoad: CognitiveLoad

alert: Alert alert: Alert
¥ A 4 A 4
GazeData CognitiveLoad
leftEye: EyeData N ipa: Float?

rightEye: EyeData
timeStamp: Int
cognitiveLoad: CognitiveLoad

ipaMean: Float?
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alert: Alert
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EyeData Alert
x: Float type: String
y: Float showAlert: Boolean
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diameter: Float

validity: Int

Figure 3.6: Logical view (class diagram) of the feedback system.
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3.2.2 Process View

Figures 3.8 to 3.10 shows the process view. The views describe the system’s flow in
a high-level manner where essential processes are modeled. To increase the read-
ability of the diagrams, we split the processes over three diagrams, even though
they are consecutive processes. The vertical lines in the diagrams indicate where
a process is split; the processes that end in a vertical line are continued in the fol-
lowing figure, which starts with a vertical line. The primary process starts when
a user hosts an RPP session or joins a session. Once a connection between the
partners has been established, the succeeding process is equal for both partners.
A more detailed description of the processes is depicted in Figures 3.11 to 3.14.

Figure 3.8 shows the hosts starting a WebSocket server, pushing the server’s
IP to Firestore'? and then waiting for the partner to connect to the session. The
partner fetches the server IP and then connects to the server. Once a connection
between the partners has been established, they start a second WebSocket for
listening to gaze data produced by the backend. The backend processes the data
generated by the eye tracker, which involves calculating the cognitive load and
sending the data in a format that the frontend can understand. The frontend sends
gaze data to the partner once it receives it from the backend. Then, the partner
visualizes the gaze data in VS Code and shows an alert if the partner had a high
cognitive load or if their gazes have not overlapped during the last minute. When
either partner wishes to leave the session, they execute the Stop Session command,
and all WebSocket connections are closed, and the session is stopped.

Joining and hosting a session

Figure 3.11 shows a detailed model of the internal calls and objects of hosting and
ending a session. A user starts a session by executing the Host Session command
from VS Code. The command will use the MessageManager object to start a Web-
Socket server, which pushes the WebSocket IP to the Firestore database. Then, the
user’s partner can join the session by executing the command Join Session, which
invokes the connectToPartner function of the MessageManger. This function fetches
the host’s WebSocket IP and then connects to it. Once a connection has been es-
tablished, the MessageManager will open up a new WebSocket for the backend
communication. Next, the MessageManager calls the startSDKWorker function to
open a backend WebSocket, initializing the SDKWorker object. The backend pro-
cess is modelled in detail in Figure 3.14, but is left out of Figure 3.11 to improve
the readability. Once messages are received from a partner, the data is serialized

12h‘ctps ://firebase.google.com/
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Figure 3.8: Process view (activity diagram) of joining and hosting a session.

il con

nected to —{ comecton |—»{
\</ Tostalert ®

———— Terminate

Calculate
gazelines

‘Show CL.
@ o

S

Terminate

Lisen o 0 ‘
sten o data
Start backend Proces eye cacuae D v [ |
WebSocket | 7| femeve > Hioh L Yoo Hicy an i |
J U
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ner to stopping the session. This process is continuation of Figure 3.9.

and handled by the GazeDataManager.

Once a user wants to leave a session, the user will execute the Stop Session
command. First, the command will close all connections which the MessageM-
anager has open. Then, the MessageManager resets the GazeDataManger object,
which involves removing any rendered visualization in VS Code and the moving

average calculation.

Jumping To Partner

Figure 3.13 shows the process of jumping to a partner. First, the user issues the
Jump to Partner command. Then, the GazeDataManager handles the action using
the VS Code API function revealRange, which will scroll the user’s document to
the partner’s gaze location.

Handling gaze data

Figure 3.14 illustrates how the frontend uses the data received from the backend
to visualize gaze. The process is message-driven and starts when the backend
sends data over a WebSocket to the frontend. The MessageManger will serialize
the data and then convert the gaze coordinates to the corresponding line of the
document opened in the editor. Then the data is sent to the partner through the
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Figure 3.13: Process view (activity diagram) of reading data from eye tracker to
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partner connection. MessageManager checks if the backend has detected that a
cognitive-load-based instructional alert must be shown due to high cognitive load.
If the showClAlert flag is equal to true, the showClAlert function of the Alert object
will be called. The object, will in turn, call the showWarningMessage function of
the low-level VS Code API, thus giving the user instructional feedback.

When a message is received from the partner, the MessageManager will parse
the data and use it to visualize the partner’s gaze. It also checks if the partner
has the showClAlert flag set. If the flag is set, an alert will be shown. Finally, when
drawing the partner’s gaze, the GazeDataManager will check if their gazes overlap,
thus achieving JVA and giving behavioral feedback.

Calculating cognitive load

We implement Duchowski et al. [32]’s proposed cognitive-load metric Index of
Pupillary Activity (IPA) for measuring a user’s cognitive load. Figure 3.15 depicts
the logic for calculating the cognitive load and how the system determines to give
instructional feedback to the users with high cognitive load. This whole process
is message-driven, meaning that for each gaze recording received from the eye
tracker, which occurs with a 90 Hz frequency, cognitive load is calculated.
Calculating cognitive load in real-time has not been done in this manner. Pre-
vious studies have calculated cognitive load based on eye-tracking metrics, but
only post-experiment [10]. Our feedback system incorporates real-time calcula-
tion of cognitive load and provides feedback based on this measurement. Thus, we
experimented with using a rolling window of pupil diameter values. The rolling
window stores pupil diameters from the last two minutes and the values are used
to calculate the moment-to-moment IPA value. Using a rolling window mitigates
abnormal IPA values caused by wrong readings from the eye tracker and avoids
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Figure 3.14: Process view (activity diagram) of reading data from eye tracker to
sending data to partner.

outliers.

The system calculates an average IPA value using the moment-to-moment val-
ues from the last two minutes to trigger cognitive-load alerts. The value is com-
pared to the moment-to-moment value of IPA. The user is cognitively overloaded
when the percentage change of moment-to-moment IPA is above 18% compared
to the average IPA for at least 20 seconds. The 18% threshold was selected based
on the results from our pilot tests, which showed that a minimum 18% increase
for at least 20 seconds fitted for the pilot testers’ cognitive load. The system sets
an alert flag to true in the backend, triggering a cognitive-load alert for both par-
ticipants. The average IPA value is compared against a threshold for determining
when the user has cognitive overload.

Following the algorithm laid out by Duchowski et al. [32], the system removes
gaze data 200 ms before and after a blink. A blink occurs when both eyes have
invalid coordinates, i.e., negative or missing coordinate values. In addition, the
average IPA value is reset to the value it had 200 ms earlier. The system stores
the timestamp for when a blink occurred and checks if 200 ms has passed before
continuing to store pupil values in the rolling window list.
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3.2.3 Development View

The development view is shown in Figure 3.16. The view is represented as a pack-
age diagram and shows how ETS’s source code is organized from a developer’s
point of view. The diagram is divided into two modules, the backend and the
frontend module, corresponding to the source code’s organization. The code is
structured in compliance with the package by feature convention. The convention
places classes that constitute a feature together in the same package. This is done
to increase cohesion and decrease coupling.

The backend module contains packages which facilitate communication between
the eye tracker and the feedback system. In addition, it handles everything related
to the calculation of cognitive load and when to trigger alerts.

The frontend module facilitates communication between the two partners and
manages the data received from the backend. The root package contains the main
file, the commands component which users can run and various configurations
such as shortcut definitions. The connection package maintains all connections,
i.e., connection to a partner, connection to the backend and connection to the
third-party service Firestore. GazeData’s primary purpose is to transform the gaze
coordinates into the corresponding line in the source code document opened in VS
Code’s editor window. It also handles the logic for determining when the partners
achieve JVA. Finally, the visualization package contains every component related
to the user interface. These components determine the gaze visualization style,
how alerts are shown and which buttons to render in the user interface.
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Figure 3.17: Physical view which depicts the topology of software components
on the physical layer.

3.2.4 Physical View

Figure 3.17 depicts the system’s topology of software and physical components
and the connections between them. The ETS extension is manually installed on
both peers’ VS Code instances from a vsix-file, a file format used to distribute VS
Code extensions. Two peers running the extension are required to set up a RPP
session. When a peer starts a session in ETS, it communicates with Firestore’s'®
SQLite database over HTTP to serve and store IP addresses for WebSockets. When
a session is established between the two peers, they both communicate with their
respective Tobii 4C eye trackers over a WebSocket object. The peer who hosts the
session creates a WebSocket server which facilitates communication between the
two. The ETS extension requires that both peers are connected to the same Local
Area Network (LAN) or to a Virtual Private Network (VPN) connection which

allows peer-to-peer communication.

3.3 Data analysis

Since our study is a mixed-method research study, we divide the data analysis
into two main sections; Quantitative and Qualitative. This section describes how
the data collected will be presented in the results section, what kind of data we
analysed, how it was processed and analysed and which statistical tests we used

Bhttps://firebase. google.com/docs/firestore
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for the statistical inference.

3.3.1 Quantitative

Our quantitative data analysis focuses on performance, cognitive load and joint
visual attention (JVA). The analysis aims to answer our research questions. We
rely on two metrics logged from every experiment to analyse performance: the
number of bugs fixed and the time spent solving the tasks. After each experiment,
we noted how many bugs were fixed and gave them 1 point for each bug solved.
In addition, time spent solving the tasks for each condition was recorded. During
initial pilot testing, we observed that the Tetris task, which was used under the
feedback condition (FC), was more complex than the task given during the control
condition. Based on the feedback from the pilot test participants, we felt confident
that the Tetris task’s scores could be multiplied by 1.5 to account for the difference
in difficulty.

We use the Pearson’s correlations test to check for correlation between the pre-
test score and performance (Score & time on task). To evaluate the median score
values between the two conditions, we use Wilcoxon non-parametric test.

The non-parametric two-samples Wilcoxon test is used to evaluate the me-
dian cognitive load values between the two conditions. To evaluate the change in
cognitive load, we compute mean IPA for three-time frames surrounding an alert.
The first period uses the data collected two minutes before an alert. The second
period is defined as the time from an alert was shown to two minutes after the
alert. Finally, the third period starts where the second period ends (two minutes
after an alert was received) and ends two minutes later. These groups are called
CL before (the two minutes before an alert), CL during (the two minutes after an
alert) and CL after (the period ranging from two minutes to four minutes after an
alert). Welch One-way ANOVA is performed to evaluate if the IPA values differ for
the three periods.

We follow D’Angelo and Begel [10]'s definition of JVA, i.e., a pair achieves
JVA when their gazes overlap for at least 100 ms. We compute the amount of time
each pair spent in JVA based on timestamps and which lines of code they looked
at from our log data collected during the experiments.

Because the length of the source code for each experiment condition is dif-
ferent, we multiply the JVA score for the FC by 1.75. The chance of two people
simultaneously looking at the same line is %, where n is the number of source
lines of code. The Snake game has 128 source lines of code, whereas the Tetris
game has 224. Therefore, there is a probability of 21% of looking at the same line
at any time during the task in the NFC and 221—24 for the FC. Because the code in
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the FC is vertically longer than the code in the NFC, it is less likely to achieve JVA
during the feedback task. To mitigate this task length discrepancy, we multiply
the amount of JVA achieved during FC based on the code length ratio between
the two games (;3—2 = 1.75). Wilcoxon non-parametric test is used to evaluate the
median for each condition.

All statistical tests use a p-value of less than .05 to indicate a statistically sig-

nificant difference.

3.3.2 Qualitative

We conduct a qualitative data analysis of the semi-structured interviews of the
participants:

1. We began transcribing the interviews’ audio recordings once we had con-
ducted all interviews.

2. We performed a thematic content analysis of the data using the inductive
coding approach. To aid with the data coding, we used NVivo'“, an applic-
ation for performing qualitative data analysis. Once we had coded every
transcript with the open coding approach, we then utilized axial and se-
lective coding to analyze for overarching themes and connections in the
interviews.

3. We read through the transcripts one more time to check if we had missed
any crucial codes.

4. We counted the frequency of the number of pairs which touched upon each
theme before refining a final set of themes and concepts.

To ensure the rigour of our analysis, we triangulate findings against the results
of the quantitative analysis [62]. Additionally, we highlight and present any con-
tradictory evidence found. Lastly, we use constant comparison when identifying
common themes in the interviews [63]. To convey the credibility of our findings,
we present our results using illustrations of concept trees, where we present the
themes as concepts and the number of pairs who commented on the theme. Also,
we present quotes from the participants and any quotes that contradict our over-
arching themes. We only present the most poignant results.

“https://www.qsrinternational.com/nvivo-qualitative-data-analysis-software/home
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Chapter 4

Results

4.1 Quantitative results

We present the analysis results of the within-subjects design experiment in the fol-
lowing sections. Every pair was exposed to two conditions: the control condition
called the no-feedback condition (NFC), and the feedback condition (FC).

4.1.1 Performance

The analysis showed a significant difference in task completion time between the
NFC and the FC. Task completion time was significantly less in the control condi-
tion (t(37) = —3.11,p = .004). We allocated 20 minutes for each condition, and
in the FC, every pair used the entire allocated time. Six pairs completed the entire
debugging task before the given time limit in the control condition. We computed
the Pearson correlation coefficient to assess the linear relationship between the
pretest score and the task completion time for the control condition. There was a
negative correlation between the two variables (r(38) = —2.6,p = .012). There
was no evidence of a linear relationship between the CAQ scores and bugs fixed,
and time on task. CAQ provided an enjoyment and motivation score for each par-
ticipant and we computed Pearson correlation test between each metric:

e Enjoyment Score & bugs fixed in feedback task: (r(38) =1.1,p =.27)
e Motivation Score & bugs fixed in feedback task: (r(38) = 0.16,p = .87)
e Enjoyment Score & bugs fixed in control task: (r(38) = 0.74,p = .47)
e Motivation Score & bugs fixed in control task: (r(38) =—1.31,p =.19)

Pearson’s correlation test showed no evidence of a correlation between the
pretest score and the bugs fixed score in either NFC or FC. To test for normality in
the data, we ran the Shapiro-Wilk test which reports a significant p-value for both

47
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scores: Snake score: (W = 0.75,p < 0.05) and Tetris score: (W = 0.46,p < 0.05).
The scores for each condition showed evidence of non-normality, and therefore,
we conducted the non-parametric Wilcoxon rank-sum test to compare the two
independent score variables. The median score for the control condition was 4.5
(IQR = 3), whereas the median score in the feedback condition was 3 (IQR = 0).
The Wilcoxon test showed that there was a significant difference between the
score between the two conditions (W = 954,p = 0.02,n = 80, effect size r =
.362(moderate)).

4.1.2 Cognitive Load

To evaluate the effect the feedback system had on cognitive load, we analysed the
median values of the IPA scores for both conditions. The data was not normally
distributed, and therefore we used the non-parametric two-samples Wilcoxon test.
The median IPA score for the control condition was .096 (IQR = .053), whereas
the median in the feedback condition was .084 (IQR = .037). The Wilcoxon test
showed no evidence of a significant difference in IPA scores between the condi-
tions. (W =807, p = 0.38, effect size r = 0.101) as shown in figure Figure 4.1.

As described in Figure 3.15, the feedback system calculates cognitive load
in real-time and gives feedback when the cognitive load is too high. During the
experiment, participants who got cognitive-load-based feedback had the option
of receiving a hint to reduce their cognitive load. During the 20 experiments,
the system gave 31 alerts in the FC. In 20 of the 31 alerts, the participants were
willing to receive a hint to solve the task at hand. To evaluate the impact timely
hints had on their cognitive load, we define three two-minute periods from which
we estimate their cognitive load (IPA scores), described in Section 3.3.

The QQ plot shown in Figure 4.2 visualizes how all the points fall approxim-
ately along the reference line. We can therefore assume normality in the data. This
is further supported by the Shapiro-Wilk test, which reports a non-significant p-
value (p = 0.08). Levene’s test indicated unequal variances (F = 5.09, p = .0008).
Since the homogeneity of variance cannot be assumed, we compute Welch One-
way Anova since it does not require the assumption of equal variances.

Welch One-way Anova was performed to evaluate if the cognitive load (CL)
differed for the three groups: CL before (n = 40), CL during (n = 40), CL after (n =
40). Results showed that cognitive load values was statistically significantly differ-
ent between groups (F(2,69) = 3.34, p = 0.041). The Games-Howell post hoc test
revealed that the increase from CL during to CL after (—0.04,95% CI (—0.07 to —
0.001)) was statistically significant (p = 0.04), but none of the other groups had
a significant difference between them. Results from the post hoc test is visualized
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Wilcoxon test, W =807, p =0.38,n =76
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Figure 4.1: Box plot showing mean ipa values for each condition.
in Figure 4.3.

4.1.3 Joint Visual attention

By following the method described in D’Angelo and Begel [10], we counted the
total duration of a pair looking at the same source code area for estimating their
JVA. The gaze overlaps that lasted less than 100 ms were filtered out because
they are likely caused by spurious eye movement. As described in Section 3.1.2,
the feedback system visualizes the gaze with a nine-line high visualization. We add
four lines on each side of the participant’s gaze coordinates on the vertical axis.
Therefore, we define the occurrence of JVA as when the pair’s gazes overlapped
with one line inside the gaze range of nine lines by more than 100 ms. The amount
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Figure 4.2: QQ plot showing the correlation between the cognitive load in each
group and the normal distribution.

of JVA of every pair for each condition is shown in figure Figure 4.4.

Because of our small sample size, we performed a Shapiro Wilk test to see if
our data was normally distributed and to choose an appropriate statistical method.
The distributions were significantly non-normal for the control task (W = 210,p =
0.04), but the feedback task did not show evidence of non-normality (W = 0,97,p =
0.83). As we want to compare the two scores, which come from the same parti-
cipants subject to both conditions, we performed the Wilcoxon signed-rank test
because it does not assume normality in the data.

The Wilcoxon signed-rank test was used to compare the gaze visualization’s
effect on the pair’s amount of time spent in JVA. The median percentage of JVA in
the control group was 28% (IQE = 0.049) and 47% for the feedback group. The
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Welch Anova, F(2,69.31) =3.34,p =0.041,n = 111
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Figure 4.3: Box plot showing mean cognitive load values in the three groups.

test showed that gaze visualization elicits a statistically significant change in the
amount of JVA (W = 54,p = 0.0001).

JVA alerts, as shown in Figure 3.2, were given if the pair’s gazes did not overlap
within a minute. Only six JVA alerts were triggered in total. Results show that the
mean percentage of JVA before an alert was 9%, and after an alert, it was 12,7%.
Because of the low sample size, we did not perform any statistical tests.

4.2 Qualitative results

From the interviews, we identified several themes. The most prevalent themes are
summarised in Table 4.1. The following subsections present our findings categor-
ised by features and themes. Quotations are taken from interview transcripts.
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Wilcoxon test, W =54, p =0.00011, n = 38
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Figure 4.4: Box plot of the amount of gaze overlaps between the two experi-
mental conditions.

4.2.1 Alerts

The cognitive load and JVA alerts, FRO7 and FROS8, respectively, received mixed
reviews from the participants. The mixed reviews are based on the 18 pairs who
discussed the alert feature in the interview. The results are summarised in Fig-
ure 4.5. It shows that ten pairs had positive comments and 12 pairs had negative
comments, which means that each pair found both advantages and disadvantages
with the feature. The participants who did not like the alert feature said that the
alerts were intrusive or not timely. The participants felt that the alerts were in-

trusive since they would lose focus and their train of thought when concentrating
on a piece of code.
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Table 4.1: Main themes identified from the interviews.

Theme Topic

Useful Feedback system
Gaze visualization (FR04 and
FRO5)
JVA visualization (FR06)
Jump to Partner (FR09)
Alerts (FRO7 and FRO8)

Improves communication Gaze visualization
Jump to Partner
Intrusive Alerts
Alerts
(n=18)

Advantages Disadvantages
(n=10) (n=12)
Helpful Timely Not helpful Intrusive Bad timing
(n=5) (n=10) (n=3) (n=5) (n=8)

., "y AN A h S

Figure 4.5: Concept tree showing answers from the interview when participants
discussed alerts. n is the number of pairs commenting on the concept.

I'm not quite sure about those alerts, they were very "inn your face". They
really pulled me out of the flow I was in. In some situations it may be
a desired effect, but I experienced it mostly as disturbing, at least in the
current form factor.

— Pair 16, participant B.

The pairs did also not agree on the alerts being timely. Ten pairs said that
they were on time and accurate regarding them being stuck in the code or not
knowing how to proceed. One pair even said that ‘The hint alert was spot on.
Came at the right moment.” — Pair 20, participant 20. On the other hand, eight
pairs state that the timing was off. There was no clear tendency if the pairs thought
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the alerts appeared too early or too late during the task. It was evident that the
pairs thought that the Tetris task was much more complicated than the Snake
task. Some pairs stated they felt they could not utilize our feedback system to its
full extent since they had to spend much effort understanding the source code
rather than taking advantage of the system. Interestingly, two pairs said that the
FC task was so difficult that any time would have been a good time to receive a
cognitive-load-based alert and a hint.

I think the timing of those warnings could have fit at any time really.
Struggled a lot with the Tetris code so it was appropriate to get notice at
any time. Or I do not know completely. I did not think much about what
time it came based on how we collaborated or how we looked at things.

— Pair 10, participant B.

It fit all the time [alert timing ], we had no idea what we were doing.
(...) I think we struggled all the time in a way. So in that sense, it fit no
matter when it came up.

— Pair 13, participant A.

Even though the alerts were intrusive, pairs generally thought that the alerts
were helpful. For example, pair 16, who said that the alerts were intrusive, said
that the alert timing was fitting with them being stuck or struggling with a bug.

I actually feel that the timing was quite good. But the last time there, I
thought that if I had had 10 more seconds I might have figured out the
bug myself, but I can not say for sure it just felt that way.

— Pair 16, participant B.

For my part, if I had sat alone, then it would have fit pretty okay. I
pondered a lot myself and understood a bit of the code but I thought I
needed help to get one step further. At least I could move on faster if I
had taken the tip when I was offered it.

— Pair 16, participant A.

It was useful, a bit like that it managed to understand somehow now
we’re not making any progress here. A link to that load somehow.

— Pair 18, participant A.
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Figure 4.6: Concept tree showing answers from the interview when participants
discussed the gaze visualizations. n is number of pairs commenting on the
concept. Only the themes with the highest frequency are showed.

4.2.2 Gaze visualization

Generally, the pairs said that the gaze visualization was helpful. Even though there
were mixed reviews on the visualization being distracting, as shown in Figure 4.6,
all pairs agreed that the visualization was more helpful than distracting. Initially,
two participants thought the visualizations were more distracting than helpful.
However, one of them changed their mind during the interview and said they
needed to get used to the workflow. Not one pair toggled the gaze off (FR10),
but one pair forgot about the feature. Incidentally, that pair complained about the
visualizations being distracting and even said they wished they could turn it off.
Five pairs argued that the system’s visual noise got reduced over time and that
they would have gotten used to it if they had the chance to get more familiar with
the system.

I think maybe it was almost a bit distracting sometimes when you see
that side scroll bar go up and down all the time and it caught my eye
quite a few times maybe. For better or worse.

— Pair 9, participant B.

Very subtle way of seeing where the others were without it dominating,
very cleverly made really, very cool. Seemed like it was pretty accurate
and pretty responsive.
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— Pair 2, participant B.

[Talking about the gaze visualization ] I think it was so little that it was
not disturbing. I think it was okay to have it in the side view so that I can
look at in the scroll bar and see how the code is read [by the partner ]
and then I know how I can work based on it. — Pair 10, participant B.

The pairs would sometimes disagree if they thought the visualization was dis-
tracting or not, which was evident in the comments from pair 20, who said:

Like, the gaze tracking, I found it a bit distracting and because (...) I
tried to focus on what I was thinking, but then I saw her just [indicates
going up and down with waving hand ] to look at some other stuff and
then I just thought OK so I should look at that too, yeah? So but, like
maybe, it could be better if I just got to work with it some more perhaps.
It’s not a way of working that I'm used to, so. Yeah, but at the moment
I found it distracting rather than helpful.

— Pair 20, participant B.

I found it really helpful. Yeah, I didn’t have this distraction thing at all,
‘cause I usually have the problem to figure out where the other person
is looking and so with that it was really easy to find and figure it out.
And I don’t I didn’t mind seeing that he was looking at something else,
‘cause it’s normal and we both tried to figure stuff out. When she started
talking, I could just go to where she is and knew what she was talking
about, so I found it really helpful.

— Pair 20, participant A.

As Figure 4.6 shows, every pair said it was easy to find their partner’s location
in the code, and eight pairs mentioned that they did not have to ask where their
partner was located in the source code document. However, two pairs said they
needed to ask where their partner was and say precisely which code line they
were investigating. Those two pairs said that the visualization was not accurate
enough to precisely indicate the line they were working on. Eight pairs mentioned
that the visualization could have been more precise by making it smaller. How-
ever, they realized that there is a trade-off with having a smaller visualization
since it would be more distracting. However, several pairs had improvement sug-
gestions for making the visualizations more precise. The most prominent of those
suggestions was that they could precisely indicate which line they were referring
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to by clicking on that line. Thus, the cursor would show the position to the part-
ner. However, one cannot rely on the cursor visualization by itself, as the cursor
will not always be at the location of a programmer’s attention [64]. This is also
described by pair 14:

I think it would have been a good combo if you see where the other person
clicks, because you know you are in the same place so then you can just
press and mark here [with the cursor] (...), because then you know that
they have not clicked in an location and then scrolled all the way down
in the document because I have experienced it many times. You’re not
where the mouse pointer is. So when you say "Yes, here" you answer "oh,
but where are you?".

— Pair 14, participant A.
4.2.3 Communication and cooperation

Cooperation and
communication
(n=20)

A

Understood what
their partner was
doing (n=3)

Encourages joint
focus (n=20)

Need to get used
to communicating
| by gaze (n=5) )

Did not improve
cooperation (n=1)

(Difficult to locate |

one specific code
line (n=2)

Easy to get to the Easy to find Did not have to | [ . [ Did have to ask |
- X Did have to say
same location partner's location ask where partner code line (n=1) where partner
(n=10) (n=20) was (n=8) | - ) was (n=1)

Obvious when we
looked at the
same line (n=10)

Did not have to
say code line
(n=10)

Figure 4.7: Concept tree showing pairs’ comments in regards to cooperation and
communication.

We identified a consensus among the pairs that the communication during
pair programming was easier and more efficient with the feedback system. See-
ing each partner’s gaze location made it easier to communicate code locations,
making communication more efficient for the pairs. As shown in Figure 4.7, the
pairs found that they did not have to ask where in the code their partner was or
which code line they were working on. Referential grounding was also made more
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efficient by the Jump to partner-feature (FR09), which was the most liked feature
along with the shared gaze feature.

I used the eye tracking a bit. I think it was very nice really because I
could sit and look at a completely different place when she says "Look
here" before she says the line. Then I press [jump to partner ] and I see
where she is looking.

— Pair 16, participant A.

I've done some remote pair programming before and it’s a little annoying
to have to say "Hey you, on line 136 there is one thing". Didn’t have to
do it so many times here, was pretty nice.

— Pair 16, participant B.

Yes, then you do not have to say, like we had to do a lot at the end here,
like "that line one hundred and six", so you can just do alt+p so yes, it
is something.

— Pair 19, participant B.

However, two pairs said they still needed to be more precise when pointing to
a location in the code. The gaze visualization indicated the area of their gazes but
not the specific code line, especially when the code was hard to understand.

So it is still useful to be able to say "yes the one there on line 47" even
if you see that you are looking at the same thing because it is not so
precise, but then you can also just use the "click in the code" [refers to
cursor visualization |

— Pair 14, participant A.

It works quite well, but as she said: when you start debugging difficult
things then it still becomes "where are you now, really?".

— Pair 10, participant A.

However, several pairs mentioned that they could increase the system’s be-
nefits by getting more used to using the system and communicating by gaze. In
retrospect, they recognized that they sometimes would say which lines they were
working on even though they could communicate by gaze. The reasoning behind
this was that they were accustomed to saying line numbers, and it was difficult to
lay the habit behind.
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I think I did it anyways [said which line of code they were working on |
out of habit.

— Pair 12, participant A.

This system would have been incredibly fun to get used to, then there
would be more mental communication instead.

— Pair 2, participant A.

It’s good, but it’s a limitation that we often go back to something like...
It’s a bit unusual, you can not completely get used to it in a way. So I
fail to fully integrate it so easily in a 20 minute session. [What do you
mean by going back to? ] To say which code line I'm working on.

— Pair 14, participant B.

Nineteen out of 20 pairs stated that they preferred to debug with the feedback
system. However, four pairs explicitly stated that they missed the feedback system
during the control task—especially those who had the feedback task first noticed
increased difficulty communicating location in the code. The following excerpts
are from pairs who performed the FC before switching to the NFC.

(..) I noticed it a lot when we did not have it [the feedback system ],
and I had to ask like, "where are you?" then having to say line numbers
and then it’s like "and then I'll have to scroll there instead of just doing
[imitates pressing short cut for jump to partner]'. Then I don’t have to
ask, and I can move a lot faster.

— Pair 11, participant A.

At first I thought that when we turned it off [the feedback system] it
didn’t matter; I was not going to notice any difference, but I did. Because,
when I saw where she was, it was much easier to "now we are in the same
place, then we can talk about it" because otherwise I sit and look at a
thing while I have no idea what she is looking at. That was what I noticed
on the first task [FC] that «oh well now we are in the same place, then
I can just talk about it" because then she understands what I'm talking
about.

— Pair 13, participant A.

Another benefit of seeing the partner’s gaze is that the pairs could infer how
their partner looked at the code and how they processed it. If a partner’s gaze



60 A. Rimolsrgnning and O. Plassen: Eye-tracking studio

moved up and down the document, their partner would know that the other per-
son was looking at the code as a whole to get an overview. This was especially pre-
valent at the beginning of the task, where the pairs had to familiarise themselves
with the program. If the gaze was hovering around a limited area, the partner
knew that the other partner was focusing a lot on that area which could mean
that he had found something interesting. This meant that the pairs knew when
they should look at the same area or not, e.g., if a partner found a bug and sud-
denly moved their attention to a new location, the other partner knew that he
should follow along.

Pair 17 highlights the goal of gaze awareness: encouraging the pairs to join
their focus of attention. When they were told about the JVA alert (FR07), they
explained that they did not receive the alert because of the shared gaze:

Yeah, but that’s also because just it being there [the gaze visualization |
made me look more often at what he’s looking at. — Pair 17, Participant
A

4.2.4 Adopting the feedback system

Adopting the
system (n=20)
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Figure 4.8: Concept tree showing answers from the interview when the pairs
where asked if they would like to use the system in their day-to-day remote pair
programming.

Regarding adopting the feedback system, the participants generally said they
would like to use it in their day-to-day remote pair programming situations. The
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findings are summarised in Figure 4.8, which shows that 17 pairs said they would
use the system without any objections. Some of the recurring comments about the
system were that it was "seamless and minimalistic" and that they enjoyed using
it.

Participant-B: As long as it is as stable as it was here, it would have
been awesome.

Participant-A: I completely agree with that. Also, in relation to how
inconspicuous it was, it felt like you can always have it on, without it
mattering, so you learn that «oh now you do not have to pay attention
to...». Then you do not really need to turn it off, like now. It would
have been nice to get rid of that "Which line?" or "Where are you
now?".

— Pair 2.

No one said they would not use the system. However, six pairs had some con-
cerns about the system before being willing to adopt it. For instance, the interviews
revealed that the system should be "plug and play" and be compatible with other
programming tools, i.e. requiring IntelliSense! support (intelligent code comple-
tion) and linting. Other comments were about the need to acquire an eye tracker
and its cost. However, once we told them the eye tracker’s cost, they thought it
was affordable. In addition, two pairs said that they would use the system if a web
camera could replace the eye tracker.

The participants felt that our system could alleviate many of their issues re-
garding remote pair programming. Additionally, every pair said they preferred to
debug with the feedback system on rather than off. Many pairs commented that
they had spent much time recently in remote pair programming sessions using a
screen sharing setup using online meeting video services. Several pairs suggested
that they gladly adopt the system’s gaze sharing aspect, but not the alert features.
They suggested that the alerts could be more appropriate in other programming
scenarios, such as in classrooms or online lecturing, where the teacher can mon-
itor and identify struggling students.

Yes. We wrote a bachelor together and then we used "share screen" on
Discord. It was a bit like... that you had to find out where you are and
stuff, go up and down and stuff, and say where you are going. This
would have been very useful then. — Pair 13, participant B.

https://code.visualstudio.com/docs/editor/intellisense


https://code.visualstudio.com/docs/editor/intellisense




Chapter 5

Discussion

This study explores the design and use of a feedback system in a remote pair

programming (RPP) context and how it impacts collaboration, performance and

cognitive load. To our knowledge, Eye Tracking Studio (ETS) is a first of its kind

feedback system. Previous work evaluates how to apply shared gaze in a RPP

context, but our thesis is the first to provide cognitive-load-based instructional

feedback. We made a feedback system that recorded pair programmers’ cognitive

load unobtrusively using affordable and ubiquitous eye trackers. Furthermore, the

participants preferred to debug with our feedback system enabled in the feedback
condition (FC) rather than not having it as in the no-feedback condition (NFC).

The key findings related to our research questions are:

Instructional feedback had no impact on the performance of remote pair
programmers.

Performance was significantly higher in the no-feedback condition (NFC)
than for the feedback condition (FC).

No evidence of a significant difference in cognitive load when using the
feedback system.

Results indicate a significant decrease in cognitive load right after the feed-
back system proposes a helpful hint (instructional feedback).

Results indicate that visualising each partner’s gaze (behavioral feedback)
significantly increases the amount of achieved joint visual attention (JVA).

In the following subsections, we interpret and evaluate the impact of our res-

ults. Additionally, we discuss limitations and recommend what future research

should take away from our results.
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5.1 Interpretation and Implications of the results

5.1.1 Performance

Our research goal was to investigate how timely hints triggered by pair program-
mers’ cognitive load and gaze awareness impact the performance of remote pair
programmers. Our results indicate that the feedback system does not improve per-
formance. We saw a lower median debugging score and higher time on task for
the task in the FC than the NFC, rejecting hypothesis H1. Results indicate no evid-
ence of a correlation between the pretest score and the pairs’ debugging score.
The pretest score indicates the participants’ program comprehension and prior
knowledge of the Python programming language. We did not see an increased
amount of bugs fixed for those with higher pretest scores. This could be caused by
the discrepancy in task difficulty or because the pretest focused more on Python
syntax, while the task during the experiment was more tied to game logic. There
was a negative correlation between the pretest score and time on task for the NFC,
which could indicate that their prior knowledge affected their performance for the
task in the NFC condition.

After artificially increasing the score for the task in the FC, we still see a higher
score in the NFC task, which further supports that the task difficulties are skewed.
The participants also verified the task difficulty skewness in the interviews. Out
of the 20 pairs, only two solved more than two bugs out of the six bugs present
in the FC source code. Three pairs solved less than two bugs, resulting in 15 out
of 20 pairs solving two bugs during the FC.

One of the bugs was very game-breaking in the FC, and it was tough to find
the solution. Most pairs opted to solve this bug first and spent much time solving
it. However, 19 out of 20 pairs needed two hints before they could solve this par-
ticular bug. Once they had solved it, most of the allocated task time was spent,
which hindered a lot of the participants in solving the other bugs. Pairs commen-
ted on being stuck on one bug for a long time, which is unfortunate because they
did not get to utilize the feedback system to its full extent. Participants said in
the interviews that they had to spend a lot of effort on understanding the source
code rather than taking advantage of the system. However, the difficulty was ac-
counted for by weighting each bug solved higher, and therefore, the results show
that the feedback system does not affect performance in an RPP setting. The task
difficulty should have been balanced between the two conditions. We suspect that
the very complex task negatively affects the results because it is unlikely to see a
performance increase. Additionally, artificially increasing the score by 1.5 should
ideally have been avoided.
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Feedback systems utilizing shared gaze have been shown to correlate with
and improve the performance score of collaborative problem-solving tasks, and
remote search tasks [45, 46]. Although, as discussed, our result did not show any
indication of performance improvement, this could be a result of the discrepancy
in task difficulty. However, D’Angelo and Begel [10] also reported no significant
difference in task completion time in an RPP setting. Therefore, the context in
which feedback is provided should be investigated in other settings to evaluate
the impact feedback has on performance.

5.1.2 Cognitive load

The use of cognitive load and the Index of Pupillary Activity (IPA) metric for giv-
ing real-time feedback in an RPP context is novel. Therefore, we evaluate the
feedback’s effect on the programmer’s cognitive load.

Our goal was to decrease programmers’ cognitive load when they had cognit-
ive overload by giving them instructional feedback in the form of hints for solving
the bugs. The median cognitive load value was higher for the NFC than the FC, but
not statistically significant and therefore rejecting hypothesis H2. As previously
discussed, the FC had a considerably more complex task than the NFC, but this is
not reflected in the programmers’ cognitive load. Furthermore, the IPA value used
for measuring cognitive load is tightly coupled with task difficulty [32]. However,
we did not see the expected result of an increased IPA value for the FC task even
though the task was complex. This could indicate that our feedback system re-
duced the cognitive load imposed by the instructional design because we expect
that the task difficulty would impose more cognitive load than the snake task.

Our feedback system proposes a method of triggering cognitive load based
feedback in real-time based on an IPA value threshold. The participants gave
mixed reviews of the timing of the alerts. Some pairs felt that the alert was timely,
while others felt they were either triggered too late or fitting at any time. This in-
dicates that the cognitive load threshold for triggering alerts could be more accur-
ate and refined. Therefore, and because the triggering method is novel, it requires
further research to evaluate the appropriate threshold for triggering instructional
feedback based on cognitive load.

When the cognitive load based alerts were triggered, the participants had the
option to receive hints. During the FC, the system gave 31 alerts to the parti-
cipants. In 65% of the alerts, participants accepted to receive a hint. This does
not mean that 35% of the alerts participants did not feel the need for a hint be-
cause some pairs said they did not want a hint because of their pride in solving the
tasks without any help. We saw a correlation between the pre-test and the number



66 A. Rimolsrgnning and O. Plassen: Eye-tracking studio

of hints each participant received. This could indicate that those with less prior
knowledge found the task more difficult and needed more hints. These results
also suggest that the feedback system managed to detect the users who needed
more help than those who had more prior knowledge and help them to continue
with the task.

Results described in Section 4.1.2 and Figure 4.3 indicate that receiving cog-
nitive load based feedback and a hint significantly decreases cognitive load mo-
mentarily. This implies that the hints are helpful. However, because the cognitive
load decrease was only temporary, the results may also indicate that the parti-
cipants stepped out of the task to focus on the hint instead. This is further suppor-
ted by the qualitative analysis results where participants felt that the alerts made
them lose focus and their train of thought. This could also explain why cognitive
load decreased between CL before and CL during. Future work should investigate
how to better deliver instructional feedback without causing participants to lose
focus on the task at hand.

5.1.3 Joint Visual Attention

One of the issues of working spatially distributed is becoming aware of a partner’s
focus of attention. We set out to explore a feedback system for improving the
collaboration and coordination of remote pair programmers. Our results show that
ETS contributes to solving this issue — JVA increased from the NFC to the FC and
participants said the visualization made it easy to locate their partner’s attention
supporting hypothesis H1. This is supported by the findings of our qualitative
analysis, where the participants found it much easier to align their visual focus
and identify when they were looking in the same location. Prior work has found
the same results, where the real-time visualization of partner’s gaze has increased
the amount of JVA pairs achieve [10, 28, 45, 49].

ETS makes it easier for pairs to talk about source code since they can be con-
fident that they are discussing the same piece of code. Therefore, collaboration
improved since they did not have to spend as much effort with referential com-
munication when discussing a location in the source code — our feedback system
encouraged joint focus. However, we did not see a significant decrease in cognitive
load between the two conditions, which can mean two things. First, even though
gaze awareness was thought to reduce the cognitive load imposed by instructional
information and the adverse effect of split attention, it did not. Second, the Tetris
task was much more complex than the Snake task, so an increase in task difficulty
overshadows a reduction in extraneous load caused by instructional design.

Our Jump to Partner feature (FR09) helped reduce time spent coordinating
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joint focus. As several pairs commented, they used the jump to partner short-
cut whenever their partner wanted them to look here. Additionally, this feature
was one of the most liked features of the system. We, therefore, regard our fea-
ture implementation as successful. We recommend that future feedback systems
implement a feature for automatically moving the viewport to the partner’s loca-
tion. We have not seen such a feature in previous research, and its use and effect
should be evaluated further, e.g., using referential communication analysis.

On the other hand, we did not see an increase in performance between the
two conditions even though the percentage JVA increased. This finding is not in
line with the findings of Schneider and Pea [49], who saw that JVA was positively
correlated with learning gain.

Based on behavioral feedback and the signaling principle, we managed to in-
crease JVA in a minimal and non-intrusive manner. Participants did not think the
gaze visualization caused too much distraction nor too much blinking when in-
dicating JVA. We regard this feature as successful and advise that future feedback
systems should also share gazes in real-time with an indication when gazes are
aligned. Some pairs said that the visualization encouraged them to look where
their partner was looking, meaning the signaling principle was employed success-
fully.

In addition to indicating JVA, the pairs received instructional feedback when
their gaze had not overlapped during the last minute (FRO7). This feedback was
given as an alert and instructed the pairs to work more closely together so they
would increase their amount of JVA. However, we did not find any evidence that
JVA increased after receiving the alert. Only four pairs received the alert, which is
too small a sample size for conducting statistical analysis. Because the number of
pairs who received a JVA alert was so low, we can not determine the usefulness
of this feature. Furthermore, when pairs are aware of each other’s gazes, they are
automatically encouraged to align their visual focus, making the JVA alert redund-
ant. We argue that providing behavioral feedback in the form of gaze visualization
is incentive enough for pair programmers to achieve JVA. Therefore, future feed-
back systems do not need an alert feature for increasing a pair’s JVA.

5.1.4 Design of Feedback System

It is interesting to note that even though the participants had the option to toggle
the gaze visualization off, no one did that. Even though some pairs complained
that the gaze visualization could be distracting and jumpy as described in Fig-
ure 4.6. Therefore, the system only partially fulfils NRF02, because the benefits of
the gaze visualization outweighed the drawbacks. However, the feature did have
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a hot key like jump to partner had. Prior work has indicated a need for a feature to
toggle gaze on and off [2, 18]. Therefore, if the functionality was more accessible,
we probably would have seen more gaze toggling.

The effectiveness of the alerts where not so good. The alerts where designed
to force an answer from the user before they could proceed with their task. The
reasoning behind implementing the alerts in such a manner was that the pilot
test showed that the alerts could be missed, the participants did not notice the
alert, if they were displayed in the corner of the VS Code window. Additionally,
we followed the notification guidelines from VS Code, which also states that if we
require an answer form the user, we should use this type of alerts. However, many
participants thought that this alert was too intrusive and they would lose their
focus and their flow when the alert was shown. This was especially prevalent for
pairs which received several alerts during the experiment. Therefore, the system
does not fulfill NFRO2. The alerts should not have been so intrusive.

5.2 Limitations and Future Work

Even though these contributions impact the design of feedback systems and re-
mote pair programming, they come with limitations which must be addressed in
future work.

We used multipliers in the data analysis to reduce the discrepancies in task
complexity and the number of source lines of code between the no-feedback con-
dition (NFC) and feedback condition (FC). Using multipliers is justified, although
the generalizability of the findings is limited due to the artificial changes. Future
research should ensure that the source codes are of similar length and complexity
before conducting user testing.

There were mixed results on the alert based on cognitive load metrics. As de-
scribed in Section 4.2.1, some participants felt that alerts were not timely and that
they were too intrusive, which led to a loss of focus. The threshold and conditions
for providing alerts based on cognitive load, as described in Section 3.2.2, has
limited testing and need further research to establish more precise evaluations
of when to trigger feedback. Further research regarding this topic is encouraged
with in-depth pilot testing to do determine more data for determining thresholds.

Results from the quantitative analysis show that many of the participants ex-
perienced the cognitive load alerts as intrusive. When alerts appeared, we provided
hints on paper, which led the participants to look away from the screen. Look-
ing away from the screen means that the eye tracker cannot record gaze data,
which affects the cognitive load calculation. Future work using cognitive-load-
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based feedback is encouraged to provide feedback that does not require parti-
cipants to look away from the screen. Furthermore, our participants suggested
that the hint-based instructional feedback could be more appropriate in a teacher-
learner context. In addition, several participants would rather use our feedback
system’s behavioural feedback than the instructional feedback in real-world RPP.
Therefore, we recommend future research to evaluate real-time cognitive-load-
based feedback in other contexts, such as students learning to program.

As described in Section 4.2.2, five pairs argued that they would have gotten
more used to the visualization of gaze if they had more time to get familiar with
it. Each programming session lasted a maximum of 20 minutes, and this could be
argued not to be adequate time for someone to get used to new visual input. More
time should have been allocated, which is supported by participants who said
that the visual noise was reduced over time. We recommend that future research
lengthen the experiment or let participants become more familiar with the system
beforehand.

One of our contributions is developing a feedback system based on the relat-
ively affordable Tobii Eye Tracker 4C. This model was released in 2016 and has
since been replaced by the improved Tobii Eye Tracker 5 [44]. Unfortunately, the
older eye tracker has a lower gaze data recording frequency and field of view than
the improved Tobii Eye Tracker 5, and we acknowledge that this limits the eye-
tracking quality [42, 43]. Therefore, with better algorithms for head tracking and
more support for head movement, future research is encouraged to use the newer
model because it will provide higher data quality.

5.3 Generalizability of Results

There are some reasons why our results are not generalizable. Firstly, we applied
self-selection sampling when recruiting participants for the experiment. However,
we had to turn to convenience sampling because the sign-up rate was so low that
we needed to change strategy to get the required amount of participants. Unfor-
tunately, we should have avoided convenience sampling should because it limits
generalizations to the wider population [60]. We recruited 20 pairs, where the
majority of participants were either students or alumni from NTNU. This popula-
tion is too small to conclude that our findings generalize to a larger population.
Additionally, participants could sign up together with someone they knew to
make it easier to recruit participants. This resulted in a sample where the major-
ity knew each other beforehand, and some had pair programmed together before.
The pairs who knew each other had an advantage because they were more com-
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fortable with each other. Unfamiliar pairs might feel that it is more challenging
to cooperate than the familiar pairs. This might affect our results in that the fa-
miliarity levels of the peers within a pair could have helped them manage the
communication better than two strangers. Familiarity could also impact the gen-
eralizability for newly formed RPP pairs.

The generalizability of our finding where JVA is increased is limited. Due to
the Tetris code being longer (having more lines of code) than the Snake code, we
had to inflate the JVA score accordingly. However, our qualitative results show
that the system helps users increase their joint focus.

5.3.1 Rigour in the Qualitative Data Analysis

Interpreting findings from the interviews using qualitative data analysis is argu-
ably more subjective than quantitative analysis of qualitative data. Qualitative
data can be interpreted differently by different researchers, and the issue of the
validity of qualitative analysis has no definitive solution [65]. Therefore, there is
a possibility that we have introduced bias to the results by not retaining an ob-
jective view of the data. However, we did implement countermeasures to avoid
bias, such as triangulating the results against the quantitative analysis’s results,
highlighting contradictory evidence, presenting quotes from the interviews and
following the well-established framework of constant comparison for analysing
the data. Nevertheless, we could still have implemented additional efforts to en-
sure validity, such as respondent validation and peer review [65]. Therefore, there
is a possibility that the qualitative results might be biased, but we did implement
several countermeasures to avoid this. As a result, we believe we have kept bias
at a minimum.
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Conclusion

In this thesis, we present and evaluate a novel feedback system developed as
a Visual Studio Code (VS Code) extension for alleviating the limitations of re-
mote pair programming (RPP). Referential communication in RPP is more chal-
lenging than in co-located pair programming because of the lack of non-verbal
cues. Therefore, we investigate the feedback’s impact on remote pair program-
mers’ collaboration, performance and cognitive load. We design and implement
a feedback system that provides twofold real-time feedback: gaze awareness and
cognitive load management using inexpensive eye trackers and VS Code’s extend-
ability capabilities. Gaze awareness enables pair programmers to see their part-
ner’s attention in the editor, while the cognitive-load-based feedback aims to lower
the task imposed cognitive load.

We evaluate the feedback system with a within-design experiment, where pairs
worked together in a simulated RPP environment — with and without the help of
our extension.

We contribute to technical knowledge by designing and developing a feedback
system as a Visual Studio Code (VS Code) extension for remote pair programming
(RPP). This feedback system uses inexpensive eye trackers to share gaze and es-
timate cognitive load in real-time. Providing instructional feedback based on real-
time cognitive load is novel. The gaze visualization is found to be non-intrusive.
Lastly, a new feature called Jump to Partner, which moves the editor view to the
partner’s gaze location in the document, is presented.

Our scientific contributions include proof that gaze awareness significantly
increases joint visual attention (JVA) and improves referential communication.
Additionally, instructional feedback decreased cognitive load momentarily and we
recommend future work to find other less intrusive ways of giving cognitive load
based feedback. Lastly, the feedback system showed no evidence of improving the

71



72 A. Rimolsrgnning and O. Plassen: Eye-tracking studio

performance of remote pair programmers.

The lack of physical affordances in remote collaborative programming can
hinder programmers from reaping the benefits of pair programming. However,
using inexpensive eye-tracking technology, some of these physical affordances can
be provided in a remote work environment using Eye Tracking Studio (ETS).
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