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During our lives, we are constantly affected by situational cues that trigger
habits and impulsive reactions, even without our conscious awareness. Although these cues often help us during the self-regulation process, in many
cases they undermine our efforts to regulate our behavior and emotions, which
can negatively affect our health, well-being, and performance in daily tasks. In
order to help users improve their behavior or regulate their emotions, several
self-regulation technologies have been proposed. However, existing technologies often require constant engagement and effort from users, which add significant barriers to their usage. In this dissertation, I present a new approach
for designing self-regulation technologies by focusing on how people automatically and mindlessly react to situational cues. I also describe the design and
evaluation of mobile technologies developed using this approach, including a
watch-like device that can decrease user’s anxiety; a voice modulation intervention that can reduce anxiety during interpersonal conflicts; and a smartwatch
application that can decrease user’s arousal and improve their cognitive performance.
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CHAPTER 1
INTRODUCTION

Imagine a rider on the back of his horse, trying to identify which direction
to go. The horse then starts to act wild and take off in a direction that the rider
never wanted to go. It is clear in this scenario that even when the rider has a
clear direction in his mind, he may not go to the direction desired if the horse is
not properly tamed or if the rider doesn’t have enough strength to control the
horse.
The horse and rider metaphor, presented by Friese and colleagues [104],
greatly illustrates self-regulation conflicts. The rider represents our conscious
mind and rational decisions, while the horse represents our automatic mind
and impulsive reactions. There are many situations in which we want to go in a
certain direction but the ”horse” lead us astray. We may have a goal of keeping
a diet to lose weight, but be enticed to try that delicious piece of chocolate cake.
We may try our best to get a perfect score in a test, but have our performance
compromised after noticing signs of anxiety.
During our lives, we are constantly affected by situational cues that trigger habits, impulsive reactions and hedonic goals, even without our conscious
awareness [217]. Although these cues often help us during the self-regulation
process, in many cases they undermine our efforts to regulate our behavior and
emotions, which can negatively affect our health, well-being, and performance
in daily tasks.
In order to help users self-regulate and achieve their goals, several interventions have been proposed. With the proliferation of mobile technologies such as
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smartphones and smartwatches, researchers have started to explore how these
technologies could be used to help users change their behavior or regulate their
emotions. Mobile devices and passive sensing methods are now used to unobtrusively collect diverse information about people’s lives. Similarly, new mobile
interventions emerged that collect and present personally relevant information
to help users self-reflect and take appropriate actions.
Despite the advance of self-regulation technologies, some challenges still
persist. One of the issues is that different from the passive sensing methods,
existing self-regulation interventions often require constant engagement and effort from users, which add significant barriers to their usage. This leads to a
question: How to design interventions that help users self-regulate their behavior or
emotions unobtrusively and effortlessly? I argue in this dissertation that this goal
can be achieved by designing interventions leveraging the way we naturally
and automatically react to environmental or bodily signals.

1.1

Motivation

Many problems faced today in our society have self-regulation failure as a common cause, including crime, alcoholism, drug addiction, and educational underachievement [27]. Furthermore, there are many self-regulation issues that
can compromise people’s health, well-being, and performance in daily tasks,
such as eating binges and procrastination.
Given the importance of self-regulation in our lives, researchers have been
studying this topic for many years, which has helped to understand how people self-regulate and why self-regulation failures occur. Based on the findings of
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self-regulation studies, different interventions have been proposed to help users
self-regulate. Some interventions target behavior change, in which the goal is
prompting users to take actions, such as quitting smoking or doing more physical activities. Other interventions target emotion regulation, and aim to help
individuals up-regulate positive emotions or down-regulate negative emotions.
Recently, with the advance and proliferation of mobile and ubiquitous technologies, numerous technological interventions have been designed to help
users self-regulate. By leveraging sensors from mobile devices, it is now possible to detect various behavioral patterns, including physical activities, sleep,
and social interactions. Similarly, personal informatics tools allow users to collect their personal data, self-reflect, and take appropriate actions. By leveraging sensors and interventions, technologies have been helping users to practice
physical activities (e.g. Fitbit), manage eating behavior (e.g. MyFitnessPal),
monitor their sleeping patterns (e.g. SleepCycle), and reduce their stress (e.g.
Mindspace).
Despite the proliferation of self-regulation devices, many technologies lead
only to short-term adoption and behavior changes [263]. In fact, more than half
of people who own activity trackers do not use them anymore, and a third of the
users stop using their trackers within six months [167]. There are many reasons
behind the abandonment of these technologies, but one of the crucial reasons
is the extra work and maintenance required by them [164]. For instance, users
often have to look at the technologies and interpret messages and data visualizations, which can be considered inconvenient and impractical, since these
practices are not part of people’s daily routines [164].
In this dissertation, I argue that it is important to consider our automatic
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mind in the design of self-regulation technologies. During our daily lives, most
of our activities are driven by habits and impulses. However, few self-regulation
technologies target automatic processes to change people’s behavior or emotions. In order to bridge this gap, I present in this dissertation a framework to
design self-regulation interventions based on the automatic mind. To demonstrate this framework in practice, I designed, developed and evaluated different
implicit interventions for behavior change and emotion regulation, using haptic
[67][68] and audio feedback [69].
Much of the work presented in this dissertation has been published in major conferences and journals, including the ACM International Joint Conference
on Pervasive and Ubiquitous Computing (UbiComp), the ACM Conference on
Human Factors in Computing Systems (CHI), and the journal Interactive, Mobile, Wearable and Ubiquitous Technologies (IMWUT). The work has also been
lauded with one Best Paper Award in Ubicomp, 2016.

1.2

Dissertation Overview & Contributions

This dissertation is organized into the following eight chapters.
Chapter 1 (Introduction) presented the motivation behind this dissertation
- the importance of self-regulation in our lives, the limitations of existing technologies for self-regulation that rely on our conscious mind, and the need for
more unobtrusive and implicit interventions.
Chapter 2 (Background and Motivation) presents an overview of selfregulation, theories and models of behavior and emotion regulation, and in-
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terventions for emotion regulation and behavior change. The chapter presents
a systematic review of persuasive technologies, in which is shown that very few
technologies leverage our automatic mind. The chapter also discusses a gap
in the design of self-regulation technologies, which motivated me to propose a
new approach.
Chapter 3 (Designing Technologies for Implicit Self-regulation) introduces the framework for designing self-regulation technologies, which can be
used to design implicit and explicit interventions. The chapter presents an
overview of the Process Model of Self-regulation, and describes all components
of the model, presenting examples of self-regulation technologies targeting each
component.
Chapter 4 (Regulating Behavior by Changing User’s Perception) introduces the concept of Mindless Computing, which are persuasive technologies
focused on changing user’s behavior without their conscious awareness. Two
examples of Mindless Technologies are presented: the Mindless Plate, which
uses LEDs to change the color of a plate to influence user’s perception of portion size; and a subconscious voice modulation intervention delivered over a
headphone. The content of this chapter was extracted from my paper ”Mindless
Computing - Designing Technologies to Subtly Influence Behavior”, published
in Ubicomp 2015 [2].
Chapter 5 (Regulating Feelings by Changing Behavioral Self-perception)
shows that it is possible to regulate user’s feelings by changing their voice selfperception over a headphone. Two studies were conducted to evaluate the intervention, both focusing on interpersonal conflicts. In the first study, participants
were romantic couples who were asked to discuss disagreements in the lab via
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Skype, while one partner listened to their own voice with a manipulated tone to
make it sound calmer. In the second study, participants had contentious debates
with a ”remote person” who was actually a pre-recorded voice, and the voice of
the participants were manipulated during some debates to elicit higher power.
The content of this chapter was extracted from my paper ”Regulating Feelings
during Interpersonal Conflicts by Changing Voice Self-perception”, published
in CHI 2018 [69].
Chapter 6 (Regulating Anxiety by Changing Physiological Selfperception) presents EmotionCheck, which is a watch-like device designed
to regulate anxiety by changing how the user perceives their own heart rate
through subtle haptic feedback. The chapter describes the EmotionCheck device, and presents a study in which 67 participants had to go through a stressful
mock job interview with the EmotionCheck device. The content of this chapter
was extracted from my paper ”EmotionCheck - Leveraging Bodily Signals and
False Feedback to Regulate our Emotions”, published in Ubicomp 2016 [67].
Chapter 7 (Improving Cognitive Performance by Changing Physiological
Self-perception) presents BoostMeUp, which is a smartwatch app that provides
a similar tactile sensation to EmotionCheck, aiming to decrease user’s arousal
and improve their cognitive performance. The chapter presents the results of a
laboratory study in which 72 participants had to do two math tests under high
pressure, in which in one of the tests they received a personalized haptic feedback to elicit either low or high stress. The content of this chapter was extracted
from my paper ”BoostMeUp - Improving Cognitive Performance in the Moment by Unobtrusively Regulating Emotions with a Smartwatch”, published in
IMWUT 2019 [68].
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Chapter 8 (General Discussion and Conclusion) concludes this dissertation
by presenting opportunities for future work and raising some discussion points,
including how implicit and explicit interventions can coexist, the challenges in
the design and evaluation of implicit interventions, and ethical considerations.
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CHAPTER 2
BACKGROUND AND MOTIVATION

In this chapter, I present an overview of widely used theories and models
of self-regulation, behavior, and emotion regulation, along with interventions
for behavior change and emotion regulation. I also present a systematic review
of persuasive technologies. I conclude the chapter describing issues of existing self-regulation interventions, which motivated me to propose a new design
approach that is unobtrusive and capitalizes on automatic reactions.

2.1

Self-regulation

Self-regulation corresponds to the various processes by which individuals pursue and attain goals [184]. These processes can include conscious efforts to alter
inner states or responses, as well as automatic processes that operate without
conscious intentions or monitoring [184]. People can regulate their emotions,
thoughts, impulses, appetite, behavior or their performance.
The goal pursuit of self-regulation involves two broad components: goal
setting and goal striving. Goal setting refers to defining the goals to pursue and
the criteria to judge if the goal was successfully achieved. Goal striving, on the
other hand, involves the planning and execution of necessary actions to attain
the goal, including the avoidance of disruptions and distractions [184].
Several models have been proposed to describe self-regulation processes.
Some of these models are used to explain behavior, while others are used to
explain the self-regulation of emotions. Before discussing models specifically
proposed for behavior or emotions, I describe in the next section the control
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theory model from Carver and Scheier [53], which has been used as a general
approach to the understanding of self-regulating systems.

2.1.1

Control Theory

The concept of control theory, also called cybernetics, has been applied in several fields, including engineering, economics, medicine, and psychology [53]. In
psychology, the concept has been used to explain the self-regulation of behavior
and emotions. In this section, I will describe Carver and Scheier’s control theory
model [53].
The basic unit of control theory is the negative feedback loop, called negative
because its purpose is to negate, or reduce, perceived deviations from a referent standard. Figure 2.1 shows a representation of a negative feedback loop
applied in the context of human behavior. The input function is the perception of a behavior. That perception is compared against a point of reference via
a mechanism called a comparator. If a discrepancy is perceived, a behavior is
performed (output function), whose goal is to reduce the discrepancy. The behavior does not counter the discrepancy directly but by having an effect on the
environment, which is anything external to the system. Such an impact creates a
change in the present condition, leading to a different perception, which in turn
is compared with the referent standard again. This process is an example of a
closed feedback loop, and it continues indefinitely while the person is trying to
achieve a goal.
While the person is in a feedback loop, there is also a meta-monitoring loop
that checks the rate of discrepancy reduction over time [54]. By noticing a dis-
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Figure 2.1: Carver and Scheier’s feedback loop

crepancy between their behavior and the referent standard, a person may feel
negative emotions, which can either encourage her to reduce the discrepancy or
disturb the accomplishment of the goal [85]. Similarly, when a person is making
progress in reducing the discrepancy, she may feel positive emotions, such as
pride and enjoyment, that can serve as powerful incentives in the self-regulation
process [16].
The feedback loop of control theory is a simple yet useful model to understand self-regulation. Given the intricacies involved in the self-regulation of
behavior and emotions, researchers have proposed other models specific for behavior change or emotion regulation. In the next sections, I present some of the
most commonly used models and theories, starting with models for emotion
regulation.
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2.2

Emotion Regulation

Emotions seem to be transitory states that come and go as they please. However,
we can - and often do - exert some control over our emotions, especially when
they affect a goal that we want to achieve [118]. In these situations, we try
to regulate our emotions, consciously or not. Emotion regulation refers to the
processes by which individuals influence which emotions they have, when they
have them, and how they experience and express these emotions [117].
James Gross provided a description of the various strategies that we can
employ to regulate our emotions, which is termed as the ”Process Model of
Emotion Regulation” [117]. This model is described in the next section.

2.2.1

Process Model of Emotion Regulation

According to the Process Model of Emotion Regulation, emotions may be regulated at one of five phases during the time course of emotion: situation selection,
situation modification, attentional deployment, cognitive change, and response
modulation. Figure 2.2 shows a graphical representation of the model.
Situation
Selection

Situation
Modification

Attentional
Deployment

Cognitive
Change

Response
Modulation

Situation

Attention

Appraisal

Response

Figure 2.2: The Process Model of Emotion Regulation by James Gross
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Situation selection refers to ”taking actions that make it more (or less) likely
that a person will be in a situation that she expects will give rise to desirable
(or undesirable) emotions” [118]. For instance, a person might decide to walk
through an alternative path to avoid an unwanted encounter with another person.
Situation modification refers to trying to change external features of a situation
in order to alter its emotional impact [118]. For instance, a person can change
the music of an environment to lighten up the mood after a conflict. Researchers
also refer to this type of emotion regulation as ”problem-focused coping” [166].
Attentional deployment refers to direct the attention of a person aiming to influence their emotional response [118]. One of the most common forms of attentional deployment is distraction, in which a person redirects their attention
within a given situation or shifts their attention away from the situation altogether. Another common strategy of attentional deployment is concentration,
in which the individual draws attention to the emotional features of the situation.
Cognitive change refers to modifying the way an individual thinks about a
situation in order to alter the way he/she feels. The most commonly studied
example of cognitive change is reappraisal, which involves reinterpreting the
meaning of a stimulus, or evaluating the self-relevance of the situation. In some
situations reappraisal is applied to what is happening internally, such as when a
person appraises their fast heart rate as a sign that the body is preparing her for
a speech instead of a sign of anxiety. In other situations, reappraisal is applied to
the external situation itself. For instance, a person that loses her job can evaluate
the situation as a chance to pursue new challenges rather than a failure [118].
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Finally, response modulation corresponds to directly influence physiological,
behavioral or experiential components of the emotional response after the emotion is in progress [118]. One of the most studied forms of response modulation is suppression, which refers to the ongoing efforts of inhibiting emotionexpressive behavior (e.g. facial expressions).

2.2.2

Extended Process Model of Emotion Regulation

Although the Process Model of Emotion Regulation is often used to study emotion regulation strategies, the model does not clarify how these strategies are
started or stopped. In order to overcome this limitation, Gross presented the
Extended Process Model of Emotion Regulation (EPM) [119][118], which resembles the control theory model from Carver and Scheier [53]. Figure 2.3 shows a
graphical description of the model.
Valuation

Perception

Second-level
valuation

Action

V
P

A
W

First-level valuation

Figure 2.3: Extended Process Model of Emotion Regulation

The EPM has two valuation systems, which are essentially feedback loops
[53]. The ”World” refers to the internal world (e.g. bodily signals) or the external
world (e.g. objects we see and hear). The ”Perception” refers to the perception
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of signals, either internally or externally. The ”Valuation” corresponds to an
evaluation that the person makes about the signals, which is essentially if the
signals are ”good” or ”bad” for the person. Finally, the ”Action” refers to action
impulses to reduce discrepancies between the current state of the world and the
desired state [118].
In some cases, a single feedback loop is enough to narrow the gap between the perceived state of the world and the desired state [119]. However, in
most cases different feedback loops are sequentially activated during the selfregulation process, with one triggering the other. Gross presented three stages
of emotion regulation: identification, selection, and implementation [119]. Figure 2.4 shows a graphical representation of these stages. The ”Action” boxes,
highlighted in the figure, correspond to mental or physical actions that define if
the person will continue in the same stage or move to the next one.
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“I will do X about this”
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Figure 2.4: Emotion Regulation Stages
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In the Identification stage, the person recognizes the emotion and decides if
she will attempt to regulate it or not. If yes, the person moves to the Selection
stage, in which an emotion regulation strategy is selected. After selecting a
strategy, the person moves to the Implementation stage, in which she starts to
act based on her plan of action.
As an example of how a person moves from one emotion regulation stage
to another, imagine a musician who needs to perform in front of a large audience. Right before their performance, he notices his racing heart, trembling
hands, and concludes that he is feeling anxious and needs to do something to
reduce his anxiety. This represents the ”Identification” stage. The musician
then remembers a deep breathing exercise that he learned with a friend, and
decides that he will try that to feel calmer. This corresponds to the stage of ”Selection”. Finally, in the ”Implementation” stage, the musician starts to do the
deep breathing exercise, which helps to soothe his nerves.

2.2.3

Implicit Emotion Regulation

Although many examples of emotion regulation strategies are conscious, emotion regulation can also be engaged implicitly. One example is when a person
quickly turns away from upsetting material [121]. Implicit emotion regulation
may be defined as ”any process that operates without the need for conscious
supervision or explicit intentions, and which is aimed at modifying the quality, intensity, or duration of an emotional response” [159]. Even though implicit
emotion regulation is presumably unintentional, several lines of research emphasize that people engage in this form of emotion regulation to achieve their
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own goals [159]. Implicit emotion regulation is crucial for our well-being, given
the high demand for moment-to-moment emotion regulation in our everyday
life [121].
According to Mauss et al. [190], there are three main advantages of automatic and implicit emotion regulation: 1) it may consume little or no attentional
capacity or subjective effort; 2) it can be activated quickly, effectively interrupting the development of an emotional impulse before it unfolds; and 3) it can
avoid some of the ”side effects” of deliberate emotion control. Therefore, implicit emotion regulation can avoid some of the negative concomitants of conscious emotion regulation.
Our environment contains significant cues that can trigger fast and automatic emotional responses. It has been shown, for instance, that we spontaneously imitate emotional facial expressions, which in turn can influence how
we feel [212]. However, what happens in our bodies can also trigger fast emotional reactions. As emotion regulation is associated with both attention to and
awareness of one’s emotional state, the way we perceive what is happening internally can directly influence our emotional experience [108].

2.3

Behavior and Behavior Change

In this section, I present an overview of popular theories and models of behavior and behavior change, including common criticisms. I also discuss about
the automaticity of behavior and present examples of dual-process theories and
models, which explain behavior considering both rational and automatic processes.
16

2.3.1

Traditional Behavioral Theories and Models

Traditional behavior theories and models assume that human behavior is regulated by conscious and rational processes. Classical theories include the Theory
of Reasoned Action (TRA) [4] and the Theory of Planned Behavior (TPB) [5]. These
theories propose that behavioral intentions are a function of a person’s attitude
about the behavior and subjective norms (perceived approval of others). The
Theory of Planned Behavior is an extension of the Theory of Planned Action,
and includes perceived behavioral control as a variable that influences behavior
directly and indirectly through intentions [183]. Both theories are considered
explanatory theories, so they are used to understand the factors that influence
behavior and why a behavior occurs. Since they provide limited information
about how to change behavior, they often are not used to develop interventions
[299].
Other theories have been used to guide strategies for attitude and behavior change. One of the most well known theories is Goal Setting Theory (GST)
[175]. The theory states that both difficulty and specificity of goals influence
task performance. Specific and difficult goals lead to higher performance than
easy or vague goals, such as the goal to ”do one’s best”. If the person commits
to a goal, has the ability to achieve it, and does not have conflicting goals, then
there should be a positive and linear relationship between goal difficulty and
task performance [176].
In addition to theories that consider internal factors to explain behavior, researchers started to explain behavior and behavior change considering the interaction of individuals with the environment. One of these researchers is Bandura,
who proposed Social Learning Theory (SLT) and Social Cognitive Theory (SCT).
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SLT asserts that observing others performing a behavior influences the perception of individual’s own ability to perform the behavior [21]. Based on SLT, he
developed Social Cognitive Theory (SCT), which explains the causes of behavior based on a model called ”triadic reciprocal determinism”. According to the
model, behavior is shaped by the interaction of three elements: 1) internal factors, such as cognitive and physiological events; 2) behavioral factors, such as
skills and self-efficacy; and 3) environmental factors, such as social norms [18].
The Social Cognitive Theory emphasizes the importance of self-efficacy, which
is the belief that a person has in her ability to complete tasks and reach goals.
Theories and models like the SCT and the Theory of Planned Behavior were
proposed to help understanding behavior, but some behavioral models were
specifically proposed to guide the design of behavior change interventions.
Among these models, one of the most popular is the Transtheoretical Model of
Behavior Change (TTM) [235]. The model posits that behavior change occurs
through six temporal stages: precontemplation, contemplation, preparation, action, maintenance and termination. The TTM integrates different theories of
behavior change, which explains the use of the word ”transtheoretical”. The
model was based on the authors’ research with smokers trying to quit [235], but
since its inception it has been used in many other contexts, such as for physical
activities [186] and weight management [145].
Finally, another model used to design behavioral interventions that became
popular especially among computer and information scientists is the BJ Fogg
model [101]. The model asserts that behavior is a consequence of three factors:
motivation, ability and trigger. According to the model, a person will only perform a target behavior if she is sufficiently motivated, has the necessary abilities
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to perform the behavior, and receives a trigger or prompt to perform the behavior (e.g. reminder). This model has been widely used in the design of persuasive
technologies.

2.3.2

Criticisms to Traditional Behavioral Theories

Although traditional theories and models of behavior have been widely used
to explain behavior and to design behavior change interventions, studies have
shown that they are not very effective in predicting and changing health behavior [298]. Because of that, some researchers have suggested that existing
models, such as the Transtheoretical Model of Behavior Change and the Theory
of Planned Behavior, should be abandoned [303][266].
One of the main criticisms to traditional models of behavior is that they focus
solely on reflective action and conscious processes, and assert that changing a
person’s conscious cognition is enough to cause significant changes in behavior
[262]. However, there is growing evidence of the importance of implicit and automatic processes, and evidence from social psychology that in some situations
reflective thought may even have negative consequences [262].
Implicit and automatic processes can help to explain why behavioral models afford modest prediction of change in health behavior [262]. For instance,
automatic processes may be responsible for dietary lapses despite people’s conscious intentions to lose weight. Furthermore, research on the automaticity of
behavior can offer new targets for prediction and intervention in health-related
behavior.
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2.3.3

Automaticity of Behavior

A large part of our everyday activities are performed automatically and unconsciously. During social interactions, for instance, we respond automatically and
without thinking to several social stimuli, including facial expressions, body
gestures, sexual orientation and ethnicity [301]. Similarly, we have unconscious
automatic responses to things we like or dislike, including music, food and
ideas [305]. In all these cases, we have conscious responses as well, but there
is always a vast array of automatic responses acting in the background. These
automatic responses are particularly useful in situations when we do not have
the knowledge, time, or opportunity to thoughtfully think about everything, so
the use of automatic responses can help to save energy, time, and mental effort.
Although many of our everyday activities are performed mindlessly, in
many cases we are aware that we are performing them, at least at the outset.
We know that we are driving to work and that we are going to the bathroom
to take a shower, but because these actions have been done so often we do not
need to think about them anymore after they are consciously launched [300].
This automaticity allows us to think about the act at a higher level rather than
think about all the details [300]. Since we often have conscious thoughts prior
to our actions, we experience them as consciously caused. However, our actions
are often conscious only for a brief moment. Once an action is started, an ”autopilot” mode is activated that allows the action to be performed automatically.
These actions that are performed automatically are called habits.
Habits are response dispositions that are triggered automatically by context
cues, such as elements of the environment and preceding actions [200]. These
automatic responses are acquired through a process in which repetition incre20

mentally tunes cognitive processors in procedural memory, which is the memory system that supports the minimally conscious control of skilled action [200].
According to the direct-context-cuing model, the repetition creates direct links
between context and responses in memory. Once these links are established via
associative learning, merely perceiving a stimulus can be enough to trigger a behavior automatically [218]. Evidence for the direct-context-cuing model comes
from studies in which the priming of a construct influenced the performance
of relevant actions. For instance, in a classic study from Bargh and colleagues,
participants who were primed with the elderly stereotype walked more slowly
down a hallway in the end of the experiment [24].
Given the prevalence of automatic and implicit processes in our lives, researchers started to propose theories and models that consider not only conscious and rational decisions but also unconscious and automatic reactions.
These theories and models are often referred as ”dual-process theories” or
”dual-process models”.

2.3.4

Dual-process Theories and Models

Unlike behavioral theories and models that consider only conscious behavior,
dual-process theories and models explain behavior considering both conscious
and unconscious processes.
Daniel Kahneman proposed a generalized dual-process theory that distinguishes mental processes into System 1 and System 2 [148]. System 1 corresponds to fast, automatic and effortless processes, while System 2 refers to slow,
conscious and effortful processes, where reason dominates [148][110]. Both Sys-
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tem 1 and System 2 are constantly influencing each other. System 1 always
provides impressions, ”gut feelings” and intuitions, and in many cases System
2 accepts this information with little modification [148]. Depending on the situation, one system can dominate. System 1 tends to be in control when the
person is with low cognitive capacity, high arousal, deprivation of basic needs
(e.g. food, water), or when the person is doing a well-learned task that activates
procedural memory (e.g. walking, typing) [271]. On the other hand, System 2
usually dominates when the person is with high cognitive capacity and motivation, or when the person is learning how to do a new task (e.g. driving).
Another prominent dual-process theory is the Elaboration Likelihood Model
(ELM) [223]. The essence of this model concerns the conditions in which different aspects of a message influence the persuasion. According to the model, there
are two major routes for persuasion: the central route and the peripheral route.
Under the central route, persuasion will likely result from a person’s careful
consideration of the information presented, while under the peripheral route
persuasion results from a limited examination of the information available or
by the use of heuristics and other types of shortcuts.
Finally, the Heuristic-systematic Model (HSM) is very similar to the ELM,
also containing two basic persuasion processes that influence individual’s judgments and behavior: the systematic processing and the heuristic processing [57].
One concept of the model is the Sufficiency Principle, that states that people are
partially guided by the ”principle of least effort”, in which in some situations
the mind processes information with the least amount of effort (heuristic), and
in other situations it would use more effortful processing (systematic).
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2.4

Interventions for Emotion Regulation and Behavior Change

In addition to theories and models that attempt to explain behavior change and
emotion regulation, researchers have proposed different methods to help people
change their behavior or emotions. In this section, I present an overview of
emotion regulation and behavior change interventions.

2.4.1

Emotion Regulation Technologies

Given the influence that emotions have in people’s lives, several interventions
have been designed to help individuals manage their emotions more effectively.
One target population for emotion regulation interventions are individuals
with emotional disorders. Traditionally, this population has been treated with
medications and/or psychotherapy treatments such as Cognitive Behavioral
Therapy (CBT). More recently, it has been growing the interest in using technologies to help individuals with emotional disorders, which led to the development of technologies for people with depression [297], anxiety [196], bipolar
disorder [188], and suicidal behavior [258].
In addition to helping individuals with emotional disorders, many individuals face emotional situations in which interventions could be useful. For instance, previous research has shown that the presence of stress can make a person to have symptoms that resemble a cognitive disorder, such as ADHD [80].
Although individuals recognize that in some situations their stress can be debilitating, it can be hard to regulate it effectively [135][44]. For this purpose,
designers and researchers proposed different types of technical interventions,
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including mindfulness apps such as Headspace and Calm, mobile technologies
to help users manage their stress and anxiety [182][219][189] and virtual reality
experiences to elicit positive emotions [243][6].
One popular strategy used in emotion regulation technologies is presenting
information for the user to reflect and act based on it [189]. This strategy is
useful to make users understand their responses to emotional situations and
identify how their emotions change over time. One example of technology that
uses this approach is AffectAura, which is a system that measures behavioral
signals (e.g. posture, head position, voice), physiological signals (GSR) and location to provide users visualizations of their affective states [193]. Another
example is EmotionMap, which is a mobile app that allows users to manually
log information about their emotions along with contextual information, such
as time, activity, and location [141].
Aiming to help users manage their emotions while performing certain tasks,
researchers have proposed the use of real-time interventions. One popular approach is biofeedback, in which a system detects user’s physiological signals
using sensors and provides real-time feedback to help the user control their
physiological responses. One example of technology that uses this approach is
MoodWings, which is a wristband with a butterfly whose wings move based on
user’s real-time stress [182]. Interestingly, although the device was designed to
calm down the users, participants’ stress increased during a driving task with
the intervention. These results corroborate that there is a fine line between a
stress management intervention being effective or becoming a stressor [219].
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2.4.2

Persuasive Technologies

Persuasive technologies are systems designed to change people’s attitudes
and/or behavior towards an issue, object, or action [100]. The concept was introduced by BJ Fogg in 1997, and since then several technologies have been
designed for this purpose. Researchers have created mobile technologies that
encourage users to exercise more [66], eat healthier foods [59], sleep better [25],
and keep more sustainable habits [106].
Researchers have used different strategies in the design of persuasive technologies. One common strategy is conditioning, which is usually achieved by
providing positive or negative reinforcement [156]. One example of application
using this strategy is Fish’n’Steps, in which the growth and activity of a virtual
fish is linked to the daily step count of the user. The feedback is provided with
a fish happy and growing (positive reinforcement) or crying and not growing
(negative reinforcement).
Reduction is also a popular design strategy to persuade users. The idea behind this approach is that making a behavior easier to perform can increase a
person’s self-efficacy, which is the belief of having the ability to perform the
behavior. One example of technology using this strategy is a smart kitchen that
tracks the calories of food ingredients and provides feedback to the user through
a display [59]. This reduces the effort of manually search for calorie information,
which can increase people’s willingness to cook healthy meals.
Researchers have also leveraged social influence for behavior change [211].
Fish’n’Steps [174], for example, uses both cooperation and competition as strategies to encourage users to practice physical activities. Another example is the
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mobile application Houston [64], that allows users to share their step count with
their friends.
Finally, another widely used approach for behavior change is selfmonitoring [156], which allows users to monitor and reflect about their behavior. Systems designed with this strategy are often referred as personal informatics systems.

2.4.3

Personal Informatics

Personal informatics systems are defined as systems that ”help people collect
personally relevant information for the purpose of self-reflection and gaining
self-knowledge” [171]. These systems can also be referred with other names,
including ”self-tracking”, ”personal analytics”, and ”quantified self” [309][311]
[171].
With the advance of computing and ubiquitous technologies, personal informatics tools can be used to monitor a myriad of personal information [172].
Examples include fitness trackers (e.g. Fitbit), which can be used to monitor
physical activities; mobile applications to track eating behavior (e.g. MyFitnessPal); and mobile applications to track sleep (e.g. SleepCycle). These technologies also use different ways of providing feedback. In UbiFit [66], for instance,
the wallpaper of the mobile phone shows abstract representations that change
based on user’s activities, encouraging the user to reflect about their lifestyle. In
the fitness tracker FitBit, the feedback is provided either with numerical information such as step count or with more affective displays such as a flower that
changes based on the user’s progress [61].
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Li conducted surveys and interviews to understand how users of personal
informatics tools collect and reflect on personal information [171]. Based on
the results, he proposed the Stage-based Model of Personal Informatics, which
consists of five stages: Preparation, which concerns people’s motivation to collect
personally relevant information; Collection, which refers to people’s collection of
information about themselves; Integration, which concerns the processing and
transformation of information; Reflection, which concerns user’s reflection of the
information obtained; and finally Action, in which users decide what they will
do with the new information obtained about themselves [171].
Interventions based on self-reflection have received extensive support.
However, in many cases people are driven by habits, biases, and impulsive reactions, which compromise the effectiveness of interventions based on reflection.
By acknowledging and capitalizing on these biases, impulses and habits, Thaler
and Sunstein proposed the idea of ”Nudging”, which can be used by private
and public institutions to change people’s behavior [123][278].

2.4.4

Nudging

Nudging can be defined as ”any aspect of the choice architecture that alters people’s behavior in a predictable way without forbidding any options or significantly changing their economic incentives” [278]. In this definition, the expression ”choice architecture” refers to the practice of influencing people’s choices
by organizing the context in which they make decisions [15].
The idea of nudging is that the same cognitive biases, habits, and mindless responses that make people commit mistakes can be systematically used
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by institutions to modify people’s behavior [123][278]. A simple example is a
cafeteria manager that replaces chocolate with fruit in the impulse basket next
to the cash register, aiming to encourage customers to buy more fruit and less
chocolate. The customers still have the option of buying chocolate if they want,
but the way that the choices are offered subtly influences them to pick the fruit
more often than the chocolate [278].
The idea of nudging has been applied in various contexts. For instance, in
order to influence drivers to reduce the car speed, cities have been using different nudges on the road design, including 3D paintings of kids chasing balls
and fake pot holes. One nudge that became popular after being mentioned in
the book ”Nudge” is the painting done at Lake Shore Drive in Chicago [278].
Lake Shore Drive has a dangerous curve where car accidents were common.
Even with all the signs indicating the speed limit, drivers would frequently surpass the speed limit of the road. As an attempt to make drivers slow down, the
Chicago’s Department of Transportation painted horizontal white lines on the
road that are closer to each other next to the curve. As the drivers approach
the curve, the lines get progressively narrower, which creates the visual illusion
that they are driving faster than they really are, nudging them to tap their brakes
and slow down. In the six months after the lines were painted, there were 36%
fewer crashes than the six-month period the year before [198].
Despite the large adoption of nudging interventions that leverage people’s mindless responses, designers of nudges have traditionally focused on
changing features of the environment for society-level interventions rather than
personal-level interventions [207]. Although this is an effective way for institutions to influence people’s behavior, nudging interventions that capitalize on
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mindless responses could also be designed to make users achieve their own
self-regulation goals, similar to persuasive technologies and personal informatics systems. This raises a question: ”How many persuasive technologies have
been designed by leveraging our automatic mind (System 1)?”. In order to answer this question, I conducted a systematic review of persuasive technologies,
which is described in the next section. This systematic review was conducted in
2015 with Alex Adams, and the results were published in the Ubicomp conference [2].

2.5

Systematic Review of Persuasive Technologies

We conducted a systematic review to investigate how many persuasive technologies were designed to focus on the automatic mind (System 1) or the reflective mind (System 2). We focused our attention in four conferences: Ubicomp, CHI, PervasiveHealth and Persuasive. The papers of these conferences
are available in three electronic bases: ACM Digital Library, IEEE Explore and
Springer. In order to find relevant papers in these electronic bases, we used
the following keywords: persuasive technology, captology, behavior change,
nudge, nudging, subliminal, subconscious, behavioral economics, and priming.
Since the Persuasive conference is focused on persuasive technologies, instead
of using keywords in the search we reviewed all papers published in this conference since its inception (2006) until 2015. Once the articles had been obtained,
one researcher (one of the first authors) read through all titles and removed the
duplicates. This phase yielded a result of 885 articles and formed the basis for
the next step in our selection process.
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We obtained the abstract of all articles identified in the first phase and both
first authors read through the abstracts, with the following exclusion criteria:
i) Exclude if the paper does not present a persuasive technology; ii) Exclude if
the paper does not present a mobile or ubiquitous technology; iii) Exclude if the
paper does not present an evaluation of the technology or the intervention. After each researcher had gone through the papers, we compared results. Where
we disagreed as to whether to keep or remove a paper, we discussed the matter
until we reached agreement. This process reduced the number of articles to 252,
and agreement between researchers was ’good’ (Kappa value of 0.71).
The full text for all 252 papers was obtained and both researchers read
through all the papers with the same criteria for exclusion in mind. The final number of papers selected for the review was 176. The agreement between
researchers was ’good’ (Kappa value of 0.76). The full list of papers can be accessed via: http://pac.cs.cornell.edu/files/systematic review.pdf.
We chose to classify the 176 papers identified according to the kind of System
(1 or 2) the technology presented in the paper acts upon. Each researcher classified the 176 papers individually, before comparing the results. The agreement
between researchers at this stage was ’very good’ (Kappa value of 0.87). Disagreements were discussed until a consensus was reached on the classification.
After the discussion, we agreed that 165 papers describe persuasive technologies that were designed to focus on the rational mind (System 2) and only 11
papers present technologies that focus on the automatic mind (System 1).
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2.5.1

System 2 Technologies

The results of the systematic review show that most of the technologies were
designed to leverage the reflective and rational mind (System 2). One common
characteristic of these technologies is the reliance on the motivation and/or ability of the users, so they require conscious attention and effort from individuals
to change their behavior.
Most of the studies reviewed did not mention behavioral theories that inspired the design of the technologies. A more recent review of persuasive technologies shows that this is still the case, since more than half (55%) of the studies reviewed did not mention any theory used in the intervention design [213].
Although most papers reviewed in our systematic review did not mention behavioral theories explicitly, some papers not only mentioned theories but also
explained how they used these theories to design or evaluate the technologies.
Table 2.1 shows an overview of the most used theories.
One of the most used theories to guide the design of behavior change technologies is goal-setting theory. Examples of technologies that were designed by
leveraging this theory include: the mobile application Houston, which provides
users with a daily step count goal based on their history [64]; the mobile application UbiFit, which allows users to set their own primary and alternate weekly
physical goals [65]; and the app presented by Gasser et al, in which users have
a daily goal of earning ”lifestyle points” by doing moderate/vigorous physical
activity or by consuming one serving of fruit or vegetables [109].
Another common model used to design behavior change technologies is the
Transtheoretical Model. One way in which the model is often employed is by
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Table 2.1: Overview of behavioral theories and examples of persuasive applications that were designed using these theories
Theory/Model

Summary

Usage Example

Applications

Behavior is guided by intentions, attitudes,
Theory of Planned Behavior

Show pros and cons to increase
subjective norms and perceived behavioral

[255]

user’s intention to perform the behavior.
control.
Specific, difficult goals lead to higher
Goal-Setting Theory

Provide specific and challenging
performance. People need summary feedback

[64] [65]

goals to users.
for goals to be effective.
Behavior is determined by the interaction of
Social Cognitive Theory

Increase user’s self-efficacy
personal, behavioral, and environmental factors.

[237]

by making a goal seem attainable.
Self-efficacy plays a major role.
People move through a series of stages when
Transtheoretical Model

Personalize the interaction
modifying behavior. Each stage may require

[65] [116]

based on the TTM stages of change.
different principles and processes.
A person will perform a behavior when she
Fogg Model

is motivated, have the ability to perform the

Increase user’s ability by making a

behavior, and is triggered to perform the

target behavior easier to do.

[48] [237]

behavior.

following the TTM stages of change to personalize the interaction with the user.
For instance, in Bickmore et al. [38] the authors present an automated health
counselor agent that promotes physical activity or fruit/vegetable consumption. The agent was designed to guide the conversations based on the TTM
stages. For example, when users are in the contemplation stage, the system
spends more time on the target behavior, in order to help the user get started
with the goal-setting program.
The BJ Fogg Model is another popular choice to guide the design of technologies for behavior change [101]. One of the principles proposed by BJ Fogg
is to increase user’s ability by making a behavior easier to do. Technologies that
use this principle include BreakSense, which provides a context-aware trigger
to perform a low-effort walking task during a work break [48]; and MyBehavior,
which suggests easy to follow health suggestions based on users’ past behavior
[237].
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In addition to leveraging a single behavioral theory, researchers often combine multiple theories to guide the design of behavior change technologies.
For instance, the application UbiFit used weekly activity goals based on Goalsetting theory; and rewards for performed behavior based on the Transtheoretical Model of Behavior Change [65][128].
Although behavioral theories are used to guide the design of persuasive
technologies, researchers often use a subset of principles of a theory rather than
all their theoretical aspects [227]. For instance, Rabbi et al. leveraged the principle of self-efficacy from Social Cognitive Theory to design the mobile application MyBehavior [237]. Since people are more likely to perform a behavior
if they have high self-efficacy, the application provides personalized and low
effort suggestions of physical activities (e.g. ”Walk near East Ave”) and eating
activities (e.g. ”This is a good meal”). The goal of the application is to provide
tailored health suggestions that users would be more confident to follow.
Finally, theories and models of behavior are also used to guide the evaluation
of the technologies. For instance, in the work from Schneider and colleagues
[255], the authors used the core elements of the Theory of Planned Behavior
(attitude, subjective norm, and perceived control) to evaluate the intention of
users to workout using the mobile fitness app Freeletics. Similarly, Parker et al.
used the TTM to guide the qualitative evaluation of the mobile game OrderUp!,
that helps players make healthier meal choices [116]. The authors found that
playing OrderUp! helped users to engage in four processes of change of the
model.
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2.5.2

System 1 Technologies

As mentioned previously, the results of our systematic review indicate that very
few papers (11%) present persuasive technologies that leverage the automatic
mind (System 1). Furthermore, only two papers explicitly mention theoretical
studies that inspired the design of the technologies [246][168]. Although the
authors did not mention behavioral theories/models per se, they explained how
they leveraged heuristics and biases in the design process. For instance, in the
work from Rogers and colleagues [246] the authors were inspired by previous
studies that show how fast and frugal heuristics can influence people’s behavior
[282]. Similarly, in the paper from Lee and colleagues [168] the authors show
how to leverage behavioral economics constructs, such as default bias, to design
persuasive interventions.
The System 1 technologies found in the review were designed to influence different kinds of behavior, including: decrease energy consumption
[122][180][179], practice physical activities [246], improve behavior during social interactions [239][14], keep proper posture while sitting [206], look at a shop
window [241], eat healthy snacks [168], drink water [9], and correct bad posture
while playing violin [287].
Among the approaches used in the behavior change technologies that leverage System 1, the most common is to change aspects of the environment. 8 out
of the 11 papers found use this approach [122][180][179][14][246][206][241][9].
All technologies described in these papers use visual cues in the environment
to influence people’s behavior. A great example is the work from Rogers and
colleagues [246]. The researchers put twinkly lights leading to a stairwell that
would light up whenever someone approached them. An in-the-wild study
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showed that this subtle intervention nudged people to take the stairs more often than the elevator. In another example of implicit intervention in the environment, Arroyo and colleagues designed Gurgle, which uses light projection
and sounds on a water fountain to lure individuals to take a drink [9]. Sensors
attached to the physical installation have shown that the intervention increased
the proportion of people who used the water fountain. Finally, one approach
used in papers that focus on energy consumption is to use pre-existing color
associations and change the colors of the environment to trigger different perceptions and temperature sensations [122][180][179].
Some of the persuasive systems found in the review are based on mobile
technologies. For example, Rajan and colleagues used audible cues to reduce
dominance in collaborative tasks [239]. In [168], the authors used a robot that
influences people to make healthier snack choices by making the choices more
accessible and convenient. Finally, in [287] the researchers present a technology
that provides a gentle haptic feedback to help people correct bad posture while
playing violin.
When this systematic review was conducted in 2015, there were very few
persuasive technologies leveraging the automatic mind. More recently, researchers started to recognize the importance of accounting for automatic processes in the design of self-regulation technologies [227][181]. Pinder and colleagues, for instance, presented a very comprehensive review of behavioral theories and interventions, and highlighted how there are still few digital behavior
change interventions accounting for habitual behavior and automatic responses
[227].
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2.6

Gap in the Design of Self-regulation Technologies

While self-regulation technologies focusing on our conscious mind have
achieved enormous success, there are limitations stemming from that sole focus. In this section, I describe some issues with the reliance on our conscious
mind that can compromise the effectiveness of self-regulation technologies.

2.6.1

Behavior Change as a Long-term Process

Traditional theories and models of behavior, such as the TTM, focus on behavior
change as a long-term process [53] [235]. Since designers of personal informatics
tools and persuasive technologies often leverage these models to design interventions, the technologies are also designed with a long-term focus. One of
the reasons that behavior change is seen as a lengthy process is because many
actions are part of people’s daily lives, so a single change often requires individuals to change their routines and habits, which is not an easy task [156].
Furthermore, the literature shows that the human capacity for self-control is
limited, so behavior change setbacks can always occur, especially in situations
in which self-control resources are drained by demands in other areas of one’s
life, such as when a person is stressed, in bad mood, or distracted with many
tasks [156]. This is why several researchers advocate that in order to evaluate
health behavior change it is necessary to conduct a longitudinal study over several months or even years [235], since it takes a long time for a behavior change
to truly stick.
In many circumstances it is important to keep the focus on long-term behav-

36

ior change, since the goal of the person is not something that can be achieved
in one single activity. A user that uses a fitness tracking device with the goal of
losing weight will only reach his goal if he starts to practice physical activities
regularly. However, there are situations in which a single change of behavior
can have major consequences for the individual. For instance, a driver that is
nudged to reduce the car speed could avoid an accident, and a person that adjusts their behavior during a business meeting could create a better first impression. In these situations, a technology could provide feedback after the activity,
but then it could be too late. These examples show how the timing of the feedback is an important aspect in behavior change technologies [2]. With a sole
focus on long-term behavior change, this aspect can be neglected to favor other
design considerations, such as increasing user’s engagement and motivation.

2.6.2

Obtrusiveness of Behavior Change Technologies

One aspect that has to be taken into account in the design of self-regulation
technologies is how to provide feedback without interrupting the user. This is
when self-regulation technologies based on conscious and reflective processes
(System 2) can fail. Since System 2 processes involve conscious reasoning, users
have to direct their attention to the technology when needed, which often involves pausing or stopping their current tasks. For instance, personal informatics tools present data about user’s behavior, so that the user can reflect and
change their behavior if needed. This approach requires the user to look and
evaluate the information presented, which may not be feasible when the user is
busy or with low cognitive capacity (e.g. under stress).
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The problem with this conscious interaction is that not all self-regulatory
processes require conscious awareness and attention to operate smoothly, and a
substantial portion of day-to-day behavior has been thought to occur automatically or mindlessly [23]. In situations in which the performance of a task has
become automatized, conscious thought about the task can impair the performance while performing it, which has been known as the ”centipede effect” or
”humphrey’s law” [63]. Baumeister [26], for example, argues that conscious attention to skilled manual performance can disrupt that performance. He shows
that asking people to think about what their hands are doing makes them worse
at a manual game, as does letting them know that they are being evaluated.

2.6.3

Obtrusiveness of Emotion Regulation Technologies

Similar to technologies for behavior change, designers of emotion regulation
technologies often focus on reflection [189][193]. Examples of technologies that
rely on reflection include biofeedback devices that encourage users to reflect
about their stress [248][182], visualizations that show estimated affective states
over time [193], and interfaces to support reconciliation [314]. These technologies can help users reflect about their experiences so that they can take actions to
better regulate their emotions in future situations [67]. However, this reflective
practice cannot be performed concurrently with some tasks, since they require
the focused attention of the user. If, for instance, a person is involved in an
intense conflict with her partner, it is unlikely that she will pause or stop the
conversation to use a technology. Indeed, technologies that focus on reflection
are not designed to help users regulate their emotions while they are engaged
in high pressure situations [67].
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Another approach used in the design of technologies for emotion regulation
is to provide real-time feedback. In some cases, the feedback is not designed to
regulate an emotion itself, but it can help in the process. Examples include technologies that provide linguistic feedback about conversations [79], and robots
that provide feedback about people’s aggressive behavior [147][134]. However,
this approach has the same issue of technologies that rely on reflection: users
have to drift their attention away from their current task to pay attention to the
technology.

2.6.4

Self-knowledge Isn’t Always Helpful

One common approach of technologies for behavior change and emotion regulation is presenting information about user’s behavior or emotions, so that
users can be more mindful about their current state. Indeed, there is extensive
empirical evidence showing that when people receive feedback about their current state, they can better evaluate if they need to make any changes to achieve
their goals [53]. However, there are studies that show that being more aware
about the current state is not always helpful, and it can even lead to negative
consequences. For instance, in a study by Maclean and colleagues, a wearable
technology that provides real-time feedback of user’s stress made participants
feel even more stressed [182].
The evidence that increasing self-knowledge is not necessarily better can
also be found in studies using emotion monitoring technologies. For instance,
Faurholt-Jepsen and colleagues evaluated the use of the mood tracking application MONARCA with individuals with bipolar disorder. The authors found
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that users of the application that had only monitoring features had greater posttest depression than participants from the control group [93].

2.6.5

Proposal of a Novel Approach

So how do we develop technologies for self-regulation that address the aforementioned
issues of existing technologies?
The core idea of this dissertation is that it is possible to mitigate some issues
of technologies that rely on conscious and reflective processes by focusing on
implicit and automatic processes. More specifically, I argue that we can reduce
the burden from users while using behavior change and emotion regulation
technologies by changing how they perceive situational cues peripherally and
in parallel with their activities.
The idea of capitalizating on the automatic mind to design behavior change
interventions has been explored with nudges [278]. However, as mentioned previously, the concept of nudging has been applied mostly by institutions to influence societal behavior. The change from society-level interventions to personallevel interventions offers interesting opportunities, which I demonstrate in this
dissertation. First, it is possible to use mobile technologies such as smartphones
and smartwatches to deliver more robust, intelligent and tailored interventions.
Second, instead of changing the environment, a personal intervention can be
designed to change the way a person perceives the environment or even herself. In the following chapter (Chapter 3), I show how this can be accomplished
by using an adaptation of the Extended Process Model of Emotion Regulation
[118].
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CHAPTER 3
DESIGNING TECHNOLOGIES FOR IMPLICIT SELF-REGULATION

In this dissertation, I use Gross’ Extended Process Model of Emotion Regulation (EPM) [118] to describe how to design implicit self-regulation interventions.
Although the EPM was originally proposed for emotion regulation, the model
strongly resembles Carver and Scheier’s control theory model [53], which has
been used to describe self-regulation of behavior and emotions [55]. Therefore,
the EPM model can also be applied for self-regulation more broadly.
As described in chapter 2, the EPM has two feedback loops: first-order valuation, which is a a feedback loop that generates an automatic and implicit reaction (e.g. emotion); and second-order valuation, which aims to change the operation of the first-order system. Drawing from dual-process theories, the firstorder valuation can be used to represent implicit processes (System 1), while the
second-order valuation can represent explicit processes (System 2). For the rest
of the dissertation, I will refer to the first-order valuation as ”Implicit system”
and to the second-order valuation as ”Explicit system”. I will call the combination of both systems as the Process Model of Self-regulation. Figure 3.1 shows
a graphical description of the model.
In the next section, I present an overview of the process model of selfregulation and describe the implicit and explicit systems.

3.1

Overview of the Process Model of Self-regulation

As figure 3.1 shows, the implicit and explicit systems operate in parallel and
constantly interact with each other [119]. The systems can handle different types
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Figure 3.1: Process Model of Self-regulation

of inputs, lead to different kinds of outputs, and operate on different time scales
[118].
In the explicit system, the person is consciously aware of the inputs and outputs. Given all the events happening at a certain time (World), a person may
decide to focus their attention on particular stimuli (Perception), consciously
evaluate the relevance of the event (Evaluate), and then decide if she will do
something about it (Action). For instance, a person who decides to purchase a
fitness tracker that shows data visualizations representing their physical activities (World), may look at these visualizations every day to keep track of their
progress (Perception). If this person notices that she is not achieving her daily
step goal (Evaluation), she might decide to take a longer walking route to go to
work (Action).
In the implicit system, the person does not consciously attend to the inputs and outputs of the system, so everything happens automatically. This au-
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tomaticity happens either because of innate programming, learning, or habit
[27]. One typical example of automaticity is the driving activity. Experienced
drivers perceive what happens on the road (Perception), automatically evaluate
the need to slow down, break or take another action (Evaluation), and quickly
and mindlessly start the action (Action). The person is still aware that she is
driving, but she does not need to be consciously aware of all her actions, unless she wants or if a new event happens. For instance, a roadblock may force
the driver to decide a new direction to take, which would require the explicit
self-regulation system to be engaged.
Self-regulation technologies can be designed to leverage the implicit system,
the explicit system or both. If the technology acts peripherally and without requiring user’s attention, then the technology is leveraging the implicit system.
On the other hand, if a technology provides feedback for the user to reflect or
prompts the user to take some action, the technology is leveraging the explicit
system. In both cases the technologies aim to modify automatic and implicit responses. However, while technologies that leverage the implicit system actuate
on the implicit system immediately, technologies that require conscious awareness aim to train user’s conscious self-control and modify the implicit system in
the long-term. For instance, a fitness tracker can prompt users to follow daily
walking goals until the walking activity becomes a habit. For the rest of the dissertation, I will refer to technologies that act on the implicit system directly as
”in-the-moment interventions” and technologies that focus on training abilities
as ”training interventions”.
The distinction of ”in-the-moment interventions” and ”training interventions” highlights that the self-regulation process can operate on different time
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scales. A person can have a long-term goal, which may require effort for several months or even years (e.g. ”I want to quit smoking”) or a short-term goal,
which focuses on what the person wants to accomplish in a particular situation
(e.g. ”I want to remain calm during this exam”). While pursuing a goal, different feedback loops are activated in stages, with one loop triggering the other. In
the next section, I describe these self-regulation stages and how people progress
from one stage to another.

3.2

Time Course of Self-regulation

The extended process model of emotion regulation contains three stages of selfregulation: identification, selection, and implementation. In this dissertation, I
extend the model to incorporate two new elements: maintenance and relapse.
These additions are inspired by the Transtheoretical Model of Behavior Change
[235]. Figure 3.2 shows a figure with all stages of the model. In the next sections,
I describe each model stage.
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Figure 3.2: Self-regulation Stages
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3.2.1

Identification

The identification stage is the first one of the self-regulation process. When
the implicit system dominates in this stage, the person acts mindlessly without monitoring their own behavior or cognitive states. In these cases, instead
of carefully examining the information available, the person tends to rely on
heuristics and impulses that lead to automatic behavioral and emotional responses. For instance, an individual who is overweight may keep following
their impulses to eat very caloric meals.
When the explicit system is engaged in the identification phase, the person
monitors their behavior or emotions and identifies if something needs to be
corrected or improved. The ”Action” element represents the decision of doing
something, but at this point the person does not define what self-regulation
strategy to use.

3.2.2

Selection

Once the person recognizes the self-regulation need, she may select a strategy
to self-regulate. This represents the phase of ”Selection”. In this phase, people’s intentions start to become more concrete, with a clear plan of action. For
instance, a person who frequently gets stressed and angry at work may decide
to do meditation exercises during the lunch break. The ”Action” element represents the selection of a regulation strategy, which makes the person move to
the implementation stage, or the decision of continuing exploring possibilities,
which would make the person remain in the ”Selection” stage. In this stage,
individuals decide if they will use a self-regulation technology and what tech45

nology will be used.

3.2.3

Implementation

In the implementation stage, the person puts in practice the self-regulation strategy selected. This could be a physical action, such as walking more, or a mental
action, such as reappraising a negative thought [119]. For instance, an individual who wants to lose weight may replace their lunch meal for a low-fat option.
This is the stage targeted by self-regulation technologies. In this stage, there
are two routes for implementation: explicit interventions and implicit interventions. As the names suggest, explicit interventions capitalize on the explicit
system to change people’s behavior or emotions, while implicit interventions
leverage the implicit system.

3.2.4

Maintenance

In the ”Maintenance” stage, people do not need to make significant effort to
self-regulate, since their actions became a habit and they developed a high selfcontrol. Individuals reach this stage after constantly implementing the same
self-regulation strategy. As Bargh wrote: ”any skill, be it perceptual, motor, or
cognitive, requires less and less conscious attention the more frequently and
consistently it is engaged” [22].
Previous research has shown that it takes on average 66 days for a new habit
to be formed [162]. However, when impulses and mindless reactions are very
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strong, which is the case in addiction, it may take much longer to reach the
maintenance stage. For instance, in the work of Prochaska and colleagues with
smokers, they stated that the people in the maintenance stage were the ones that
maintained their nonsmoking for at least 6 months [234].

3.2.5

Relapse

Despite the intentions of a person to attain their self-regulation goals, she may
be tempted to give in to their impulses and return to their old habits. In these
cases, it is said that the person relapsed. Relapses can happen at any phase during the time course of self-regulation, and make the person return to an earlier
stage. For instance, a person who is trying to stop drinking alcohol may experience withdrawal and a strong urge to drink, which may trigger her to drink
again after some weeks sober.
Relapses are common during the self-regulation process. As a matter of fact,
while the implicit system is always active, the explicit system can be disengaged
at any time [271]. This disengagement can happen for various reasons, including distractions, stress, or even as a decision to deal with self-regulation failures.
For instance, a person who starts to go to the gym aiming to lose weight might
become dissatisfied by not noticing any changes after some weeks, which might
make her stop going to the gym and returning to their old habits.
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3.3

Self-regulation Processes

In the previous section, I described the stages of the process model of selfregulation, and how individuals move from one stage to another. In this section,
I describe the elements present in the feedback loops of each stage: World, Perception, Evaluation, and Action. The section also includes examples of implicit
interventions targeting each element of the implementation stage.

3.3.1

World

The ”world” represents everything external to a person’s self-regulation system. It can refer to internal stimuli (internal world) or external stimuli in the
environment (external world).
The internal world concerns stimuli related to the person’s body, which includes behavioral signals (e.g. voice, facial expressions), interoceptive signals
(e.g. heart rate, hunger cues), and proprioceptive signals (e.g. body position).
Most of my work presented in this dissertation focuses on the internal world, including interventions based on behavioral signals [69] and interoceptive signals
[67].
The external world corresponds to exteroceptive signals (e.g. light cues),
which are signals outside of the body that are sensed with our sense organs. Although any technology that provides feedback presents information externally
to the user, I will refer to the external world to describe interventions that display information unrelated to user’s behavioral or internal state.
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Any technology designed to help users self-regulate is situated here, since a
technology actuates by changing some aspect of the world. Therefore, this can
be considered the starting point of the self-regulation process, where the intervention actuates, and also the end point, where the effects of the intervention in
the world can be measured. In the following sub-sections, I will provide some
examples of implicit interventions and implicit measures.

Implicit Interventions

Implicit interventions based on the external world display information in the
environment unobtrusively. One of the first examples of technology that focus on exteroceptive signals implicitly is the ambientROOM [142]. The ambientROOM is an environment with smart objects that present information for
background processing. The objects display information peripherally through
subtle cues using sound, light, or motion. All cues were inspired by natural phenomena such as wind, sunlight, and forest sounds. For instance, water ripples
reflected on the ceiling represent the activity of a distant person.
Implicit interventions can also display information in the environment without requiring user’s conscious perception. One example is the work from Balaam and colleagues [14], in which they used an ambient display to influence
people’s nonverbal behavior during social interactions. The authors found that
although the display increased participants’ nonverbal manifestations of rapport, participants were not aware of this change. In fact, some participants did
not even notice changes in the appearance of the ambient display while they
were focused on the social interaction.
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Implicit Measures

In order to measure the outcomes of an implicit intervention, proper measures
need to be used. Since interventions that target the automatic mind rely on
implicit processes, users may not be able to perceive or elaborate on the effect
of the intervention. One example is the work from Rogers and colleagues [246],
whose goal was to nudge people to take the stairs instead of the elevator with
subtle light displays. While few people admitted changing their behavior in
response to seeing the displays, the logged data showed a significant increase
in the stair usage after the installation.
The contradictory result found in [246] could happen in any study that evaluates an implicit intervention. As discussed in [201], information perceived
without conscious awareness can ignite implicit cognitive processes that participants may not be able to discuss about. Therefore, researchers should be careful
to draw conclusions based solely on information reported by participants. For
this reason, researchers should consider using measures that focus on implicit
and automatic reactions, such as physiological signals (e.g. heart rate variability,
galvanic skin response) or implicit tests (e.g. implicit association tests, implicit
memory tests).

3.3.2

Perception

During the self-regulation of behavior or emotion, we constantly notice signals
from our body or the environment. This represents the process of perception.
Perception represents the way sensory information is organized and experienced, and it can involve both bottom-up and top-down processing. Bottom50

up processing refers to how characteristics of the stimulus are processed, such
as the distribution of light in a scene [113]. Top-down processing, on the other
hand, refers to cognitive influences on perception, and it occurs when perceptual processing relies on our knowledge, experiences, or the context in which a
stimulus is perceived [113].
The main difference between Perception in each system is that in the Explicit
system we consciously attend to stimuli, while in the Implicit system we receive
perceptual input but the input is processed peripherally and subconsciously.
Our sensory memory has the capacity to subconsciously parse all the perceptual
input and quickly identify what requires our focused attention [199]. This is
what makes us focus on the speech of a person during a party while filtering
the rest. It also makes us immediately recognize relevant words from peripheral
stimuli, such as when we recognize our name among a wide range of auditory
signals, which has been called the ”Cocktail party effect” [310].
Perception can be based on external signals sensed from the environment,
such as the colors we see and the sounds we hear, and it can also refer to the
processing of internal signals, such as heart rate and hunger cues. Because our
receptors receive more signals than we can process effectively [52], attention
serves as a mediating mechanism to select which stimuli receives priority [52].
We constantly shift the focus of our attention between the environment and our
inner states, and certain stimuli can trigger these shifts in focus. For instance,
a person who is having a job interview may notice their pounding heart and
change their focus from the social interaction to their bodily signals.
One obstacle for successful attention control is attentional biases, which
make certain stimuli attract individuals attention more strongly than others.
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These biases tend to affect the way people compare their current state with their
goals and referent standards, which can negatively affect the self-regulation
process. Individuals with anxiety disorders, for instance, can perceive a racing
heart as a sign of threat, even during situations in which there is no apparent
threat. People with unrealistic optimistic expectations might perceive that they
have enough time to complete certain tasks, which might make them postpone
tasks that would require immediate attention. Attentional biases have also been
observed for food [195], nicotine [89], alcohol [96], among others.
Although it is easy to imagine perception biases that can negatively affect
us, perception biases can also be adaptive for our mental health and well-being
[277]. There are studies that show that normal individuals have unrealistic positive views of themselves, while individuals who are moderately depressed or
have low self-esteem tend to have a more accurate self-perception [277]. These
findings challenge the idea that accurate self-perception is always positive.

Implicit Interventions

Implicit interventions focused on perception can be based on external stimuli
(e.g. color of objects) or internal stimuli (e.g. heart rate). The interventions
can be designed to train user’s attention and also to change user’s perception
in-the-moment by using subtle and peripheral feedback.
A training intervention can strengthen people’s attention control and reduce
their impulses in the long-term. One approach that can be used in the design of
training interventions is called attentional bias modification (ABM), which consists in training individuals to shift their attention away from unhealthy stimuli
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towards neutral stimuli [97]. A common method for deploying ABM is the use
of an adaptation of the visual-probe task. In the visual-probe task, two pictures
appear concurrently on a screen and disappear after a short time. One picture
shows an unhealthy stimulus (e.g. alcohol) and the other is neutral (e.g. soft
drink). After the pictures disappear, a probe shows up and participants have to
indicate the location of the probe. In the adapted version of the task, the probe
often appears behind the neutral picture, in such a way that the attention has to
be directed away from the unhealthy stimulus [104][98]. A modified version of
the visual probe test was used by Schoenmakers and colleagues in a randomized
clinical trial with alcohol dependent patients [257]. They found that participants
who received attentional retraining demonstrated an avoidance bias for alcohol
after the tests. More strikingly, the training resulted in a significant longer time
to relapse.
In-the-moment interventions that target user’s perception can enhance the
perception of a stimulus by making it more salient. This can be particularly
helpful in situations in which people’s perception of an important signal is impaired. For instance, previous research has shown that patients with Parkinson
disease have reduced sensation on the plantar feet [233], and impaired perception of movement [256] and joint position [316]. To overcome these impaired
perceptions, Novak and colleagues developed a wearable device that provides
haptic feedback on the soles in synchrony with the user’s steps [205]. They
found that this enhanced sensory feedback can make people with Parkinson
walk faster and more steadily.
In-the-moment interventions can also be designed to override user’s perception of a stimulus with another stimulus. One example is the work from
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Tajadura and colleagues [273]. In their work, they used a shoe-based prototype
that senses user’s footsteps and provide a modified sound feedback in real-time
as the user walks. They manipulated the feedback to make it sound as being
produced by a lighter or heavier body, and they found that this manipulation
changed not only participants’ perception of their body weight, but also their
gait pattern.
It is important to note that any technology that presents a perceptible stimulus to the user is targeting the perception process. However, an intervention can
present a perceptual input but also target another process of the implicit system.
In my own work, I have designed interventions that override user’s perception
of a stimulus (perception process) for the purpose of making the user reappraise
their own physiological arousal (evaluation process) [67][69].

3.3.3

Evaluation

Although we are constantly receiving perceptual input from the environment
and from our bodies, it is ultimately how we evaluate that information that
defines the rest of the self-regulation process. The same perceptual input can
be evaluated by different individuals in numerous ways, and a single person
can interpret the same information differently depending on the context and
emotional state.
The difference between Evaluation in the Explicit system and Evaluation in
the Implicit system is that in the Explicit system we make conscious and rational evaluations about the information received, while in the Implicit system we
follow our instincts and intuitions, which is often called as ”gut feeling”.
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During the evaluation process, a person evaluates the information perceived
and compares with their goals or referent standards. If the person notices any
discrepancy between their current state and ideal state, then she is more likely to
develop an intention to reduce this discrepancy [53]. For instance, a person who
wants to be more physically active may become aware that she is not walking
as much as she wanted per day, which may encourage her to walk more often.
Similar to behavioral models, most theories of emotion assume that the emotional experience depends on how the person evaluates an event in terms of its
relevance for their well-being and survival [253]. This phase of evaluation is
often called ”appraisal” [165] or ”valuation” [118]. This evaluation is not performed in a single instance, but in a sequence of evaluations that continue until
the monitoring system signals a termination [253]. The termination can be called
when a person achieves a goal or when she decides to give up of their goal.
In addition to the evaluation of discrepancies between the current state and
relevant standards, a person can also judge their own abilities to attain a goal,
which is referred as self-efficacy [17]. Self-efficacy can be defined as ”people’s
beliefs about their capabilities to produce designated levels of performance that
exercise influence over events that affect their lives” [19]. The stronger the perceived self-efficacy, the higher the goal challenges people set for themselves [19].
This highlights one important consideration about the self-regulation process.
Although in many cases people aim to reduce discrepancies between their current states and ideal states, in some situations individuals increase the discrepancies by defining more challenging goals to achieve [20]. This discrepancy enlargement is often done when people have accomplished their goals and believe
they can attain even more challenging goals.
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One important aspect that influences people’s self-efficacy is their selfperception of emotional states [19]. A person can appraise their stress and tension as signs of vulnerability and lack of confidence, which can negatively affect
their performance. On the other hand, a person who appraises their stress as a
challenge or as a sign of excitement is more likely to have a boost in performance
[283] [19][44].

Implicit Interventions

Implicit interventions that target the evaluation phase can be designed to help
users evaluate a stimulus differently. This can be helpful to overcome interpretation biases. These interventions can be used to change, for instance, user’s
evaluation of the valence of a stimulus (e.g. negative to positive) or the arousal
of a stimulus (e.g. high arousal to low arousal).
Training interventions designed to change the valence of a stimulus can be
based on evaluative conditioning. The idea of evaluative conditioning is that
when an object is frequently paired with another object with positive or negative valence, the object takes on the valence of the object it is paired with [81].
This frequent pairing can change people’s preferences and the liking of a stimulus [75]. Evaluative conditioning is especially effective for individuals with
low motivation or ability to control [103]. For instance, researchers have used
this approach to change automatic emotional reactions toward tempting stimuli
[86]. In a previous study, words related to alcohol or soft drinks were repeatedly
paired with pictures of either positive or neutral valence. Interestingly, participants from the group in which the alcohol pictures were paired with negative
words consumed less alcohol in the week after the study [140].
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Implicit interventions can also influence user’s appraisal of their own
arousal in-the-moment. In my own work, I used this strategy to override user’s
perception of their own heart rate with a haptic feedback that represents a slow
heart rate [67]. The results of my study show that participants believed that the
slow haptic feedback represented their own heart rate and, as a consequence,
they felt calmer during a stressful task (Trier social stress test). This intervention
was used in a follow-up study in which participants had to do two math tests
under high pressure while receiving either a slow or fast haptic feedback in one
of the tests [68]. During the math tests in which participants were exposed to
the slow feedback, participants felt calmer, had higher heart rate variability and
answered more questions correctly. These results show that this intervention
can not only make participants feel calmer, but it can also reduce physiological
arousal and increase cognitive performance.
Interventions can also also help users evaluate if they are reaching or not
their goals by providing subtle sound feedback using mobile technologies. A
great example is the sonification approach presented by Newbold and colleagues [202]. The authors investigated how sound feedback triggered by body
movements could be used as an implicit mechanism to avoid overdoing motor movements and also to facilitate progress during stretching exercises. They
conducted a study in which they sonified the target goal of a stretch exercise
to either encourage the end of a motor movement (using a musically stable
sound) or to encourage the continuation of the exercise (using a musically unstable sound). The results show that the musically stable sound feedback led
participants to continue the exercise beyond the target goal, while the unstable
sound feedback led to a smoother stop close to the target point.
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3.3.4

Action

The action phase represents the output of the feedback loop. This process refers
to an action that the person undertakes to reduce discrepancies between their
perception of the current state and their desired state [53]. An action can be
behavioral (e.g. start to walk), mental (e.g. define a goal), or physiological (e.g.
increased heart rate) [119]. People have direct control of some actions, while
other actions may be triggered automatically (e.g. physiological responses).
The action is what defines if a person will remain in the same self-regulation
stage or move to another one. As described in section 3.2, there are 4 selfregulation stages: identification, selection, implementation and maintenance.
The action can be the decision of regulating or not (Identification stage); selection
of a specific regulation strategy (Selection stage); implementation of a regulation
strategy selected (Implementation stage); or maintenance of a regulation strategy that has been repeatedly performed (Maintenance stage). A person can also
return to an earlier stage, which is considered a Relapse.
The difference between ”Action” in each system is that in the Explicit System
people are mindful about what they are doing, while the implicit system people
act without thinking about it. For instance, the Action in the explicit system is
active when a person is learning to ride a bike, but once the person learns how
to ride the Action in the implicit system takes control.
When a person takes an action consciously, she can influence the implicit
system. Certain actions are set in motion automatically, and self-regulation
involves overriding these automatic and implicit responses [27]. However, in
some cases people’s action impulses are very strong, which can hamper self-
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control and even disengage the explicit system. By using implicit interventions,
on the other hand, it is possible to make a person overcome their impulses even
when the explicit system is not in control.

Implicit Interventions

All technologies designed for behavior change target the action stage, whether
if they focus on long-term behavior change or changing behavior in a particular
situation. This includes technologies for emotion regulation that use response
modulation as a strategy (e.g. suppression of facial expressions). Similar to
interventions that target other processes, implicit interventions that target the
action process can be divided into training interventions and in-the-moment
interventions.
Training interventions targeting the action process can leverage the stopsignal paradigm. In this paradigm, individuals perform a go task, in which
they are often instructed to touch a screen when they see a picture or letter.
Occasionally, the stimulus that prompts the person to do the motor response
(go signal) is followed by a stop signal, which prompts subjects to refrain their
motor response [293]. Researchers have used the stop-signal paradigm to train
individuals to inhibit simple motor responses. Recent studies that focused on
withholding motor responses to food images have shown that it is possible to
decrease food consumption [289][3], lead to healthier food choices [290], and
even make people lose weight [163]. These results show that inhibition training
may be an effective intervention for controlling action impulses.
Implicit interventions can also target physical movements in the moment. A
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great example is the LiftWare device, which is an electronic handle with attachments for utensils (e.g. spoon, fork) that counteracts hand tremors while the
user is eating. In this way, people with disorders that affect their hand movements, such as Essential Tremor and Parkinson’s disease, can eat more easily
[1]. Another way of intervening on user’s movements implicitly is by using
electrical muscle stimulation (EMS). For example, Pfeiffer and colleagues used
EMS to influence user’s walking direction by stimulating the sartorius muscle
[224]. They found that this intervention can steer user’s direction from obstacles, crowded areas, distractions, and uneven ground. In another example of
EMS usage, Lopes et al. proposed extending the affordance of objects by allowing them to actuate on user’s muscles during the interaction [177]. Their
prototype has shown that it is possible to make users perform specific movements while approaching an object, and also make users do not touch objects
that do not ”want” to be touched. Although the authors did not discuss this
possibility, this intervention could be an interesting approach to restrain people’s movements toward tempting stimuli, such as cigarettes or alcohol bottles.
In addition to physical movements, interventions can also implicitly influence user’s physiological signals and cognitive performance. In my own work
using haptic feedback representing heart rate, I have found that it is possible to
increase user’s heart rate variability and their performance in math tests without requiring their conscious awareness [68].
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3.4

Self-regulation Example

To give a better idea of how a person moves across the self-regulation stages
and phases, I will present an example of how a person can self-regulate their
behavior to attain the goal of losing weight.
A person who notices that she is overweight (perception) may think it is
fine to have some extra pounds (evaluation) and do not do anything about it
(action). In this case, the person remains at the Identification stage. However, if
the person notices that many of her clothes do not fit anymore (perception), she
can start to feel bad about her weight (evaluation) and decide to do something
to change that (action). The person then moves from the Identification stage to
the Selection phase. While seeing some options for losing weight (perception),
she evaluates the pros and cons of each option (evaluation) and decides that
running 30 minutes per day will be the best strategy (action). If the person starts
to run according to her plan, she moves to the Implementation stage. However, if
after starting to run the person thinks that her goal of losing weight is not being
accomplished (evaluation), she might go back to the Selection phase to select
another strategy, or give up of her goal and go back to the Identification stage,
when the person returns to her old habits. This is called Relapse. Finally, if the
person continues running every day for some months, the running activity can
become a habit, which would require little effort to start and maintain. In this
case, it is said that the person reached the stage of Maintenance.
The aforementioned example shows the dynamic nature of the selfregulation process, and how different factors can make people move from one
stage to another.
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CHAPTER 4
REGULATING BEHAVIOR BY CHANGING USER’S PERCEPTION

4.1

Introduction

As discussed in Chapter 2, numerous technologies have been designed to help
users change their behavior. Regardless if the technologies are designed to persuade users [100] or to allow behavioral self-reflection [172], they often have
a common characteristic: they are designed based on behavioral theories that
consider only conscious and rational thoughts in the behavior change process.
One question arises with this statement: How to design persuasive technologies
based on our automatic mind?
In this chapter, I present the concept of Mindless Computing. The main idea
of Mindless Computing is to design persuasive technologies that can subtly influence user’s behavior without requiring their conscious awareness. I present
two examples of technologies based on this approach: the Mindless Plate, which
changes user’s perception of food portion size; and a mobile application that can
influence the way the user speaks.
This work was published at UbiComp 2015 [2] and I co-first authored with
Alex Adams. The other co-authors are Malte F. Jung and Tanzeem Choudhury.
I led the writing and conducted the study using the mobile application that
changes how the user speaks. Alex Adams developed the Mindless Plate and
conducted the Mindless Plate evaluation. All co-authors helped to design the
studies and write the paper.
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4.2

Mindless Computing

There are several issues involved in the reliance on the reflective and rational
mind (System 2) in the design of persuasive technologies. However, as the results of the systematic review presented in Chapter 2 show, most persuasive
technologies were designed taking into account only the reflective mind. This
strategy has been applied in different contexts, and several studies have shown
empirical evidence that this kind of technology can indeed persuade users. On
the other hand, given the issues of technologies based on our reflective mind, we
argue that it is necessary a new approach for designing persuasive technologies.
In order to bridge this gap, we introduce the concept of Mindless Computing,
which is a new perspective for persuasive technology design. The main idea of
Mindless Computing is to design persuasive technologies that can subtly influence user’s behavior without requiring their conscious awareness.
Mindless technologies can fill some gaps in the design of persuasive technologies, by both subtly integrating itself into the daily lives of users and by
influencing users’ behavior requiring little effort and attention from them.

4.3

Examples of Mindless Technologies

In order to demonstrate how behavior change technologies can be designed using System 1 processes, we present in this section two examples of mindless
technologies. For each example we conducted a pilot study to evaluate the effectiveness of the interventions. Both pilot studies were approved by the local
ethical committee.
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In the first example, the Mindless Plate, we present a technology that leverages perception bias to create an illusion to subconsciously influence individuals perception of food portion size. In the second example, we present a mobile
application that can influence the way people speak by manipulating the pitch
of their voice and playing it back to them in real-time.
These examples demonstrate how to develop mindless technologies, which
leverage behavioral theories based on the automatic mind (System 1) in order
to subtly influence people’s behavior. It is important to note that the decision
to start using a mindless technology is a conscious process (System 2). In the
examples presented in this chapter, the user has to make the decision to pick
up and use the Mindless Plate or turn on the mobile phone application that
manipulates the pitch of their voice in real-time. However, once the user starts
to use the technology the behavior influence works in parallel with the users
activity, without interfering with their main task.

4.3.1

Example 1: Mindless Plate

Mindless Computing technologies can leverage our most basic senses to instantaneously influence different aspects of our daily lives. Perception bias has been
shown to be an effective medium for creating illusions, which can augment individual’s perception of different attributes of an object such as size, color, and
sound. The Mindless Plate (Figure 4.1), is a Mindless Computing persuasive
technology that leverages perception bias to subconsciously create the illusion
(the Delboeuf illusion [204]) of more food on a plate.
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Background and Motivation

Food and branding research groups have leveraged the Delboeuf illusion to alter individuals perception of serving size, resulting in the individuals serving
themselves smaller portions. One method is using smaller plates or serving
utensils, which causes individuals to serve smaller portions of food [288]. This
is due to a perception bias that causes individuals to perceive that there is more
food on the plate due to the amount of surface area covered or (in the case of
serving utensils) that they have served more (expecting the same quantity that
they would have with a larger utensil).
Food and behavioral researchers such as Van Ittersum and Wansink have
shown that color bias can affect the perceived amount of food on a plate [288].
This illusion is a result of being able to perceive the edges of the food in relationship to the plate. With low contrasts, the edges are harder to distinguish
and are somewhat blurred, which can cause the illusion that the plate extends
the actual food on the dish. With high contrasts in color, the edges of the food
and gaps between pieces of food are much more clear, while with low contrast
the edges are blurred and the gaps seem filled (as seen in figure 4.1).
Researchers have also shown that when the width of the rim is larger and is a
different color from the center of the plate, individuals perceive that the portion
of food is larger than it actually is. This is due to the increased emphasis on
the relationship between the outer circle (the plates rim) and inner circle, which
increases the effects of the Delboeuf illusion [192].
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Figure 4.1: Crushed pineapple (top) and a slice of an orange (bottom) on a
Mindless Plate with a high and low contrasts in color

The Mindless Plate System

The Mindless Plate works by sensing the color of the food that is served on the
plate and changing the color of the inner circle of the plate accordingly. This
allows for the plate to subconsciously influence users perception of the amount
of food on the plate by leveraging the effect of the Delboeuf illusion.
The Mindless Plate consists of two sensors, eight RGB LEDs (Model:
WS2812S), a Teensy 3.1 microcontroller, and a digital potentiometer, all of which
is packaged into the form of a plate. The rim of the glass plate is painted white,
which helps enhance the effect of the Delboeuf illusion by increasing the contrast between the plates rim and the inner circle, making the inner circle of the
plate seem smaller [192]. The sensors include a force sensitive resistor (FSR) for
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sensing the weight of the food and an RGB light sensor (model: ISL29125) for
capturing the color of the food.
The core of the Mindless plate consists of several layers that lie under a glass
plate and are enclosed in a plastic case. The RGB LEDs are attached along the
side of an optically clear piece of mirrored acrylic which has been fractured
across the top, in order to evenly distribute the light across the surface, the luminance (voltage) is controlled via a 10K digital potentiometer. Two small air
gaps are placed (approximately 1.6 and 3.2mm) on top of the acrylic with a sheet
of light diffusing film placed between each. The RGB light sensor is attached to
the bottom of the mirrored acrylic where a small, convex lens is milled into the
acrylic, allowing the sensor to capture the light from across the top of the plate.
The FSR is cut into the shape of a ring (approximately 152mm inside diameter) and placed on the of the film. Below the mirror acrylic is a layer to house
the microcontroller (Teensy 3.1 w/Arm Cortex-M4 processor) and a 2000mAh
polymer lithium ion battery.

Experiment Design

In order to evaluate the Mindless Plate, we designed an experiment to determine if participants (n = 12, 3 female, 9 male) perception of portion size was
biased when looking at food on two Mindless Plates (one of the plates in high
contrast with the color of the plate and the other in low contrast). The plates
were placed behind a blinder while an equal amount of food (both in weight and
surface area) was placed on them. When ready, the blinder was lifted for few
seconds and the participants were asked to look at the two plates (while standing up, looking down on the equally sized portions of food) and report which
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of the two had a larger portion of food on it. Participants were asked to do this
seven times, each with a different type (and color) of food. The foods used were
peas (green), kidney beans (burgundy), potato chips (yellow/brown), peanuts
(light brown), carrots (orange), rice (white), and crushed pineapple (bright yellow). Participants were asked to choose which plate seemed to have a larger
portion size, they were not allowed chose that the two portions were the same
size. This was to encourage participants to allow their perception to influence
their choice and make a more visceral decision.
In order to maintain consistency, the food was weighed between each user
and a barrier (similar to a cookie cutter) was used to ensure that the surface area
of each food was equal on the two plates. The different foods were shown in a
random order for each participant and the placement of the low and high contrasts alternated between left and right between each food shown. Fine grain (or
crumbled) foods were used to avoid participants being able to count the pieces
of food. Foods that would not easily be arranged into equal distributions over
the plates were crumbled using a pestle and mortar. Since the aim of the study
was to test the participants perception of the portion size, the color sensing capabilities were disabled and the contrasts were manually configured to prevent
any inconsistencies with the colors of the plate (such as a change in ambient
light levels).

Results

In the study, we found that 73% of the foods chosen to be the larger portion had
a low contrast in color with the plate they were on (p = 0.0011 as measured by
t-tests) as seen in figure 4.2. Figure 4.3 shows how the results were distributed
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Figure 4.2: Percentage of choices in both conditions (High and Low contrast) for all foods combined (probability of low contrast choice
as measured by t-tests: p = 0.0011)

across the different foods used in the experiment. The results from this study
lead us to conclude that the Mindless Plate system can leverage color contrast
to create the illusion that one portion of food is larger than another equal portion. This illusion can be leveraged to bias the estimated portion size either to
be larger (with low contrast) or smaller (with high contrast). We believe these
findings could be used in the design of a ubiquitous system that subconsciously
influences users to serve themselves smaller portions of food.
While currently we have only tested the short-term impact of the Mindless
Plate, we believe that there could also be a long term impact on how much food
individuals consume on a daily basis. This is due to previous studies on the subconscious impact of illusions, dinnerware, and portion size [295] [288]. These
studies have shown that even when individuals are aware of biases, the effect of
the bias is only reduced temporarily. As individuals become less conscious of a
bias, the subconscious effect of the bias increases, which can be due to repeated
exposure to the bias causing them to pay less attention to it, external distractions that shift the users focus away from the bias, or simply not knowing the
bias is present.
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Figure 4.3: The percentage of selections in each condition (High contrast
and Low contrast) for each of the different foods used in the
study

One result that we found particularly interesting is the distribution in
choices made with rice, which were split between high and low contrast. After evaluating this, we believe that it is due to the nature of the food itself. Rice,
when steamed, is an opaque white color. We found that this allows it to partially absorb the light, making it difficult to create a major difference in the two
contrast (aside from turning the LEDs completely off). While this phenomenon
would need to be further investigated to know for sure, we believe that this may
be the cause for the split decisions.

4.3.2

Example 2: Subconscious Influence on People’s Voices

In this example we used findings from previous studies that show that it is possible to influence people’s voices by making them hear themselves with a pitch
shifting as they speak [45]. This process happens automatically and without
people’s awareness, so it is a good example of how to leverage System 1 theories in the development of persuasive technologies.
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Background and Motivation

Face-to-face communication plays a major role in our lives. A major part of the
communication process is nonverbal language, which are the messages that we
send beyond the words themselves, such as gestures, facial expressions, and
voice pitch. These micro-level aspects of social skills are highly important in determining the outcomes of social interactions. However, our nonverbal behavior
are often performed unconsciously and automatically [90], so we can negatively
affect our social interactions without realizing that. Among the nonverbal behavior, the use of voice is one of the most important in impression formation.
When we speak, people pay attention not only to what we say, but also how
we say it, including aspects such as pitch, volume, and pace. For instance, people with lower-pitched voices are associated as more attractive, dominant and
having more favorable personality traits [281]. In fact, pitch can even influence
voting behavior [281]. Politicians know the importance of using their voices
effectively, which is why many of them have voice-coaching [30].
In order to help people improve their nonverbal behavior, researchers have
developed different technological approaches. However, many solutions rely
on feedback after the social interaction, which can be too late in some situations such as job interviews, business meetings and public speeches. Other approaches rely on traditional feedback in real-time, but previous studies found
that if a person pays too much attention to their own behavior during a social interaction this can have detrimental effects on their performance [232]. The question then is: How to design a technology that positively influence the nonverbal
behavior of the user in real-time without compromising their performance?
With this question in mind we developed a mobile application designed to
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influence the way that the user speaks without requiring their conscious awareness. The design of the application was inspired by previous research that
shows that speakers may change the pitch of their voices when they hear their
voices played back with the pitch manipulated (either raised or lowered) over
headphones [45]. This effect has been tested in a laboratory environment and
with subjects producing a small number of utterances, so we decided to try if
the intervention is also effective in real social interactions. In the future, a mobile technology could be developed to automatically influence several aspects
of people’s voices in real-time, including volume and pace. A person could then
use this system in situations in which she wants to create a good first impression, such as during a phone interview or public speech.

Description of the System

We developed an iPhone application that shifts the pitch of the user as captured by the commodity microphone using Short Time Fourier Transform and
immediately plays back to the user through an earphone. In order to shift the
pitch, we used Apples Accelerate Framework, an API that provides mathematical functions for signal processing. Since the feedback should not distract the
user, it was important to minimize the playback delay. To achieve this goal, the
Fast Fourier Transform was done over small frames, which allowed us to shift
the pitch and play back to the user in less than 50ms. With this minimal delay,
the voice is seemingly played back in real-time and does not disrupt the speech
flow of the user.
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Experiment Design

In this study, we had 14 young adult participants (ages 18-27, 9 females and 4
males), all of which reported to be fluent in English and not having speech disorders or other issues with the vocal tract. The participants were instructed that
they would participate of a study to understand how the use of technologies
affects social interactions, and all tasks of the study would be audio-recorded.
The experiment was conducted as follows.
First, the participants were taken to a sound-treated room where they sat
down and were asked to read aloud a technical paper (for a duration of three
minutes) as if they were reading it to someone else. While reading the paper,
all participants had an earphone (model JVC HA-F140) only in their right ear.
Half of the participants received frequency-altered feedback (FAF) through the
earphones, while the other half did not receive any feedback. The volume of
the feedback was kept low (20% of the maximum volume possible) so that the
participants could still hear their own voices. The participants that received the
FAF listened to themselves while their pitches were slightly shifted and played
back as they were speaking, but they were informed that they were hearing
their own voices. There were two different conditions for the pitch shifting.
In one condition the participants listened to themselves with a pitch 5% lower
than their current pitch (low pitch condition), while in the other condition the
pitch was increased in 5% (high pitch condition). Since most people can not
perceive how their voices sound to others, the 5% change proved to be a good
balance that afforded the participants to perceive their voice as natural while
being enough of a change to subconsciously cause the participant to change
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their pitch1 .
After 3 minutes, the participants asked to reread the same text during 3 minutes, but this time the participants that received FAF did not receive feedback,
while the others that did not receive feedback listened to themselves with the
pitch shifting. The purpose of the reading task without feedback was to use it
as a baseline to identify what is the average pitch of each participant, while the
reading task with feedback was used to make people get used with the feedback.
After the reading tasks, the subjects were instructed that they would participate of a mock job interview through Google Hangout. The interview was
conducted by a confederate located in a different room. The confederate asked 5
typical interview questions, which have been used in the past in another study
[139]. All participants were informed that they should answer the questions
as they would in a real job interview, so they could provide information about
themselves and their past experiences. During the interview, the participants
received feedback of their voices with the same pitch shifting that they were
exposed during one of the reading tasks.
Finally, the participants were asked to fill out a survey, containing questions
asking how they thought they had performed in the interview, how they felt
during and after the interview, and to what extent they were able to concentrate
on the task.
1

The decisions about the volume, the earphone in the right ear and the 5% pitch change
were made after a pilot study to find the best way of providing audio feedback without causing
distractions.
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Results

In order to evaluate if and how much the participants pitch changed as a result
of the manipulation, we analyzed the audio recordings using the software program Praat [41]. The audio recording of each user was divided into three files:
reading task with feedback, reading test without feedback(baseline), and job interview. Then, we used the software to obtain the mean pitch in Hertz of each
baseline and the mean pitch in Hertz of each interview.
The major goal of this study was to identify if the mean pitch of each participant changed during the interview in relation to their baseline. In order to
evaluate this, we first converted the mean pitch from Hz to Mel using Douglas OShaughnessys conversion formula [214]. By using the Mel Scale, a psychophysical scale for pitch [36], we can see equal difference in perceived pitch
according to human perception. As shown in figure 4.4, the average difference
between the baseline and raised feedback condition for the participants was an
increase in pitch by 1.6 Mel, and the difference between the baseline and lowered pitch feedback was a decrease in pitch by 13.34 Mel. The just-noticeable
difference (JND) for pitch in complex tones, such as the human voice, under
607.5 Mel (500 Hz) is 1.6 Mel (1 Hz) [250]. This shows that both conditions did
in fact show a noticeable difference in pitch change on average.
As Figure 4.5 shows, not all participants were influenced as intended and
one did not change pitch at all. In the lower pitch condition, 5 out of 7 participants lowered their voice pitches in relation to their baselines. The two remaining participants increased their voice pitches, but the changes were very small,
one falling below the JND threshold (1.3 Mel, no perceivable change) while the
other was above the JND threshold (3.8 Mel). In the high pitch condition, 4 out
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Figure 4.4: Average change for both conditions (raised and lowered pitch)

of 7 participants raised the pitch above the JND threshold while two lowered
their pitch below the JND threshold and one showed no change.
The results of this study provide preliminary evidence that it is possible to
influence people’s pitch during social interactions and this could be a medium
for developing Mindless Computing technologies that could potentially influence behavior to improve users confidence while speaking. Since this is a preliminary investigation, we can not argue that the direction of the pitch change
will be the same in other conditions. However, the study showed that most participants changed the pitch of their voice during the job interview, and there is
an interesting trend in which the pitch change is in the same direction of the manipulation. Some of these changes were large, such as the subject that lowered
his pitch by 42.5 Mel. Even though people’s mean pitch can vary, large changes
like that often do not occur except if there are other factors influencing their
speech. In a future study we plan to recruit a large number of participants and
investigate if this trend of pitch change remains. Furthermore, we plan to investigate other factors that may explain some of the unanticipated results from this
study, such as Amusia (tone deafness), which has been found to affect around
5% of the population [125]).
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Figure 4.5: Each participant’s change in pitch from the baseline (7 participants for each condition)

4.4

Conclusion

Persuasive technologies have been designed and developed for several years.
The large amount of studies involving the design and evaluation of these technologies have contributed to understand how to influence several kinds of behavior, such as practicing physical activities and eating healthier meals. However, many of the existing technologies were based on theories that put too
much burden on the user. If the user is not conscious and motivated about a
behavior to change, then the technology is likely to fail.
In this chapter, we show that there is another set of theories that can be leveraged to influence user’s behavior requiring little or no user effort. We present
a new approach for creating persuasive technologies that leverage these theories, Mindless Computing. These theories were created based on previous studies that show that human’s mind has two operating systems: System 1 (fast),
which is automatic and unconscious, and System 2 (slow), which is conscious
and works in a controlled way.

77

In order to show the feasibility of developing Mindless Computing technologies, we present two examples inspired by System 1 theories. The first example
is the Mindless Plate, which uses perception bias to create the illusion that the
portion of food on the users plate is larger than it actually is. The second example leverages theories of subconscious speech influence and shows that it is
possible to influence the user to change his average pitch during social interactions.
In the future, we plan to explore other modalities (e.g. vibration, ambient
sound) in mindless technologies and test out the effectiveness through more extensive deployment. We hope the work presented in this chapter will inspire
others in designing persuasive technologies that take advantage of the automatic and mindless responses of individuals.
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CHAPTER 5
REGULATING FEELINGS BY CHANGING BEHAVIORAL
SELF-PERCEPTION

5.1

Introduction

In Chapter 3, I presented the concept of Mindless Computing, and gave two examples of technologies that can change users’ behavior by changing their perception. In some cases, our perception is directed to environmental cues, such
as the colors of the Mindless Plate. In other cases, our perception focuses on
ourselves, and it is based on behavioral, interoceptive or prorioceptive signals.
In this chapter, I present a novel approach for emotion regulation based on
self-perception theory. According to Bem, ”individuals come to ’know’ their
own attitudes, emotions, and other internal states partially by inferring them
from observations of their own overt behavior and/or circumstances in which
this behavior occurs” [34]. By leveraging self-perception theory, I focused on answering the following research question: How does providing voice feedback
with a manipulated tone influence user’s feelings during social interactions?
Two studies were conducted with this question in mind, one focusing on conflicts with romantic couples and the other focusing on contentious debates. In
both studies, participants perceived their voice differently through headphones
by using a voice modulation software. The results of the two studies have implications for self-perception theory and also for the design of emotion regulation
technologies.
This work was published at CHI 2018 [69] with co-authors Malte F. Jung,
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Mary Czerwinski, François Guimbretière, Trinh Le, and Tanzeem Choudhury.
I led the writing, designed the voice modulation interventions, and analyzed
the results. The study focusing on contentious debates was designed with Mary
Czerwinski, and the study focusing on romantic partners was designed with
Malte F. Jung, François Guimbretière, and Tanzeem Choudhury. I conducted
the study focusing on contentious debates and the study with romantic partners
was collaboratively conducted with Trinh Le. All co-authors contributed in the
paper writing.

5.2

Background and Motivation

In the studies presented in this chapter, we investigate the effect of changing
people’s voice self-perception in their feelings during interpersonal conflicts.
The studies were inspired by previous work on conflict management, nonverbal
signals, self-attribution theories, and emotion regulation.

5.2.1

Interpersonal Conflicts

The word conflict has been used to cover several situations, from small disagreements to large-scale wars. One way of distinguishing conflicts is based on their
focus. Task conflict, also called cognitive conflict or substantive conflict, happens
when individuals debate different opinions and ideas about a task. Process conflict refers to disagreements over the team’s approach to the task, its methods,
and its group processes [131]. Finally, interpersonal conflict, also called affective or
emotional conflict, happens when individuals disagree over issues that are unre-
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lated to tasks, and it involves negative emotions and behavior among the people
involved [197][130][132]. In this thesis, the focus is on interpersonal conflict.
Interpersonal conflict often occurs within a stressful context that challenges
people’s abilities to manage the situation [102][50]. In addition to being stressful, this kind of conflict is often a physiologically arousing event, which may
trigger emotional responses that tend to cascade in an arousing manner [50].
Interpersonal conflict can emerge in dyads, and larger groups or teams. Interpersonal conflict among members of groups and teams is often referred to as
intra-group conflict [144]. Researchers agree that all conflict is to some degree
emotional [40].
Research often associates negative and highly aroused emotional states such
as anger and stress with conflict [102][50][50]. Negative emotions, when expressed, have the tendency to be reciprocated in others, and escalate into further
negativity with often harmful consequences for relationships [7]. It is therefore
important to find ways to down-regulate, which means reducing negative emotions during interpersonal conflict.
Although verbal cues play an important role in how a conflict unfolds, nonverbal behavior play an equally important role [94]. Facial expressions, voice
tone, and body language lead to attributions of intent, which in turn can spawn
or escalate a conflict [280]. In fact, nonverbal signals can even predict the satisfaction with a conflict episode, the quality of a relationship, and the performance of a team [50][115][203] [146] .

81

5.2.2

Conflict Management

Given the inevitability of conflict, researchers have been studying how conflict
happens in different contexts, and how to help individuals better manage conflict situations. However, despite the existence of several methods for conflict
management, most of the methods available require people to learn a skill, and
then apply what has been learned whenever a conflict situation arises. Indeed,
there are few resources available to help individuals manage their interpersonal
conflicts while they are happening. Researchers and professionals can train individuals to handle conflict situations, but they cannot be physically present with
the individuals trained to intervene whenever the conflict happens. Therefore,
it makes sense from this perspective that most of the existing methods require
people to learn a conflict management skill and use it when necessary.
Although it is not always possible to have a person to intervene in a situation of conflict, it is feasible to use a technology to play a mediating role during
the conflict. Previous research shows that individuals frequently use communication technologies during conflicts, including text-based technologies [105],
email, audio calls, and video chat [260]. Indeed, communication technologies
are often seen as a convenient way to avoid or ignore one’s partner in facethreatening situations [259][215]. However, these technologies are not considered rich enough to support conflict management [73][260].
One alternative is to use technologies explicitly designed to help users manage their conflicts. Surprisingly, there are few examples of technologies designed for this purpose. Among them, there are robots that repair interpersonal
violations [147], robots that raise people’s awareness about their aggressive behavior [134], and interfaces to support reconciliation [314]. However, one com82

mon characteristic of these technologies is that they require users to attend to
them in order to be effective. Users have to often look at interfaces or hear audio
messages, and follow the recommendations provided by the technologies. The
problem is that as conflicts escalate, it might be hard for individuals to attend to
the technology or follow its recommendations. In fact, in a previous study focused on how a robot can repair conflicts during problem-solving tasks, it was
found that in some situations participants did not notice the statement made by
the robot, since they were too focused on the discussion [147].

5.3

Regulating Emotions by Changing Self-perception

Although existing technologies designed to manage conflicts require the focused attention of the user, there are ways of providing feedback without interrupting people’s activities. Indeed, previous research shows that it is possible
to change user’s behavior by unobtrusively changing their perception of situational cues [2]. Since there are also studies that show that the perception of
our own behavior can affect our emotional experience, one question that arises
is: Is it possible to regulate people’s emotions by changing their behavioral
self-perception? With this question in mind, we propose a new technological
approach for regulating emotions: change how a person perceives their own
behavior.
In order to evaluate the potential of this approach in emotion regulation,
in this work we evaluated one particular form of influencing user’s selfperception: change the sound produced by a person’s voice. Since the way a
person perceives their own voice can affect their emotions [126], we expected
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that by influencing user’s self-perception we could change people’s emotional
experience. In order to change how a user perceives their voice, we used software that can manipulate a sound captured through a microphone and play
back via headphone in less than 20 milliseconds [238]. Since the delay is minimum, the person attributes the sound that she hears through the headphone
as her own voice [12]. With this approach, users should focus on their conversations without moving their attention away to the technology. Therefore, the
technology would act peripherally and in parallel to user’s actions [2].
Using software that modulates people’s voice, we conducted two studies to
investigate the possibility of regulating people’s emotions during interpersonal
conflicts by changing their voice self-perception. We present each study in the
following sections.

5.4

Study 1: Conflicts between Dating couples

In this study, we investigated the possibility of regulating the emotions of dating couples during interpersonal conflicts by allowing only one partner of each
couple to hear their voice with a calmer tone through a headphone.
Participants were asked to engage in audio-only conversations via Skype
with their partners using a laptop, headphone and microphone. One conversation was neutral, while the other was about a topic to elicit conflict. We will
refer to the partners in each couple as A and B. Partner A interacts normally via
Skype, without any voice feedback or manipulation by software. Meanwhile,
partner B uses a computer with a software in the background that can provide
voice feedback via headphone with or without manipulation. We divide our
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couple population in two sub-groups. In the no-manipulation sub-group, partner B hears their own voice; in the manipulation sub-group, partner B hears
their voice modified to sound calmer. The type of voice feedback partner B
receives is randomized. Partner A hears the voice of partner B without any
manipulation. We run our two-way analysis as Partner Type{A, B} X Manipulation{None, Calmer}.
We used the computer application to manipulate the voice with pitchshifting (-30 cents), a low shelf filter (cutoff frequency of 8000 Hz and high-band
roll off of 10 dB per octave), and a formant shifter (tract ratio of 0.9). These values for voice modulation were used because in a previous study it was found
that they lead to a perception of low arousal and calmness [12].

5.4.1

Research Questions

Previous research shows that the way the voice is perceived can affect people’s
emotions. When individuals speak with voice tones that resemble expressions
of emotions, they tend to have congruent emotional experiences [126][12]. For
instance, when producing sound patterns of joy, people tend to feel happier
[126]. Similarly, people are more likely to feel sadder when they hear their
voices with a sad emotional tone [12]. This leads to our first research question:
RQ 1: How does providing voice feedback with a calmer tone during a relationship conflict influence the emotions of the person?
If participants perceive their voice as calmer, this might influence the way
they perceive the social interaction itself. By noticing their voice in a less arous-
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ing tone, the participant might perceive the interaction as more positive. This
leads to the second research question:
RQ 2: How does providing voice feedback with a calmer tone during a relationship conflict influence the perception of the person about the conflict?

5.4.2

Participants

We recruited 54 individuals (27 couples) from a large research university to participate in the study. They were between 18 and 24 years of age (M = 20.61,
SD = 1.42). Only individuals who have been in a relationship for longer than
6 months participated in the study. Participants were informed that the goal of
the study was to understand how couples interact when using communication
technologies. The true purpose of the study and the voice manipulation was
not disclosed to prevent any bias in their behavior and answers. All participants received either 15 dollars in cash or course credit for their participation.
Three couples were removed from the analysis because of issues in the heart
rate collection.

5.4.3

Setup

We conducted the experiment in two sound-treated rooms at Cornell University. Each room contained a small table, three chairs, one laptop, one headphone
(Audio-Technica ATH-M20x), one microphone (Fifine K668) and one heart rate
monitor (Polar H7). Partners stayed in different rooms during the conversations, and used the laptop to answer the questionnaires and interact with each
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other via Microsoft Skype. Each heart rate monitor was connected to an Android application to save the heart rate and interbeat intervals. The application
has two buttons to start and pause the recording, and these buttons were used
to ensure the synchronization and to collect the data only during the relevant
phases of the study. We ensured that participants stayed at an appropriate position of the microphone to avoid the voice getting too loud or too low. Video
recording software ran in the background and recorded all conversations. Finally, on one of the laptops we used software to modulate one of the user’s
voice during the conversations via Skype [238]. The voice of only one partner
was modulated, and the kind of modulation (normal or calm tone) differed according to the randomized condition.

5.4.4

Measures

We used the following measures for each participant of the study. All partners
answered the same questionnaires.

Emotions - Self-report

To measure how participants’ emotional states were affected by the feedback,
we employed a self report measure previously used for studying emotions during conflicts in dating couples [242][35]. Participants were asked to rate for 5
positive emotions (pride, joy, amusement, pleasure, love) and 5 negative emotions (disgust, annoyance, anxiety, sadness, embarrassment) to what degree
they experienced each emotion on a scale from 1 (not at all) to 5 (a great deal). To
account for baseline differences, we calculated a delta value which reflected the
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difference between the scores after the main conflict interaction and a neutral
interaction. This approach is commonly used to analyze how emotions change
from one experimental task to another [35][67].

Emotions - Physiological

Six physiological measures were computed from the heart rate data to assess
participant’s emotional reactions: average heart rate, mean interbeat interval,
and the following heart rate variability (HRV) measures: rMSSD, HF, LF, LF/HF.
The data collected was preprocessed and analyzed using the package RHRV
[245]. Different from some physiological signals that can be used to infer only
arousal, such as galvanic skin response, HRV is widely used to analyze the interplay between sympathetic and parasympathetic dominance, and the capacity
for regulated emotional responding [8]. Previous research has found correlations between HRV measures and emotional states, including stress [272] and
anxiety [58]. In particular, high LF and LF/HF indicates sympathetic dominance, which represents higher stress and anxiety [111][127]. Conversely, high
rMSSD and HF often indicates parasympathetic dominance, which is associated with a calm and relaxed state [143]. Similar to the questionnaires, delta
values were calculated for each heart rate measure by calculating the difference
between the scores of the conflict interaction and the baseline interaction.

Perception of the interaction

We used an adaptation of the Communication Patterns Questionnaire, Short
Form (CPQ-SF) [62] to measure the perception of how positive the interaction
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was. The questionnaire is traditionally used to measure perceptions about conflicts in general, and we adapted it to refer to the specific conflict participants
got involved in during the study. The questionnaire uses a 7-point Likert scale
that ranges from 1 (Strongly Disagree) to 7 (Strongly Agree).

5.4.5

Procedure

After participants read and signed the consent forms, each participant was led
to a separate experiment room. We adapted the dyadic emotion elicitation protocol for our study [244]. This protocol has been extensively used to elicit emotions by eliciting conflict interactions among couples. The protocol has been
found to allow ecologically valid assessments of conflict within couples. We
modified the protocol to allow for remote, voice-only interactions via Skype.
Since we were interested in studying the effect of voice perception, the video
was turned off to eliminate facial expressions as a potential confound. Our procedure involved 5 steps.
1. Baseline and survey measures: Before the experiment, participants were
instructed to wear a heart rate sensor on their chest. Participants were then instructed to sit quietly for five minutes to record the heart rate in resting state.
Afterwards, we asked participants to fill out several survey measures including
the Areas of Disagreement questionnaire. The Areas of Disagreement questionnaire is typically used to identify a topic for the conflict conversation [114].
2. Neutral interaction: After filling out the questionnaires, participants were
asked to have a normal conversation focusing on events of the day for 10 minutes. This discussion was used as a baseline. Participants were aware that their
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conversations were monitored. After the conversation, participants were asked
to complete the self report emotion measure.
3. Conflict Topic Selection: During the neutral interaction phase, one of the
researchers (unaware of the current condition of the study) reviewed the answers of the couples in the Areas of Disagreement questionnaire, and selected
two discussion topics that both partners identified as a source of conflict. Immediately after the neutral interaction phase, the researcher brought both partners
together in one experiment room to discuss the selected topic of disagreement.
One partner after the other was asked to talk about a particular situation where
a conflict related to the selected topic had happened. By judging how couples
reacted while speaking, the researcher determined if the discussed topic was
indeed a conflict laden one. If not, the researcher suggested a second topic for
partners to talk about. The researcher followed the recommendations provided
in [244] to prevent the couples from engaging in an argument during this period.
This phase was typically completed within 5 minutes, upon which participants
returned to their separate experiment rooms.
4. Conflict conversation: Once a conflict topic was identified, participants
were led back to separate rooms, and asked to discuss the conflict topic for 10
minutes via Skype. Immediately after, participants were then asked to complete
the self report emotion measure, and the measure that assesses the perception
of the interaction (CPQ-SF).
5. Final interview: Finally, participants were asked after the study about
their conversations, feelings, and about the study itself. The questions were
asked to find out if participants were able to guess the purpose of the study, if
they noticed anything odd during the tasks, and if they noticed any change in
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their voices. The responses from the participants were recorded by audio and
written notes.

5.4.6

Results

Participant responses during the post-experiment interview were analyzed by
the experimenters. None of the participants that received voice feedback with
manipulation noticed the manipulation. Some participants reported that their
voice seemed different, but they attributed the change to other causes. For instance, one participant mentioned ”It sounded like my voice was getting lower,
maybe because I’m getting sick, though”.
The responses of the questionnaire measures and the HRV measures deviated from normality, so we conducted the analysis using the nonparametric
Aligned Rank Transform (ART) procedure [308]. We examined the effects of
manipulation type (normal voice; manipulated voice), feedback presence (no
feedback; feedback), gender (male; female) and the interactions of these variables on the measures of emotion and perception of the interaction. We included
couple as random factor to account for possible inter-dependency between data
points caused by the social interactions [151][170][222].

Emotions - Self-report

The ANOVA analysis revealed a main effect of the voice feedback on self reported anxiety changes, F(1, 18.80) = 10.83, p ¡ .01. Similarly, there was a main
effect of the manipulation on anxiety changes, F(1, 19.81) = 4.85, p ¡ .05. Figure
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Partner A (no feedback)

Partner B (feedback)

Anxiety Changes

1.0
0.5
0.0
-0.5
None

manipulation

Calmer

Figure 5.1: Changes in anxiety based on manipulation and feedback

5.1 shows how the anxiety of the participants changed in each condition. As
the figure shows, in all conditions participants’ anxiety increased, except when
participants received voice feedback with a calmer tone, in which the anxiety
decreased (M = -0.41).
There was no significant effect of the manipulation, feedback or gender on
the other emotions, and no interaction effects.

Emotions - Physiology

The ANOVA analysis revealed a main effect of the manipulation on the
delta score of the LF/HF ratio. Participants in the manipulation group had
lower LF/HF (M=-1.48) in comparison to the participants in the normal group
(M=1.05), F(1, 19.26)=5.57, p¡.05. Figure 5.2 shows how the LF/HF ratio of the
participants in the manipulation group decreased during the conflict, while the
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Partner A (no feedback)

Partner B (feedback)

LF/HF Changes

2
1
0
-1
-2
-3
None

manipulation

Calmer

Figure 5.2: Changes in the HRV measure LF/HF based on manipulation
and feedback

ratio increased for the other participants. No significant main effect of voice
feedback or gender was found. Similarly, there were no interaction effects.
There was no effect of the manipulation, feedback or gender on the other
heart rate measures, and no interaction effects.

Perception of the Interaction

The analysis of the Communication Patterns Questionnaire did not reveal any
main effects or interaction effects. Although the average score of the manipulation group for ”positive interaction” was higher (M=17.29, SD=1.96) in comparison to the group who did not receive the manipulation (M=16.50, SD=2.79), the
differences were not statistically significant, F(1, 20.52)=0.28, p=0.60. Similarly,
there was no effect of voice feedback, F(1, 18.39)=2.20, p=0.15, and gender, F(1,
26.16)=1.12, p=0.29, on people’s perception of the interaction.
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5.4.7

Discussion

The results of the study show that the manipulation was effective in regulating
the anxiety of the participants who received voice feedback. While participants
in the control group increased their anxiety after the conflict, the participants
who received voice feedback with a calmer tone felt less anxious. Furthermore,
there was a statistically significant decrease in the LF/HF ratio, which is a common measure used to estimate stress [127][272]. The results also indicate that
the partners in the manipulation group who did not receive voice feedback were
also affected by the manipulation, which can be seen in Figure 5.2.
Interestingly, none of the participants of the study noticed the voice manipulation. In the work from Aucouturier et al. [12], only three out of 109 participants detected that something was done with their voices when the same voice
manipulation used in our study was applied. Our results corroborate the findings from Aucouturier et al. [12], and show that the intervention is so subtle
that individuals remain unaware of it.

5.5

Study 2: Contentious Debates

In Study 1, the goal was to influence emotions directly by changing voice selfperception. However, a technology can also elicit a particular mental state that
indirectly affects people’s emotions. This was the goal of our second study,
in which we aimed to elicit the feeling of power, and in turn increase positive
emotions.
We designed a three-condition (low pitch-self, high pitch-other, control)
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within-subjects study in which participants engaged in three short contentious
debates seemingly with another person. However, unbeknownst to the participants, pre-recorded speech was used to represent the other person. In a randomly selected debate, participants received voice feedback with a 5.5% lower
pitch (low pitch-self condition). In the control condition, the participants heard
their own voice without any manipulation, and the pre-recorded speech was replayed as is. In the high pitch-other condition, the participant also heard their
own voice, but the pre-recorded voice was re-played with a 5.5% higher pitch.
In this way, we could examine if the effects of the low pitch-self feedback could
generalize to different partner voices.

5.5.1

Research Questions

Power is an integral part of social life, and it is the primary method of organizing social relations [265][99]. During social interactions, people make quick
judgments about their own and other people’s power, and they rely on various
cues to make these evaluations [265]. Previous research shows that low-pitch
voices lead to the perception of dominance and power [236], while high-pitch
voices are linked to perceptions of powerlessness [286]. One of the reasons is
because pitch is associated with physical size, so a lower pitch suggests that the
person producing the vocalization is bigger. Hence, the perception of a bigger
size leads to the perception of related characteristics such as strength, power
and dominance [210][236]. Interestingly, studies also show that individuals feel
more powerful when speaking with a lowered voice pitch [270]. Since previous studies have not examined possibilities to affect power-perceptions through
voice feedback, we wanted to examine the following research question:
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RQ 1: How does providing voice feedback with a lower pitch influence a
person’s feelings of power during an interpersonal conflict?
Based on the research cited above, we expected that the voice feedback
with a lower pitch would lead to higher self-perception of power when compared with the other conditions. According to the approach/inhibition theory
of power, high power is also associated with more positive mood and fewer
negative emotions [150]. Furthermore, there is evidence that high power can
reduce negative feelings during stressful situations [315][254]. Because of this
reported relationship between power and emotion, we were interested in the
following research question:
RQ 2: How does providing voice feedback with a lower pitch influence the
emotions of the person during a conflict?

5.5.2

Participants

22 individuals were recruited via a large recruiting company (11 female). They
participated in all conditions of the study and were paid $120 for taking part
in the experiment. All participants completed a questionnaire that was used
to screen who could participate in the study. We selected only the participants
that had a liberal political view and that answered No, Yes, and Yes to the following questions: Is gay marriage wrong? Is racial profiling wrong? Should
USA accept Syrian refugees? These questions were the topics of the debates,
and they were asked in advance in the screening questionnaire to make sure
that all participants would defend positions that they indeed believe. Before
the experiment, all participants were informed that the goal of the study was to
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investigate how people respond to different forms of providing audio feedback
via headphones.

5.5.3

Setup

We conducted the experiment in a sound-treated room at a large technology
company. Each room contained a small table, two chairs, one desktop computer, one headphone (Howard Leight Sync Stereo Earmuff), and one microphone (Fifine K668). Participants used the computer to answer the questionnaires, created with SurveyGizmo, and used the headphone, microphone and
computer to have a quick ”debate with another participant”. Unbeknownst to
the participant, the other participant was actually a pre-recorded ”rant” by an
individual with experience in voice-overs. We used pre-recorded speeches to
ensure that the conflict elicitation would be the same for all participants. The
content of the speech was extracted from conservative postings on the web, including from the website debate.org and comments presented on news websites. The content was selected to represent an extremely conservative point of
view, and it included sentences with personal attacks such as ”You are stupid”
and ”You are seriously delusional”. A pilot study revealed that the content selected for the debate topics were upsetting to those of liberal persuasion, and
approximately equally so. We also conducted Flesch-Kincaid readability tests
to ensure that each pre-recorded topic had a similar language (reading) level. In
order to manipulate the voice of the participant, we used a software developed
to elicit specific emotional tones [238]. Since the headphone used was noise
isolating, we used the software to provide voice feedback during the other conditions with the same loudness used during the low pitch-self condition. In this
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way, we could ensure that the loudness of the voice feedback would not be a
confounding factor.

5.5.4

Measures

Feeling of power

In order to measure people’s feeling of power, we employed the same questionnaire as used by Marianne et al. [254] but with a 7-point scale. Participants were
asked to indicate to what extent they experienced the following power-related
feelings: strong, superior, dominant, weak, and powerless. Using these 5 measures, we computed a composite score for total power, by summing the scores
of feelings positively correlated with power (strong, superior, dominant) and
subtracting the feelings inversely correlated with power (weak, powerless).

Emotions

Emotions were measured using the Positive and Negative Affect Scale (PANAS)
[296], a widely used survey instrument to measure both positive and negative
affect.

5.5.5

Procedure

After signing the consent forms, participants were instructed that they would
participate in short online debates about controversial topics with a conserva-
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tive person.
In the beginning of the experiment, all participants answered questions
about their demographics, emotions using the PANAS [296] and feeling of
power [254]. After that, they watched a calming video for 3 minutes. The same
video was reintroduced after each debate, so that the participant could calm
down before the next debate, therefore reducing the possibility of a carry-over
effect.
Before each debate, there was a preparation phase of 4 minutes. In this
phase, the participant was assigned to one of the following topics: Is gay marriage wrong?; Is racial profiling wrong?; and Should the USA accept Syrian
refugees?. The topics were randomly assigned across study sessions to counterbalance order effects. The participant had to defend the same liberal position he
informed previously in the screening questionnaire, but he had to read predefined arguments for both positions (Yes and No). Paper and pen were provided
so that the participant could write notes for the debate.
The debate started after the preparation phase. Participants were informed
that they would have a quick debate with another participant, which was
covertly a pre-recorded speech. Each debate had three turns of 1 minute and
30 seconds. The first and last turns were always for the in lab participant, while
the second turn was the pre-recorded speech. The purpose of having only one
turn for the ”other participant” was to reduce the chances of the participant
finding out that it was a pre-recorded speech.
After each debate, each participant answered questions about their emotions
(PANAS), and their feelings of power during the debate.
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Table 5.1: Descriptive statistics of the power questionnaire
High Pitch

Low Pitch

-Other

-Self

(n=22)

(n=22)

Mean (SD)

Mean (SD)

6.86 (6.54)

10.32 * (4.80)

Control
(n=22)
Mean (SD)
Feeling of Power 7.68 (6.91)

Finally, a semi-structured interview was conducted after the study. We asked
how participants were feeling, what they believed the study was about, and if
there was anything unusual in the voice feedback they received through the
headphone. Based on their responses, follow-up questions were asked. All
responses were saved with written notes. After the interview, we explained the
study and its true purpose in details.

5.5.6

Results

Participant responses during the post-experiment interview were analyzed by
the researchers. None of the participants correctly guessed the purpose of
the study, but four participants found that the ”other participant” was a prerecorded speech. Therefore, we removed these four participants from the analysis. Different from study 1, in this study all participants noticed the voice manipulation, by stating that their voice was ”deeper”, ”lower” or ”darker”. A
follow-up question revealed that 5 out of the 22 participants got distracted with
the voice manipulation. These participants informed that the voice was too different from their own, and it seemed like another voice was being played back
instead of their actual voice. However, all 5 participants mentioned that they
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Figure 5.3: Feeling of power in each condition (control, high pitch-other,
and low pitch-self)

became less distracted after getting involved in the debate. The remaining 17
participants did not report being distracted by the voice manipulation.
The responses of the questionnaires did not meet the standards of normality, so we conducted the analysis using the nonparametric ART procedure [308].
The experimental condition (low pitch-self, high pitch-other, control) and gender were included as fixed effects. Participant and debate topic (syrian refugees,
gay marriage, racial profiling) were added as random factors to account for the
repeated measures and the variation based on the topics.

Feelings of Power

Lowering the pitch of the participants resulted in an observed increase in
people’s feelings of power, F(2, 39.16) = 3.87, p ¡ .05. Separate ANOVAs for
each measure present in the power questionnaire revealed that participants felt
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Table 5.2: Descriptive statistics from the PANAS questionnaire
High Pitch

Low Pitch

-Other

-Self

(n=22)

(n=22)

Mean (SD)

Mean (SD)

Mean (SD)

29.41 (9.60)

29.59 (8.74)

30.73 (8.88)

Negative Emotions 13.91 (4.83)

14.05 (4.15)

12.73 (3.32)

2.28 (0.87)

2.23 (0.84)

2.49 (0.77)

Control
(n=22)

Positive Emotions

Positive/Negative

stronger, F(2, 39.16) = 5.27, p ¡ .001, and more dominant, F(2, 39.18) = 4.31, p ¡ .05.
Table 5.1 summarizes the results for each group, and Figure 5.3 shows a graph
with the differences across conditions.
There were no effects of the low pitch manipulation on the other power measures, and no interaction effects.

Emotions

Although participants felt more powerful when listening to their voices with a
lower pitch, this change did not affect their emotions, according to the responses
provided with the PANAS questionnaire. There was no effect of the condition
on positive emotions, F(2, 39.30) = 0.90, p = .41, negative emotions, F(2, 39.25) =
1.68, p = .19, or on the ratio of positive to negative emotions, F(2, 39.30) = 2.31, p
= .11. Table 5.2 shows descriptive statistics of the emotions for each condition.
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5.5.7

Discussion

The results of the experiment show that the manipulation was effective in increasing feelings of power. After the debates in which participants listened to
their voices with a pitch 5.5% lower, they reported an average feeling of power
of 10.32, which is higher than the feeling of power perceived in the control condition (M=7.68) and the condition in which the pre-recorded speech was played
with a higher pitch (M=6.86). The analysis of each measure from the power
questionnaire revealed that participants felt stronger and more dominant.
The results of this study extend the results from Stel et al. [270]. In [270], the
authors found that people can feel more powerful by consciously lowering the
pitch of their voice. In this study, we showed that it is also possible to increase
individuals’ feeling of power by automatically manipulating their own voices
with a lowered pitch, and playing it back to them through a headphone.
Although the power elicitation was effective, it did not lead to changes
in participants’ emotions. The ratio of positive over negative emotions was
slightly larger during the debates with low pitch feedback, but the change was
not statistically significant. It is possible that the context of the study, in which
participants had a heated ”interaction” with a person that they did not know,
did not encourage participants to have more positive emotions. If the study had
been designed to have people that know and care about each other as participants, such as romantic couples, maybe the results would have been different.
Finally, all participants in this study noticed that their voices were changed,
and 5 out of 22 participants got distracted with the voice manipulation, particularly in the beginning of each debate. The voice manipulation in this study
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was more evident than in Study 1, so although it did not distract most of the
participants, it was still noticeable and distracting for some people.

5.6

General Discussion

Our studies examined the emotions and perceptions of individuals during interpersonal conflicts as a function of whether participants listened to their own
voice with or without a voice tone manipulation. In this section, we discuss our
findings and suggest possible implications for theory and design.

5.6.1

Implications for Theory

In the first study, dating couples engaged in conflicts via Skype. Within each
couple, one person received their own voice feedback through headphones.
Among the people who received voice feedback, some received feedback without any manipulation, while other partners listened to their own voice with
a calmer tone. The results show that participants who perceived their own
voice with a calmer tone felt less anxious and stressed during and after the interpersonal conflict, which was revealed through self-report and physiological
changes. Moreover, the results show that the partners of the individuals who
received the manipulation were also affected by the manipulation, since they
also felt less anxious after the conflict, although the change was not as large as
for the participants who received manipulated voice feedback.
In the second study, participants engaged in contentious debates while receiving voice feedback through headphones with a 5.5% lower pitch. The re104

sults reveal that in the debates where participants perceived their voice with a
lower pitch, they felt more powerful, dominant, and strong.
The findings of the two studies contribute to the literature on self-perception
theory [34]. According to Bem, individuals determine their attitudes, emotions
and other internal states by interpreting the meaning of their own behavior
given a particular context [34]. In both studies, we changed how some participants perceived their own vocal behavior, and we found that the feelings
and emotions of the participants changed in a congruent direction with the manipulation. Although previous studies have provided experimental evidence of
the self-perception theory [12], our study is the first to evaluate the theory in the
context of interpersonal conflicts using an automated method.
Although some of our findings were consistent with our expectations and
previous research, some questions remain to be resolved. In study 1, for instance, it is unclear why participants who did not receive voice feedback were
also affected by their partners, who did receive the manipulation. One hypothesis is that the participants who perceived their voice as calmer, changed their
behavior in a way that was perceived and reacted to by their partners. In this
case, this would be consistent with previous research that shows that the effects
of one person’s emotion regulation efforts can affect the cardiovascular arousal,
emotional behavior and emotional experience of their corresponding partners,
even when the partners are oblivious to those regulation efforts [46] [35].
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5.6.2

Implications for Design

In this section, we discuss some design considerations regarding the use of the
method of changing voice self-perception to regulate emotions. Furthermore,
we present some potential scenarios where the method can be used, including
contexts that do not involve interpersonal conflicts.

Keeping it Subtle

One limitation of emotion regulation systems is that they often require conscious attention and effort from users, so it can be unfeasible to use these technologies during interpersonal conflicts or in any other scenario in which individuals have to focus on their current tasks. The findings of the studies
described in this chapter show that it is possible to regulate user’s emotions
and feelings without requiring user’s conscious attention and effort. This approach is different from current technologies for emotion regulation, which either prompt users to perform certain tasks or rely on reflection.
The results of study 1 show that none of the participants noticed the voice
manipulation, so they were able to talk with their partners without having to
focus on any technology to regulate their emotions. In study 2, however, some
participants got distracted by the technology, mentioning that the voice manipulation made their voices sound very different from their own. These findings
suggest that it is important to consider user’s perception thresholds when deciding the voice manipulation to apply. A voice manipulation that it is too distracting can harm more than help the user, so it is crucial to identify the tipping
point in which the technology is effective without being disruptive.
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Triggering the Intervention

One important question about the application of the method described in this
chapter is: When to trigger the intervention? The most obvious way of doing that is by triggering the intervention manually. For instance, users could
manually start whenever they believe that a conflict may arise during an online conversation. However, this approach contrasts with one of the main goals
of the method, which is keeping the intervention subtle and effortless. Therefore, one alternative approach is to trigger the intervention automatically. In this
case, a technology could analyze the behavior or emotions of the user, identify if
the user may need to regulate their emotions, and automatically start the intervention. The technology could rely on signals such as users’ voice [178], facial
expressions [216] or physiological signals [127], and automatically adjust the
voice feedback accordingly. If, for instance, a user starts to demonstrate anger
during an online video call, by raising their voice and furrowing their eyebrows,
the technology could then start to play back their voice with a calmer tone. To
avoid a sudden change in user’s voice and potentially disrupt the conversation,
the technology could start with a small change and subtly keep increasing the
manipulation as required.

Being Aware of its Purpose

In both studies described in this chapter, participants were not informed about
the true purpose of the study. This was done to avoid biased responses from
participants, which could jeopardize the results. Therefore, one question that
remains is if the intervention is also effective when users know that their voice is
being manipulated to elicit a particular emotional response. This is an important
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question to focus on in order to understand if this kind of technology can also
be effective in real life. We believe that if a technology that changes user’s selfperception is used outside of the laboratory, the user should always be aware of
the purpose of the technology and how it works. This is crucial to ensure that
the technology is being used to help the user achieve their own goals.
In order to investigate if the technology works even when users are aware of
its purpose, we seek to conduct another study in which participants are explicitly informed about the purpose of the voice feedback before the experiment.
Although this may bias the responses in the questionnaires, we could focus
on indirect measures of emotional experience, including behavioral expressions
(e.g. prosody, facial expressions) and physiological signals (e.g. galvanic skin
response, heart rate variability).

Making it Ubiquitous

Although the software that we used in the studies was not developed for mobile
devices, previous research has shown an iPhone application developed for similar purposes [2]. If a mobile application to regulate how a user perceives their
voice is used in combination with earphones, this could potentially be used as
a tool to regulate people’s emotions in any setting, and not only in computermediated communication. This is an interesting direction to explore, since most
social interactions happen face-to-face. The technology could then be used in
several contexts, including therapy sessions, training scenarios, or even during
daily interactions.
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Usage Scenarios

The findings of the study focusing on contentious debates show that our method
can be used to boost people’s self-perception of power and dominance, which
may be useful in some contexts in which individuals aim to express these characteristics, such as during business meetings, public speaking presentations,
or negotiations. Furthermore, since previous studies found that vocal behavior can predict job interviews, salary negotiations and speed dating encounters
[221], it would be interesting to investigate if it is possible to positively influence the outcomes of social interactions by changing how individuals perceive
their voice in these contexts. By feeling more powerful as a consequence of the
voice feedback, people might improve their confidence and performance during
social-evaluative situations.
It is important to note that the method of altering user’s voice self-perception
could be applied in other contexts besides interpersonal conflicts. One interesting possibility is regulating the emotions of individuals with mental health
conditions. Previous research shows that individuals with mood disorders such
as social anxiety, bipolar disorder, and schizophrenia, are more sensitive to the
way they perceive their own behavior and bodily signals. A person with social anxiety, for instance, is very self-conscious during social interactions, and
is constantly looking for cues, including their own voice, gestures and body
movements, to infer how well she is doing. By noticing signals such as a jittery or creaky voice, the person is more likely to feel anxious, and this negative
self-perception can even trigger panic attacks. However, despite how anxious
the voice of the person may actually sound, a technology could override their
voice with another one that makes the person perceive their voice as calm and
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confident. Thus, the person could feel less anxious during social interactions,
which could potentially have a huge impact on her everyday life.

5.6.3

Limitations and Future Work

In this chapter, we focused our attention in the influence of voice self-perception
on emotions and feelings. However, one aspect that remains to be explored is
if the behavior of individuals that perceive their voice in a different way is also
affected. In the future, we seek to analyze the behavior of the individuals that
participated in the two studies, in order to investigate if some our findings can
be explained by differences in behavior. In particular, the finding that partners
who did not receive voice feedback felt less anxious after the conflict, suggests
that participants who received the manipulated voice feedback changed their
behavior in a way that affected their interacting partners. By analyzing the behavior of the participants, such as their prosody, facial expressions, and spoken
words, we should be able to identify the effect that the manipulation had in
their expressive behavior.
One limitation of the first study is that participants were mostly students,
who have been in a relationship for less than a year. Although young couples
also have disagreements, our results could have been different if we had recruited married couples instead.
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5.7

Conclusion

In this chapter, we presented a subtle approach for regulating emotions during interpersonal conflicts, which consists in changing how people perceive
their own voice. By leveraging theories and findings from emotion regulation,
conflict management, nonverbal signals and self-perception, we conducted two
studies focusing on interpersonal conflicts, in which participants received voice
feedback through headphones with a specific emotional tone. In the first study,
romantic couples had conversations about conflicts via Skype, and we found
that individuals who perceived their voice with a calmer tone felt less anxious
and stressed. In the second study, participants who got involved in contentious
debates felt more powerful when they heard their voices with a lower pitch.
In both studies, participants were able to focus on their conversations without
drifting their attention away to any emotion regulation technology, showing
that the intervention does not require attention or effort to be effective.
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CHAPTER 6
REGULATING ANXIETY BY CHANGING PHYSIOLOGICAL
SELF-PERCEPTION

6.1

Introduction

The results of the studies focused on interpersonal conflicts have shown that
it is possible to influence user’s feelings by changing their behavioral selfperception. In addition to how we perceive our behavior, previous research
shows that the way we perceive our physiological signals can also influence
how we feel. For instance, in a classical study from Valins, participants who
received false heart rate feedback through headphones felt more attracted to
women shown on pictures [285]. This raises a question: Can technologies regulate user’s feelings by changing their physiological self-perception?
In this chapter, I present the design and evaluation of EmotionCheck, which
is a wearable device that can be used to regulate anxiety by changing user’s
heart rate self-perception through subtle haptic feedback. Participants engaged
in an adaptation of the Trier Social Stress Test while using the EmotionCheck
device with different settings. The results show that participants who received
false feedback of a slow heart rate felt less anxious than the other participants.
More importantly, participants could focus on their tasks without being distracted by the haptic feedback.
This work was published at UbiComp 2016 [67] and received one Best Paper Award (top 1%). The co-authors are Alex Adams, Malte F. Jung, François
Guimbretière, and Tanzeem Choudhury. I led the writing, designed the Emo-
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tionCheck device, implemented the software, conducted the study, and analized
the results. Alex Adams led the construction of the EmotionCheck device. I designed the study with Malte F. Jung and Tanzeem Choudhury. All co-authors
contributed in the paper writing.

6.2

Mobile Intervention to Regulate Anxiety

The field of psychology provides a significant body of work to understand how
emotions are regulated. In this section we will show how we designed a mobile
intervention to regulate anxiety by leveraging this body of work on emotion
regulation and specifically Gross’ model of emotion regulation [117]. We had
two main design goals for the intervention: 1) the intervention should be subtle,
without requiring much attention or effort from the user to be effective; and 2)
the intervention should help the user to regulate the target emotion. In the next
sections we describe how we designed the intervention considering three basic
questions: 1) What to regulate?; 2) When to regulate?; and 3) How to regulate?.

6.2.1

What to regulate?

During our daily life we are constantly regulating our emotions. However, in
some cases our emotions take control, and it becomes difficult to regulate them
effectively. One emotion that can be particularly difficult to regulate is anxiety.
Anxiety is an emotion characterized by feelings of tension, worried thoughts
and physical changes like increased heart rate, excessive sweating and cold
hands [11]. Experiencing occasional anxiety is a normal part of life. In fact,
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a certain amount of anxiety can even help individuals to face their challenges.
Athletes, for instance, learn to regulate their anxiety so that they can have just
the right amount [209]. However, if the feelings of anxiety get too high they
can interfere with our daily activities. For instance, anxiety can interfere with
our performance during public speeches, exams, and job interviews. Therefore,
learning to control our anxiety is important so that we can perform our activities
in the best way possible.
Given the importance of regulating anxiety in our daily lives, we decided to
focus on designing a mobile intervention to regulate anxiety.

6.2.2

When to regulate?

The process model of emotion regulation posits that emotions may be regulated
at one of five phases during the time course of emotion. In order to design
mobile interventions that help users to regulate their anxiety, it is important to
consider that depending on the context and the emotion one phase may be more
feasible for an intervention than others [124]. Since emotion regulation happens
in a continuous way, an intervention that focuses on one phase of the model
may lead to changes in the following phases.
Our goal was to design an intervention to regulate user’s anxiety. In this context, the phases of situation selection and situation modification are not the best
options to target for an intervention. It can be hard for an individual to avoid
certain activities and anticipate all aspects of every situation beforehand. For
instance, a driver may need to face an inevitable car traffic and a business person may have to attend a meeting with a difficult client to ensure the success of
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the company. Therefore, individuals may eventually get involved in situations
that would make them feel anxious. Interventions that focus on attentional deployment often require significant user’s engagement to be effective, which is
the case of mindfulness meditation. However, several studies show how individuals subtly pay attention to their bodily signals and implicitly react based on
it. Furthermore, the awareness of our bodily signals, such as our heart rate, can
automatically influence our cognition and emotional experience [285][71]. For
these reasons we decided to develop a subtle intervention that focuses on the
phase of attentional deployment.

6.2.3

How to regulate?

Previous studies demonstrate a positive relationship between interoceptive
awareness and anxiety. Studies have shown that if an individual notices that
his heart rate is very fast, this can intensify their feelings, making him feel more
anxious [230][71]. On the other hand, if we supplement this information with
another signal that indicates that the heart rate of the individual is slow, this
may influence the way the individual appraises the situation, which in turn can
make make him feel more calm. Inspired by this idea we designed and built
a wearable device that influences people’s perception of their own heart rate,
which we call EmotionCheck.
EmotionCheck is a watch-like device that produces subtle vibrations on the
wrist simulating heartbeats. We decided to build our own device to have more
control of the vibration intensity and the noise produced by the vibrations,
which were important aspects since our goal was to simulate heartbeats in a
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subtle and non-distracting way. Figure 6.1 shows a picture of the device. Our
hypothesis is that by providing a slow heart rate feedback (60 beats per minute)
through EmotionCheck we can influence users to feel less anxious during stressful situations.

Figure 6.1: The EmotionCheck Device

6.3

EmotionCheck Device

The hardware design of the EmotionCheck device is similar to the design of
many health-monitoring watches. This allows us to both maintain consistent
placement and contact on the user’s wrist while having a familiar form factor to
help avoid drawing unnecessary attention to the device. To minimize the profile
of the prototype, we designed and built a custom PCB. This allowed us to use
surface mount chips, which help prevent the prototype from becoming bulky
and provides more stable connections, helping to prevent any loose connections
due to vibration/movement. Figure 6.2 shows the components present in the
device.

116

To control and communicate with the prototype, we used a BlueTooth Smart
Transceiver/Controller with 16MHz ARM Cortex-M0 microcontroller (model
RFD22301). The microcontroller operates at 3.3V at 18mA (4mA ultra low
power (ULP)) transmit/receive current and transmits on the 2.4 GHz band with
a 4dbm transmit power. The unit is programmed over a breakout cable that
connects to a USB shield (model RFD22121) via a SMD JST-SH connector.
The prototype has three shaftless/coin vibration motors (Precision Microdrives 308-107 Pico Vibe) to provide haptic feedback that are connected to pulse
width modulation outputs on microcontroller. The motors are 8mm in diameter
with a length of 2.15mm, have a 0.75 G typical normalized amplitude (each),
and 15k rpm vibration speed. For our study we only used two of the motors,
each vibrating with an approximate amplitude of 0.72 G with a vibration frequency of 220Hz. The intensity of the vibration can be compared to someone
lightly tapping the inside of their wrist. In order to minimize noise from the vibration that may be distracting to users, the motors are isolated from the circuit
and enclosure with silicon rubber (shore hardness of 40A). The electronics are
powered with a polymer lithium ion battery (3.7V at 110mAh) that is regulated
with a 3.3V 800mA linear voltage regulator (STMicroelectronics LD1117S33TR).
The enclosure of the prototype consists of cell cast Acrylic and Delrin (acetal
resin) parts that were laser cut and bonded together. Using these strong plastics
we can ensure that the prototype can withstand the constant vibrations and
tension of the band. We used a 1-inch wide elastic band and Velcro to make
the wristband. Furthermore, we used a Hook and Loop Cinch Strap buckle
design to ensure that the wristband would fit comfortably and firmly regardless
of wrist size.
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Figure 6.2: Diagram describing the components of the EmotionCheck device

6.4

Method

In order to test the effectiveness of the EmotionCheck device, we conducted
a laboratory experiment with a between-subjects design. The study was approved by the local ethical committee. The next subsection lists all conditions
of the experiment.

6.4.1

Experimental Conditions

In the control group condition, participants used the EmotionCheck device, but
they did not feel any vibration during the tasks.
In the vibration condition, participants felt the vibrations on the wrist at a
frequency of 60 bpm. They were informed that they would feel vibrations on
the wrist, but no additional information was provided.
In the slow heart rate condition, participants also felt the vibrations on the
wrist at a frequency of 60 bpm, but they were informed that the vibrations
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would always represent their current heart rate.
In the real heart rate condition, participants were informed that the vibrations
would always represent their current heart rate, and the vibrations were indeed
changing based on the heart rate of the participant.

6.4.2

Setup

The study was conducted in a sound-treated room in an academic department.
There were no personal or decorative items in the rooms; each space contained
a small table and two chairs. The rooms were set up with one laptop on the
table, which was used by the participants to watch a calming video and to complete the questionnaires. Next to the laptop we left the following devices: i)
EmotionCheck device ii) Heart rate monitor (Polar H7). In order to keep all
experimental conditions of the study uniform, the devices were used by all participants. The EmotionCheck device was used to manipulate the conditions of
the study so that we could test our hypotheses. The data collected by the heart
rate monitor was used only in the real heart rate condition, in order to adjust
the vibrations accordingly.

6.4.3

Participants

68 subjects participated of the study, of whom 43 were female. 1 participant
was removed from the study because he reported in the open-ended questions
that he had two large cups of coffee right before the experiment, which made
him jittery even during the baseline phase. All participants were students at
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a large US university. Students were recruited via an on-campus web-based
recruitment system, and received either $10 cash or course credit for their participation. Participants ranged from 19 to 30 years of age.

6.4.4

Procedure

Before the tasks of the experiment, the participants completed a consent form in
which they were introduced to the study. The participants were informed that
they would participate in a study to understand people’s behavior during job
interviews. The participants were not informed about the true purpose of the
study since this could bias their answers to the questionnaires. The experiment
was conducted as follows.
The experiment was an adaptation of the Trier Social Stress Test [155], which
is a widely used protocol to induce stress and state anxiety in participants [39].
Before the experiment, the participants were asked to watch a calming video of
a slow train ride in Norway, shot from the front window of the locomotive. This
phase had a duration of 5 minutes, and it was used to collect baseline data.
After the resting phase, the participants were asked to complete a series
of questions about their demographics, state and trait anxiety [267]. Once the
questionnaires were completed, the participants received instructions to imagine that they were about to interview for their dream job and that they would
have 5 minutes to prepare a presentation (preparation phase) and 5 minutes to
present themselves to an experienced evaluator detailing their strengths, qualifications, and why they should be chosen for the job (presentation phase).
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In the preparation phase, the participant received a paper and pen for outlining their presentation. However, they were not allowed to use the written notes
during their presentation. The researcher activated the randomized condition
for the EmotionCheck device in the beginning of this phase. The phase had a
duration of 5 minutes.
In the presentation phase, a male confederate entered the room and asked
the participant to stand up. The confederate then turned on a video camera, sat
in front of each participant and asked him/her to deliver the talk. Whenever the
subject stopped talking for more than 10 seconds, the confederate responded in
a standardized way: ”You still have some time left. Please continue!”. During each presentation, the confederate did not make any comment or expressed
any kind of nonverbal behavior, such as nodding or smiling. This phase had a
duration of 5 minutes. After the end of this phase, the researcher stopped the
randomized condition.
Once the participants finished their presentation, they were instructed to
complete some questionnaires, including the State Anxiety Inventory and questions about the vibrations. After completing all tasks, the participants received
a sheet of paper with detailed information about the goal of the study.

6.4.5

Hypotheses

Previous studies indicate that there is a positive relationship between the degree
of a persons awareness of their heart rate and the intensity of emotional experience [285][230]. Furthermore, studies demonstrate that interoceptive awareness
is positively related to anxiety measures in healthy subjects [71][231]. Given this

121

positive relationship between interoceptive awareness and anxiety, we hypothesized that by manipulating people’s perception of their heart rate we could
influence their state anxiety. In this case, individuals that perceive a slow and
steady heart rate would feel less anxious. This leads to our first hypothesis:
Hypothesis 1 (H1): The anxiety scores of the slow heart rate group will be lower
than the anxiety scores of the control group.
Even if the hypothesis 1 is supported, it may be due to other factors related
to the use of vibrations. For instance, the vibrations could act as minor distractions, which could make the person to not pay attention to negative cues either
internally or in the environment. However, there are not studies indicating that
this kind of distraction can help users to lower their anxiety. Therefore, this
leads to our second hypothesis:
Hypothesis 2 (H2): The anxiety scores of the vibration group will not be different
from the anxiety scores of the control group.
Finally, our experiment was designed as an adaptation of the Trier Social
Stress Test, which is a protocol that has been used to induce stress [155] and
state anxiety [39]. Several studies demonstrate that this protocol increases the
heart rate of the participants during the stressful tasks [155]. Since there is a positive relationship between interoceptive awareness and anxiety, by augmenting
people’s awareness of their heart rate they may notice that the heart rate is getting faster, which could make them feel more anxious. This leads to our last
hypothesis:
Hypothesis 3 (H3): The anxiety scores of the real heart rate group will be higher
than the anxiety scores of the control group.
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6.4.6

Data Collection and Analysis

In order to measure people’s anxiety before and after the intervention, we used
the State-Trait Anxiety Inventory (STAI) [267], which is a psychological inventory consisting of 40 self-report items pertaining to anxiety affect. The STAI
consists of 20 items to assess state anxiety, and another 20 items to assess trait
anxiety. The state anxiety questionnaire includes items such as ”I am worried; I
feel calm”, while the trait anxiety inventory includes questions such as ”I worry
too much over something that really doesnt matter. All items are rated on a
4-point scale, ranging from ”Not at all” to ”Very much so” in the state anxiety
questionnaire, and from ”Almost Never” to ”Almost Always” in the trait anxiety questionnaire. Once a person completes one questionnaire, a resulting score
that ranges from 20 to 80 can be obtained. Higher scores indicate greater anxiety.
The STAI has been used extensively in several studies to measure how people’s
state of anxiety change after each experimental condition.
In order to evaluate how people reacted to the vibrations, we included a
questionnaire with questions about how distracting were the vibrations. We
also included open-ended questions that would allow us to get more information about how people felt and how the vibrations affected them, including: (a)
How did you feel during the presentation?; (b) How did you feel during the
preparation phase?; (c) Did you get distracted with the vibrations?; (d) Do you
think the vibrations affected your performance? If yes, how?; and (e) What do
you think was the purpose of the vibrations in the wristband?.
Finally, we collected demographic information so that we could verify if
there were differences across groups that could confound our results.
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We confirmed that there were no initial group differences at baseline that
could confound our results. There were no baseline group differences in Gender
(p=.88), Age (p=.15), College Education (p=.10), Trait Anxiety (p=.26) and Prestate Anxiety (p=.15). Furthermore, an inspection of the answers to the question ”What do you think was the purpose of the vibrations in the wristband?”
revealed that most participants thought that the purpose of the vibrations was
to act as a distraction.

6.5

6.5.1

Results

Effect of the Intervention on Subjective Anxiety

A two-way repeated measures ANOVA was performed to compare the anxiety
scores across the four groups considering the two phases in which the data was
collected (pre intervention and post intervention). Figure 6.4 shows an interaction plot that indicates how the anxiety scores changed in each group after
the intervention. Additionally, the anxiety changes (post anxiety - pre anxiety)
were analyzed using paired t-tests with bonferroni correction. Figure 6.3 shows
a boxplot of the anxiety changes. Descriptive statistics of the anxiety changes are
found in Table 6.1 and results of the paired t-tests are shown in Table 6.2.
The ANOVA analysis revealed a statistically significant difference (F(3,63)
= 3.37, p = .02). The pairwise comparisons revealed that the anxiety scores of
the slow heart rate group were statistically significantly lower than the control
group (p = .014) and the real heart rate group (p = .018). The effect size was large
in both comparisons. The analysis indicates that the slow heart rate intervention
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Figure 6.3: Boxplot showing the anxiety changes (post-anxiety - preanxiety) in all groups

Figure 6.4: Interaction plot showing the changes in the average anxiety
scores
was responsible for making the anxiety of the participants to be lower than in
the control group. No statistically significant effect was found for the other
interventions when compared to the control group.
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Calming Effects of the Intervention

The results of the survey analysis were corroborated with the feedback received
in the open-ended questions. Some participants in the slow heart rate group
reported calming effects of the vibrations. One participant remarked: ”I have a
job interview tomorrow and it would be great to use a device like this because it actually
helped me to calm down” - P1 Similarly, another participant in the slow heart
group mentioned how the vibrations helped him to keep steady:

”Since my

pulse was pretty steady I think it kind of helped me to keep steady as well. I think
it is something like music and having a metronome in the background” - P2 One
participant in the slow heart rate condition stated that he did not believe that
the heart rate feedback was accurate, but he still acknowledged an effect of the
intervention:

”I have trouble believing that my heart rate was so slow and steady

throughout that task, but thinking that it was during the talk actually helped me to not
be nervous” - P3

Effects on Emotional Appraisal

Participants of the slow heart rate group mentioned how the vibrations were
used to evaluate the situation and how they were feeling. For instance, one
participant remarked: ”I started to pay attention to the feedback whenever I stopped
talking. I was stressed but after noticing the vibrations I thought ’Ok, my heart rate is
not that high’” - P4 In the real heart rate group, some participants stated that the
increasing heart rate made them feel more nervous or stressed. One participant
remarked: ”When I was writing I started to notice my heart increasing and I started
to get worried about that. When I realized that my heart rate was increasing I felt more
nervous” - R1 Similarly, another participant mentioned that the vibrations acted
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Mean SD
Control
11.35 11.4
Vibration
8.5
8.97
Slow Heart Rate 0.65
8.45
Real Heart Rate 11.06 10.21

Cohen’s d
0.28
1.07
0.03

Table 6.1: Descriptive statistics and effect sizes based on anxiety changes

as a feedback loop:

”I felt that specially after running out of ideas the vibrations

made me a little bit more stressed. It kind of felt like a feedback loop so as the vibrations
increased it also increased my mental stress” - R2

Effects on Emotion Regulation Strategies

Some participants in the real heart rate group also mentioned how their awareness of the vibrations influenced their emotion regulation strategies. One participant mentioned: ”The vibrations made me more aware of my heart rate. It was
not something that I was constantly thinking but in the back of my mind I was thinking
I want to make it more constant - R3 Similarly, another participant from the same
group reported that he noticed when the vibrations got faster and he thought
that he should do something about it: ”I noticed when the vibrations started to get
faster and I thought Ok, I have to chill out a little bit - R4
Although some participants used the vibrations as an input for their selfregulation, it did not translate into low anxiety levels to all of them. R4, for
instance, increased their subjective anxiety in 25 points, which is higher than
the overall mean (8.06) and the mean of the real heart rate group (11.06).
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Control
Real HR
1
Slow HR
.014 *
Vibration
1

Real HR
.018 *
1

Slow HR
.152

Table 6.2: Results of the paired t-tests using bonferroni correction. * indicates p < 0.05

Vibration
Slow Heart Rate
Real Heart Rate

Mode
1
1
1

Median
1
1
1

Min
1
1
1

Max
4
3
3

Table 6.3: Descriptive statistics summarizing the responses to the question
”Do you think the vibrations distracted you?”

6.5.2

Attention to the Intervention

In order to evaluate if the intervention distracted people’s attention during the
tasks, we evaluated their responses to the question ”Do you think the vibrations
distracted you?”. The responses ranged from 1 (’Not at all) to 5 (’Very much’).
Table 6.3 shows descriptive statistics of the results. Most participants in all
conditions reported ”Not at all” when asked if the vibrations distracted them.
In the slow heart rate group 11 participants reported ’Not at all’, 5 participants
reported ’A little bit’ and 1 participant reported ’Somewhat’.

Peripheral attention

When asked about the vibrations in the open-ended questions, most participants reported that they did not pay much attention to them. In the slow heart
rate group, P5 remarked:
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”I felt the vibrations especially when I was sitting but most of the time I was too
distracted to pay attention on them” - P5 Similarly, one participant from the real
heart rate group mentioned that he did not notice the vibrations during the
presentation: ”I didnt feel distracted. I think it was just in the back of my mind. I was
mostly focusing on the tasks at hand” - R5

Attention during Presentation

Some participants in the slow heart rate group reported that they were paying
attention to the vibrations during the preparation phase but not that much during the presentation. One participant remarked:
”During the preparation phase I was consciously paying attention to the vibrations
but during the presentation I was not” - P6
Another participant made a similar statement:
”I noticed the vibrations the most during the preparation phase” - P7

Distraction and Annoyance

Although most participants reported that the vibrations did not distract them,
some participants reported that the vibrations were a little distracting. One participant from the real heart rate group reported:

”The vibrations were a little

distracting but not enough to completely turn me off” - R6
Similarly, one participant from the vibration group mentioned that the vibrations were irritating, but she decided to ignore them: ”The vibrations were a
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little irritating but I pushed it out” - V1

6.6

6.6.1

Discussion

Effects of the Intervention on Anxiety

One of the hypotheses of this study was that the participants in the slow heart
rate group would have a lower anxiety when compared to the control group
(H1). The results of the study support this hypothesis. On average, the participants in the slow heart rate group increased their anxiety in 0.65 points, which is
way lower than the anxiety increase in the control group (11.35) and in the other
two conditions. The interaction plot in Figure 6.4 clearly shows that the tasks
increased the anxiety of the participants in all groups except in the slow heart
rate group. Furthermore, even though the participants were not informed about
the purpose of the vibrations, some participants in the slow heart rate group explicitly mentioned how the heart rate feedback helped them to ”calm down”, to
”not be nervous”, or ”to feel steady”. It is important to note that the results of
the vibration group show that the vibrations alone did not lead to lower anxiety levels in the participants, so the hypothesis 2 was also supported (H2). The
fact that both hypotheses H1 and H2 were supported indicates that the lower
anxiety of the participants in the slow heart rate group was a consequence of
their belief that the vibrations were representing their heart rate, rather than a
consequence of the slow and steady vibrations alone.
Another hypothesis of this study was that the real heart rate feedback would
lead to a higher anxiety of the participants when compared to the control group
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(H3). The quantitative results of the study do not support this hypothesis. However, some participants stated that they felt more nervous and stressed when
they noticed that their heart rate was increasing through the vibrations. These
participants also reported that the vibrations distracted them ”A little bit”, so it
is possible that the increase in anxiety in these participants was a consequence
of paying too much attention to the increasing vibrations.
One question that arises is if the slow heart rate intervention is also effective
when the participants know beforehand that the vibrations do not represent
their actual heart rate. Even though we have not tested this hypothesis in this
study, there are some points to consider. First, one participant in the slow heart
rate group acknowledged that he did not believe that the feedback was accurate,
but he still thought that the intervention helped him to calm down. Second, 11
out of the 17 participants in the slow heart rate group reported that the vibrations did not distract them at all, and many participants mentioned that they
were not paying attention to the vibrations, especially because they were concentrated on their current tasks. Previous studies indicate that our behavior and
emotions can be subtly influenced by internal and external cues even when we
are not consciously paying attention to these cues [212]. Therefore, it is possible
that the intervention may affect the emotional state of individuals even when
they are not able to infer if the heart rate feedback is accurate or not.
In order to investigate what happens when individuals know that the feedback might not be accurate, we plan to conduct a longitudinal study and tell
the participants in advance that the vibrations that they will feel may accurately
represent their heart rate or not. In some cases users could receive real heart rate
feedback, and in other situations they would receive false feedback. In this way,
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users would know in advance that the feedback could be inaccurate, but they
would not know when. By using this approach, a mobile technology could automatically detect when the user is anxious and then manipulate the feedback
provided in order to help the user to calm down when needed.

6.6.2

Conscious Attention to the Intervention

The results of this study demonstrate that the slow heart rate intervention was
effective, and that most participants did not get distracted by them. Many participants reported that they were focused on the presentation and that they did
not pay attention to the vibrations because of that, although they could still
notice them. In addition, some participants mentioned that even though they
were concentrated on their current tasks, in the ”back of their minds” they were
noticing the vibrations. These results indicate that the vibrations stayed in the
periphery of people’s attention, so the participants were attuned to the vibrations without attending to them explicitly [302].
The results of the study also indicate that some participants in the real heart
rate group consciously used the vibrations as an input to regulate their emotions. For instance, one participant mentioned that he noticed when the vibrations started to get faster and after that he thought that he should ”chill out a
little bit”. However, the participants that reported that explicitly used the vibrations to regulate their emotions had some of the highest anxiety levels in the
group. These results suggest that an intervention that leads the user to be overly
attentive to their bodily changes may not the best solution during stressful tasks.
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6.6.3

Design Implications

The results of this study have broad implications for the HCI and Ubicomp
community. Our findings suggest that it is possible to design subtle mobile
interventions that help individuals to regulate their emotions during emotional
situations. These findings offer a myriad of possibilities for the design of technologies for emotion regulation. In this section we present some design implications of our findings.

Low Reliance on Attention and Effort

One consequence of our findings is the possibility of developing technological
interventions that can help users regulate their emotions without requiring explicit instructions or additional tasks. A common problem of some technologies
that help users regulate their emotions is that they often require users to perform certain tasks. This may lead to compliance issues, in which users fail to
follow the instructions properly or fail to persist with the proposed activities
[158]. For instance, a review of 46 computerized interventions for anxiety and
depression found that the median completion rate was only 56% [294]. Since
our intervention works by leveraging our natural and implicit reactions to our
bodily signals, the intervention can work right after the user start to use the
technology, without requiring any additional action that the user would normally do. Therefore, users can keep doing their tasks and the intervention will
work without distracting or overwhelming the user with new information.
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Simple yet effective

Another implication of our study is the fact that we can help users regulate their
emotions using simple interventions. In applications that focus on reflection of
emotional experiences, users may benefit of having rich user interfaces that provide detailed information about their past experiences. However, in situations
in which users are engaged in stressful and demanding tasks, it is important to
not overwhelm the user with new information during these tasks, since the increase in cognitive load may affect people’s performance or even increase their
stress. Our results indicate that it is possible to keep users’ anxiety in low levels
by using a simple cue of a slow heart rate.
One important consideration to make is that in real world situations it may
be important to personalize the feedback according to the situation and the user,
in order to increase the effectiveness of the intervention. Although the results of
our study show that a false feedback simulating a slow heart rate (60 bpm) produced significant effects in the group, some subjects responded to the intervention better than others. It is possible that individuals varied in their awareness
of how fast were the vibrations, even though the vibrations were the same for
everyone in the slow heart rate group. In order to take into account individual
differences, a technology could use people’s heart rate and their interoceptive
awareness as an input to adjust the false feedback accordingly. For instance,
rather than simulating a pulse of 60 bpm, the device could reproduce a vibration 20% lower than the person’s heart rate.
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Truthful feedback is not necessarily better

The finding that real-time feedback did not help the participants to feel less
anxious challenges the idea that real-time representation of internal emotional
states is helpful during stressful tasks, which is a common approach used in affective computing. Results of a previous study indicate that it is more beneficial
to be exposed to stimuli that suggest progress rather than real-time feedback
when users are actively performing exercises to reduce stress [189]. Our results
complement this finding, by showing that when the goal is to help users regulate their anxiety during stressful situations it is more appropriate to present
a false feedback that suggests a calm heart rather than real heart rate feedback.
In fact, by presenting truthful feedback a technology may increase the anxiety
and stress of the user, especially if the user does not know how to manage their
anxiety.

6.6.4

Usage Scenarios

The results of the experiment provide evidence that a subtle feedback of a slow
heart rate can help individuals to manage their anxiety. Since the experiment
was conducted in a laboratory environment, two questions arise: How EmotionCheck could be used in practice? When the intervention should be triggered?
The most plausible use of EmotionCheck is to act when the user is feeling
anxious or stressed, such as during exams, public speeches, business meetings
or job interviews. In the current implementation, the intervention is triggered
by pushing a button in one Android application. The user could push this but135

ton when he knows that he is experiencing or he is likely to experience an anxious and stressful situation.
The system could also be extended to allow the automatic activation of the
slow heart rate feedback. The feedback could act as a just-in-time intervention
that is triggered only when an external sensor detects that the user is anxious
or stressed. Another approach would be the use of a predictive system, that
would trigger the intervention right before activities that are likely to make the
user to feel anxious. For instance, the system could use calendar information
and historical data about users emotions to predict that the user is likely to feel
anxious in a next meeting with their manager.
One interesting possibility is the use of EmotionCheck by clinical populations. Since previous studies show that individuals with anxiety disorders
such as social phobia and generalized anxiety tend to have higher interoceptive awareness, a technology like EmotionCheck could assist anxious people to
cope with their anxiety. For individuals with social phobia, for instance, a system could trigger the intervention whenever the user is having a face-to-face
interaction.
Another possibility for future research is to investigate what happens when
the mobile technology simulates a faster heart rate. Even though our goal in this
study was to test if a false heart rate feedback could help subjects to feel calmer,
in some circumstances individuals may want the opposite effect. For instance,
a driver that gets sleepy during long drives may benefit of having a technology
that increases his arousal and level of alertness while driving. Since a fast heart
rate is associated to the activation of the sympathetic nervous system, it may be
possible to increase the arousal of the driver to reduce their drowsiness. In this
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case, the feedback could be provided directly through the seat belt or the car
seat. This form of intervention could also be used by athletes or students who
want to increase their focus while studying.

6.6.5

Limitations and Future Work

Although this study offers promising prospects, we acknowledge some limitations that leave room for future research to refine and extend our findings.
The first limitation is that the stressful tasks were conducted in a laboratory
environment, which may limit the generalization of our findings to real world
situations. Since the results of this study indicate that false heart rate feedback
can help users to keep lower anxiety levels, our next step will be to conduct a
longitudinal study to evaluate the effectiveness of this intervention in people’s
daily lives.
Another limitation of this study is that most participants were young college
students, and most of them were American. Therefore, our sample may not be
representative of the larger population. Individuals may differ in terms of interoceptive awareness based on demographics. In fact, a previous study indicates
that interoceptive awareness declines with age [152], so it is possible that the
intervention would a have a different effect in older participants. We are planning to conduct a larger study with a more representative sample, so that we
can better investigate the effect of the intervention on people’s anxiety.
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6.7

Conclusion

In this chapter, we used theories and findings from psychology to design a mobile intervention that leverages our natural reactions to our bodily signals to
help users regulate their anxiety. While several technologies have been developed to sense people’s emotional states and to intervene in order to improve
user’s moods or emotions, a common characteristic of current technologies is
that they often require user’s attention and effort to be effective. This reliance
can negatively affect people’s performance during their tasks and even increase
their stress. This chapter demonstrates that it is possible to design subtle mobile interventions that can help users to regulate their emotions without requiring much attention and effort from them. We designed and evaluated EmotionCheck, which is a wearable device to regulate user’s anxiety by providing a
false heart rate feedback. The results of an experiment with 67 participants show
that this simple intervention was responsible for keeping the anxiety of the participants in low levels when compared to the control group and the other conditions. While in the slow heart rate group the average anxiety increase was only
0.65 points, in the control group the average increase was 11.35 and in the other
two conditions was 11.06 and 8.5. Furthermore, most participants reported that
the intervention did not distract them at all.
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CHAPTER 7
IMPROVING COGNITIVE PERFORMANCE BY CHANGING
PHYSIOLOGICAL SELF-PERCEPTION

7.1

Introduction

The findings of the study that evaluated EmotionCheck show that it is possible to design technologies to regulate users’ emotions in parallel with their activities. However, although in some cases the emotion regulation is the main
goal, in several situations people regulate their emotions for the purpose of improving their performance in ongoing tasks. Indeed, numerous studies have
shown that people’s cognitive performance is affected by their emotion regulation strategies. However, no study to date has shown that an emotion regulation
technology can also improve user’s performance in the moment.
In this chapter, I present BoostMeUp, a smartwatch intervention to improve
cognitive performance in the moment by regulating user’s emotions unobtrusively and in parallel with their activities. To test the intervention, I conducted
an experiment in which 72 participants took math tests under high pressure.
Half of the participants received haptic feedback through a smartwatch representing slow heart beats, while the other half received haptic feedback representing fast heart beats. I found that the slow feedback made participants feel
less anxious, have higher heart rate variability, and have better cognitive performance, while the fast feedback led to the opposite effects. The intervention
did not require users to do any additional action and, more importantly, participants could focus on the math problems without attending to the smartwatch.
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This work was published at the journal IMWUT Volume 3, Issue 2, 2019
[68]. The co-authors are François Guimbretière, Malte F. Jung, and Tanzeem
Choudhury. I led the writing, developed the BoostMeUp application, and conducted the study. I designed the study with François Guimbretière and Tanzeem
Choudhury. I conducted the analysis of the results with François Guimbretière.
All co-authors participated in the paper writing.

7.2

7.2.1

Related Work

Interventions for Improving Cognitive Performance

Cognitive performance refers to ”observable behaviour on cognitive tasks”,
which can include logical reasoning, memorization, decision making and problem solving [191].
Every day, people rely on several strategies for improving their cognitive
performance. One common practice by millions of individuals is drinking coffee, which acts as a mild stimulant to keep people more alert and focused
[43][47]. Other individuals rely on psychoactive drugs, who have been used not
only to treat people with cognitive disorders but also to help individuals face
stressful situations. Beta blockers, for instance, have been used by individuals
with performance anxiety right before particular situations, such as musical performances and public speeches. Despite the evidence that these strategies can
increase cognitive performance, there are precautions about their use in daily
life. The use of psychoactive drugs, for instance, has to be prescribed by a doctor, who needs to do a thorough assessment of the patient to ensure the safe
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use of the medication. Even in these cases, side effects may occur. Even coffee, which is often considered safe, can have unintended health consequences if
consumed excessively [47].
As an alternative to the use of stimulants and psychoactive drugs, a new
trend is the use of technologies for improving cognitive performance. These
technologies can also be referred as technologies for cognitive enhancement or
cognitive augmentation. Many technologies for cognitive enhancement have
been designed to train people’s cognitive skills [269][60]. However, although
training cognitive skills is important, some researchers assert that the most
likely approaches to succeed in improving cognitive performance will be those
that not only directly train cognitive skills, but also indirectly support people’s cognitive skills by working to reduce things that impair them and enhance
things that support them [80].
One of the factors that can impair cognitive performance is distraction. Distractions attract people’s attention and make them shift their focus from current tasks, which can interrupt important activities in the workplace [208] and
in the classroom [120]. Because of that, several technological solutions have
been proposed for helping to reduce distractions and increase user’s alertness
[313][154][185]. One example of technology designed to improve user’s attention is AttentivU [160], which is a mobile system that measures user’s attention
using EEG and provides real-time feedback to nudge the person to become attentive again.
In addition to attention, memory is another cognitive process that has been
targeted by designers of technologies for cognitive enhancement. Some of the
first technologies designed for this purpose were wearable devices that would
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collect and provide relevant information to the user in real-time. One example of such technology is the Memory Glasses, which was designed to augment
human memory using subliminal cueing [78]. Other technologies, such as the
SenseCam [264], focus on automatically collecting data of the wearer’s day, but
they require users to manually look at the data collected. More recently, researchers have designed different types of interventions for memory aid [291]
[161] [264], such as technologies based on augmented reality [247][83].
Another factor that affects one’s cognitive performance is emotion. Cognitive processes such as decision making and problem solving are strongly affected by individual’s emotional state [74]. When people are stressed, for instance, they cannot think as clearly or exercise as good self-control [80]. Because of that, individuals are constantly regulating their emotions during highpressure situations, to ensure that their emotions will help and not harm their
task performance.

7.2.2

Emotion, Attention and Performance

People’s desire to achieve an optimal performance during tasks can lead to performance pressure [26]. Ironically, suboptimal performance is more evident
when individuals want to do their best [33]. The expression ”choking under pressure” has been used to describe these situations in which individuals
perform more poorly than expected given their skill level [28]. According to
Baumeister, there are two main groups of theories that can explain why individuals choke under pressure: drive theories and attentional theories [28].
Drive theories hold that a major determinant of a person’s performance is

142

their level of arousal, or drive [28]. The most well-known theory is called the
Yerkes-Dodson Law, also called the inverted-U theory. The theory asserts that
increased arousal can help improve performance, but only up to a certain point.
After this point, increases in arousal lead to decreases in performance. The origin of this theory is a study from Yerkes and Dodson in which rats learned to
escape from a maze more quickly when they received electric shocks at an intermediate level [312].
Building on drive theories, more recent work has attempted to explain performance failures based on interference with the attentional processes of the
performer [28]. These are called attentional theories and can be separated into
two types: distraction theories and explicit monitoring theories. Distraction theories assert that pressure leads to a distracting environment that compromises
working memory and consequently people’s performance [29]. These theories
propose that performance pressure shift people’s attention away from the current task to irrelevant cues. Meanwhile, explicit monitoring theories suggest
that when individuals are under pressure they become more self-conscious and
anxious about performing correctly [26]. This focus of attention inward prompts
individuals to exert more explicit monitoring and control on the specific processes of performance.
A more recent theory that attempts to explain the relationship between anxiety and cognitive performance is attentional control theory [92]. According to
the theory, anxiety affects performance by disrupting the equilibrium between
two types of attention: a top-down goal-oriented attention and a bottom-up
stimulus-driven attention. Top-down attention refers to the conscious focus
of attention to certain features or objects, while bottom-up attention refers to
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salient stimuli that attract our attention even when we do not want to attend
to them. The theory asserts that when a person feels anxious, there is an increase in the influence of bottom-up attention processes over top-down processes [77]. For instance, a student may try their best to focus on a test, but
the feelings of anxiety may make her notice internal signals (e.g. fast heartbeat)
or environmental distractions that can divert their attention away from the test.
This could negatively affect the students’ performance, unless she uses compensatory strategies [92].
The attentional control theory has received extensive empirical support [77].
This underscores the major role that bottom-up attention plays during anxietyprovoking situations. Some events, such as environmental noise or fast heartbeats can attract our attention pre-consciously, so we attend to them whether
we want to or not [279]. This raises a question: How do peripheral emotional
stimuli that we attend preconsciously affect our emotions and cognitive performance? In the next section, we present some studies that focused on answering
this question.

7.2.3

Influence of Peripheral Emotional Stimuli on Emotions
and Performance

People’s reactions to peripheral emotional stimuli can help them to prepare for
situations of danger or threat [225]. However, there are situations in which people’s reactions harm instead of help. For example, research has shown that
anxiety is associated with an attentional bias towards threatening signals and
an increased distractibility in the presence of task-irrelevant cues [77]. In this
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way, instead of helping the person to be prepared for a challenging situation,
the threatening signals can divert processing resources and negatively interfere
with the person’s performance [92].
One type of peripheral stimuli that can influence people’s emotions are bodily signals. Studies have shown that when individuals hear sounds that resemble bodily signals, such as breathing and heart rate, individuals tend to associate
these sounds with their own physiological state, which can influence their cognitive and emotional processes [226][274][275]. In a classic paper from Valins
[285], for instance, male participants who listened to manipulated heart beat
sounds that were allegedly their own felt more aroused and attracted to women
shown on pictures. In another paper, adding naturally breath intake sounds to
synthetic speech aided listeners to recall sentences [304].
Although it is well-known that emotional stimuli can affect people’s emotions and performance, how to explain the fact that some people are not affected
by those stimuli in some situations? According to researchers, one factor that
mediates people’s reactions are individual differences in sensitivity. For bodily
signals, the extent of an individual’s sensitivity is called interoceptive awareness [71], and it indicates how well a person is able to perceive bodily cues (e.g.
heartbeats, hunger signals). Many studies have shown that there is a positive
relationship between interoceptive awareness and emotional experience [231],
and that the awareness of bodily signals can facilitate emotion regulation [107],
intuitive decision making [84] and risk taking [149].
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7.3

BoostMeUp - Overview of the Intervention

Building on theories of emotion and cognitive performance [92][71], and previous studies that show that it is possible to reduce user’s anxiety by changing
their heart rate self-perception [67], we developed BoostMeUp, a smartwatch
intervention designed to improve cognitive performance by regulating user’s
emotions in the moment.
Similar to previous technologies like EmotionCheck [67], the BoostMeUp
app provides haptic feedback simulating a different heart rate. However, instead of building a physical prototype, we decided to leverage the vibration
motor in a smartwatch to deliver the haptic feedback. This decision was made
since millions of users already own a smartwatch [268], so an intervention designed to run in a smartwatch has a higher potential of being deployed and used
in large-scale.
The BoostMeUp intervention is based on studies that show that individuals are affected by the way they perceive their own heart rate, even without
their conscious awareness [285][67]. For instance, a student taking a stressful
exam may notice that their heart rate is racing, and this perception can intensify
feelings of anxiety [230]. The core idea of BoostMeUp is to override user’s selfperception of their heart rate, by providing a different heart rate cue through
haptic feedback. In this way, users are influenced to perceive the artificial heart
rate feedback as their own, which can make them feel calmer when a slow feedback is provided or more aroused when a fast feedback is activated. Since the
intervention relies on the way people naturally react to internal stimuli, users
do not need to look at a screen or perform any additional action. Therefore, they
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can focus on their activities while the intervention acts upon them in parallel,
without shifting their attention away.

7.3.1

Description of the Application

The application was developed for Apple Watch Series 3. It detects user’s heart
rate from the Apple Watch or from an external heart rate monitor and triggers a
personalized haptic feedback using the ”Taptic Engine”, which provides haptic
feedback using a linear resonant actuator (LRA).
The Apple Watch was chosen since it provides the most subtle haptic feedback among the smartwatches we tested. Indeed, LRAs have a lower vibration
strength compared to the eccentric rotating mass vibration motors (ERM) and
coin vibration motors [194], which are the most common types found in smartwatches and smartphones. The ”Taptic Engine” allows developers to use 9 notification types, which provide haptic cues with different intensity and frequency
levels. After a preliminary evaluation of users’ experiences with different notification types used as heart beats, we found that the ’Click’ type was the only type
available that was noticeable without being distracting. The sensation reminds
a light tapping on the wrist. Therefore, we decided to use this notification type
in the application.
In order to deliver the feedback in the background, the application starts a
workout session, which allows to provide haptic feedback even with the screen
off. By using the workout session, we can also collect heart rate in the background. Currently, it is possible to obtain heart rate data from the Apple Watch
every 5 seconds. Although this is fine to detect user’s heart rate while resting or
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during activities, it does not provide the granularity we wanted to evaluate the
effect of the intervention on users’ emotions. In particular, heart rate variability
(HRV) has been shown to be a reliable objective measure of mental stress [153],
but it requires the collection of interbeat intervals, which refer to the time in milliseconds from one heart beat to another. However, the only way of collecting
interbeat intervals with the Apple Watch at this moment is through the Breathe
app, since Apple has not released methods for developers to directly access interbeat intervals or heart rate variability [129]. Because of that, we developed
for the iPhone side of the application a method for the collection of interbeat
intervals from heart rate monitors that use the standard Bluetooth protocol (e.g.
Polar H7).
In its current implementation, the BoostMeUp app starts the haptic feedback
whenever the user presses a button on an iPhone app or on the Apple Watch,
or whenever a heart rate threshold is detected (e.g. above 100 bpm). In order
to deliver an appropriate haptic feedback for the user, the application takes into
account user’s heart rate baseline to personalize the feedback. During a resting activity, the application detects user’s average heart rate using the Apple
Watch or an external heart rate monitor, and saves this information to later provide haptic feedback at a certain percentage below the average (to elicit lower
arousal) or above the average (to elicit higher arousal). This feature was based
on previous research that has shown that it is possible to make individuals underestimate or overestimate their own heart rate by providing an adjusted heart
rate feedback based on individual’s baseline [226].
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7.3.2

Adjustment of Heart Rate Feedback

In order to select the appropriate percentage to adjust the heart rate feedback,
we conducted a pilot study with 10 participants to evaluate people’s perception of the haptic feedback with 8 frequency adjustments, using four frequency
adjustments for a slower feedback (-10%, -20%, -30%, -40%), and four adjustments for a faster feedback (+10%, +20%, +30%, +40%). Participants received a
personalized haptic feedback with each of the adjustments, and were asked to
inform on a scale from 1 (Extremely slow) to 6 (Extremely fast) how fast was the
tapping on the Apple Watch. Based on the results of this pilot, we found that
30% was the best percentage to convey the perception of a slow or fast feedback.
However, some participants with very high or low heart rate baselines would
still perceive the haptic feedback as fast with the feedback 30% lower than their
baseline, or slow with the feedback 30% above their baseline. To avoid that,
we used the same upper (65 bpm) and lower (40 bpm) frequency limits used in
previous research for the slow feedback [13], and to keep the same heart rate
range for the frequency limits (25 bpm) we used 80 bpm and 105 bpm as lower
and upper frequency limits for the fast feedback. The lower limit of 80 bpm was
selected since it was the threshold in which all participants started to perceive
the feedback as fast.

7.4

Study: Effect of BoostMeUp during Math Tests

Many individuals have test anxiety, which refers to symptoms of anxiety felt
before or during test-taking situations [252]. These symptoms can strongly disturb people’s learning and performance [249]. There are two separate dimen-
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sions of test anxiety: cognitive and affective. The cognitive dimension, also
called ”worry”, refers to concerns about performance and a potential failure,
and the affective dimension, also referred as ”emotionality”, corresponds to the
awareness of physiological reactions, such as increased heart rate and sweating
[173][307].
Since the awareness of physiological reactions is a core dimension of test
anxiety, an intervention that changes people’s perception of their own emotionality may help individuals to manage their emotional state and improve their
test performance. Therefore, we decided to evaluate the effect of the BoostMeUp
intervention during stressful test-taking situations.
We conducted a laboratory experiment in which participants had to take two
math tests under pressure. All participants were exposed to the haptic feedback
intervention during one math test and another math test was used as control
(no feedback was provided). Half of the participants received haptic feedback
representing a slow heart rate, while the other half received a fast feedback. We
collected cognitive, physiological and behavioral measures from participants to
investigate if the intervention would affect all dimensions consistently.
A double-blind protocol was adopted to prevent participant response bias
and experimenter bias. The double-blind protocol was ensured by using the
BoostMeUp application to pick a condition randomly from a counterbalanced
set, without the awareness of the researcher or the participants.
The application and the tests used in this study are available upon request.
You can contact us through this link: http://pac.cs.cornell.edu/boostmeup/.
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7.5

Hypotheses

Previous studies have shown that people’s perception of their own bodily signals can influence their emotional experience [285][230]. By providing heart rate
feedback, either through sounds [285][275] or haptic cues [67][13], it is possible
to elicit an emotional state congruent with the feedback frequency. A slow feedback elicits lower arousal and a calmer state [67][13], while a fast feedback elicits
higher arousal [285][87]. In addition to the subjective perception of stress and
anxiety, individuals tend to have particular physiological reactions when under
stress, such as low heart rate variability. This leads to our first hypothesis:

Hypothesis 1 (H1): The slow haptic feedback will decrease the anxiety and
increase the heart rate variability of the participants, while the fast haptic
feedback will increase their anxiety and decrease their heart rate variability

According to Attentional Control Theory, anxiety impairs cognitive performance by disrupting people’s attentional control [92]. Therefore, by reducing
a person’s anxiety during a stressful task, this should lead to an improvement
in cognitive performance, while increasing their anxiety should lead to performance declines. This leads to our second hypothesis:

Hypothesis 2 (H2): The slow haptic feedback will increase the performance
of the participants, while the fast haptic feedback will decrease their performance
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7.6

7.6.1

Method

Setup

The study was conducted in a sound-treated room in an academic department.
The room contained a small table and two chairs. The room was set up with
one laptop on the table, which was used by the participants to perform all tasks
of the study. Next to the laptop we left the following mobile devices: i) Apple
Watch Series 3 ii) Heart rate monitor (Polar H7). Both devices were used by all
participants during the experiment. The Apple Watch had the BoostMeUp app
installed to deliver the haptic feedback, while the heart rate monitor was used
to extract the heart rate variability measures.

7.6.2

Task

We used modular arithmetic for our math task. The object of modular arithmetic
is to judge if problem statements such as 51 ≡ 19 (mod 4) are true or false [32].
This problem can be solved by subtracting the middle number from the first
number (51-19) and then dividing the difference by the last number (32/4). If the
dividend is a whole number, the answer is ”true”. Modular arithmetic is a good
choice for this study since it is novel and challenging, even to individuals highly
experienced in math [32]. All modular arithmetic problems used in this study
had a carry operation during the subtraction step and could not be solved by
simple heuristics. This was done to ensure that all questions had high working
memory demands [187].
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7.6.3

Experimental Conditions

All participants had to take two math tests, one was used for the control condition, in which no haptic feedback was triggered on the Apple Watch, and the
other was used for the haptic feedback condition. The conditions were counterbalanced across participants to avoid order effects. Participants were assigned
to one of two groups: slow or fast. Depending on the assigned group, participants received a particular type of haptic feedback.
For the slow condition, the Apple Watch triggered a constant tapping at
a frequency 30% slower (mean=57.10, s.d.=13.19) than the participant’s baseline heart rate (mean=78.72, s.d.=12.25), as collected during a relaxation phase.
However, lower (40 bpm) and upper (65 bpm) frequency limits were imposed
to prevent vibrations to be perceived as unnaturally slow or fast, respectively.
For the fast condition, the Apple Watch triggered a constant tapping at a frequency 30% faster (mean=97.25, s.d.=8.92) than the participant’s baseline heart
rate (mean=76.54, s.d.=10.50) . However, lower (80 bpm) and upper (105 bpm)
frequency limits were imposed to prevent vibrations to be perceived as slow or
too fast, respectively.

7.6.4

Procedure

A graphical illustration of the study’s design can be seen in Fig. 7.1. Before
the experiment, all participants completed a consent form in which they were
introduced to the study. Participants were informed that the focus of the study
was on investigating students’ emotions and performance during exams.
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Test 1
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B

HRV

HRV

Figure 7.1: The study design (A) and the position of the Apple Watch used
during the study (B)

After signing the consent form, participants received instructions to place
the heart rate monitor and the Apple Watch in a private room. They were instructed to put the smartwatch in their non-dominant wrist and in a firm but
comfortable position. One researcher verified if the Apple Watch was correctly
placed and if the data from all devices could be properly collected. Next, the
researcher informed: ”We will collect your heart rate during certain moments
of the experiment. While we are collecting your heart rate with the smartwatch,
you might feel a subtle tapping on your wrist that could be based on your heart
rate or not”. By providing this information, we could evaluate the effectiveness of the intervention without providing false information about the feedback, which was the approach used in previous research [67]. If the intervention works even in this context, it means that the use of false feedback is not
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necessary.
After these instructions, participants were informed that they would perform all tasks of the experiment with the computer in front of them. No additional material was given for the participants.
In the relaxation phase of the experiment, participants watched a calming
video for 5 minutes. This phase was used to make participants relax and collect
their baseline heart rate. The baseline heart rate was used to personalize the
haptic feedback used in a later phase of the experiment.
After the relaxation phase, participants were asked to complete a series of
questions about their demographics, math anxiety, state and trait anxiety [267].
Once the questionnaires were completed, participants read the instructions for
the math test:

”You will complete IQ tests with 36 questions under time pressure.
Each question has the following format: 51 ≡ 19 ( mod 4 ). To answer
this question, you will need to calculate 51 minus 19, divided by 4.
For each problem, if the solution is a whole number (like here, 8),
then then correct answer is ”true”. If the solution is not a whole
number, then the correct answer is ”false”. Please find below some
examples of other problems with the corresponding solutions. After
understanding how to solve the problems, please click on the button
”PRACTICE TEST” to start the practice test.”

The instructions included 3 examples of math problems in which the solution
was true and 3 examples in which the solution was false. After participants read
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the instructions, they started the practice test. We did not collect data during
the practice test. The inclusion of the practice test served two purposes: i) help
participants familiarize with the test format; ii) reduce the likelihood of a much
higher arousal and anxiety in the first math test used in the experiment.
After the practice test, the researcher started the condition with the BoostMeUp app. Participants could be assigned to one of the following conditions:
1) slow feedback group; feedback in first test; 2) slow feedback group; feedback
in second test; 3) fast feedback group; feedback in first test; 4) fast feedback
group; feedback in second test. Figure 7.1 shows the 4 possible paths. The haptic feedback was counterbalanced for both groups (slow and fast) to mitigate
order effects caused by the delivery of the feedback in the first or second test.
The tests for which the haptic feedback was not activated were used as control.
Once the participant was assigned to one condition, she started the math
test phase. This phase included a waiting period of 2 minutes and 3 minutes for
the actual math test. The waiting period was included to elicit pre-performance
anxiety and also to help participants get used to the haptic feedback in case it
was active. During the waiting period, participants read the following instructions on the computer screen:

”Please wait for the beginning of the test. The test will start automatically in 2 minutes.
For each question, you will have five seconds to select the correct
answer. If you answer all test questions correctly, you will earn $2.50
per test ($5 total). For each question you answer incorrectly or do not
answer, you will lose 10 cents ($0.10). Good luck minimizing your
loss”.
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These instructions were used to make participants feel more anxious, since
pressure, loss framing, the expectation of monetary rewards, and the phrase ”IQ
test” tend to make people very anxious [32][31][76][44].
During the test, participants had to press one of two buttons (”True” or
”False”) to answer each math problem. Each problem remained on the screen
for 5 seconds. After 5 seconds, a new math problem would appear. If participants did not press a button on time, it would count as one missed question.
After finishing the test, participants were automatically redirected to a new
set of questionnaires. Next, participants were redirected to the last math test.
Once participants finished the last math test, they answered the same set of
questionnaires and additional questions about their experience during the tests.
After completing the tasks and questionnaires, a semi-structured interview
was conducted. The purpose of this interview was to obtain information about
participants’ perception of their emotions, performance, and the tapping felt
during the study. Then, participants were debriefed, thanked, and paid for their
participation.

7.6.5

Measures

Cognitive Anxiety

We used the State-Trait Anxiety Inventory (STAI) [267] to measure participants’
cognitive anxiety. The STAI consists of 40 self-report items focused on anxiety
affect. 20 items are used to assess state anxiety, and another 20 items to assess
trait anxiety. State anxiety corresponds to the transitory emotion, while trait
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anxiety is the individual’s predisposition to respond to anxiety-provoking situations [91][267]. The state anxiety questionnaire contains items such as ”I am
worried; I feel calm”, while the trait anxiety questionnaire contains items such
as ”I worry too much over something that really doesn’t matter”. After the person finishes a questionnaire, an anxiety score that ranges from 20 to 80 can be
obtained. In this study, since the goal was to evaluate the effect of the intervention on transient emotions, we used only the state anxiety questionnaire after
each math test.

Physiological Responses

In order to measure people’s physiological responses to the tasks, we used a
heart rate monitor (Polar H7) to collect heart rate variability (HRV) measures.
HRV refers to the variation in the interval between consecutive heart beats
(called RR intervals) and consecutive instantaneous heart rates [49]. This variation is under the control of the Autonomous Nervous System (ANS), which is
responsible for adjusting the HRV in response to physical or emotional stimuli
[56]. A normal and healthy person shows a good degree of variation of the heart
rate, reflecting a good capability to react to those stimuli [49], but during stressful situations the autonomous nervous system is disturbed, which results in a
decreased HRV (lower parasympathetic activity) [133].
In this study, we collected time-domain and frequency-domain HRV measures that allow to measure the parasympathetic function of the ANS.
Time-domain HRV measures can be used to quantify the amount of variability in the interval between successive heart beats. Among the measures, some of
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the most commonly used are RMSSD, NN50 and pNN50. We used these three
measures in our analysis.
Frequency-domain measures estimate the distribution of power (absolute
or relative) into four frequency bands: ultra-low-frequency (ULF), very-lowfrequency (VLF), low-frequency (LF), and high-frequency (HF) [49][261]. There
is a general consensus that HF power declines during emotionally stressful tasks
[95][261]. Therefore, we decided to use the HF measure in our analysis.
Table 7.1 shows the HRV measures collected in our study with the corresponding descriptions. All measures were obtained using the software Kubios
HRV [276]. For all these measures, higher values indicate lower mental stress.
Table 7.1: Selected measures of heart rate variability (HRV)
Variable

Unit

Description
Time-Domain Measures

RMSSD
NN50
pNN50

ms
Count
%

Root mean square of successive RR interval differences
Number of adjacent RR intervals that differ from each other by more than 50 ms
Percentage of successive RR intervals that differ by more than 50 ms
Frequency-Domain Measures

HF

ms2

Absolute power of the high-frequency band (0.15 - 0.4 Hz)

Performance

In order to measure people’s cognitive performance, we used three measures of
performance in the test: 1) percentage of correct questions; 2) number of missed
questions; and 3) average time in milliseconds to answer each question.
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7.6.6

Participants

72 subjects participated in the study (50 Female; mean age=20.2, s.d.=1.5). Participants ranged from 18 to 25 years of age. All participants were students at
a large US university. Students were recruited via an on-campus web-based
recruitment system and received $10 cash as a show-up fee and up to $5 as additional compensation based on their performance in the tests.

7.7

Results

We conducted a two-way between-subjects analysis of variance using the rate
(slow, fast) and the order (feedback in first test, feedback in second test) as independent variables. For all measures used in this study, we computed the
difference between the measure obtained for the test in which the feedback was
applied, and the measure obtained for the control test (no feedback). These differences were used as dependent variables in our analysis.
In order to ensure that violations in the normality assumption would not influence the analysis, we used the Aligned Rank Transform (ART) [308] for nonparametric data. ART enables nonparametric factorial data analysis by ”aligning” data before applying averaged ranks, which allows the use of ANOVA
afterwards [308].
We did not find significant differences between the two groups (slow feedback and fast feedback) at baseline and during the control test that could confound our results. At baseline, we did not find significant differences in gender (p=.31), age (p=.24), education (p=.61), math anxiety (p=.26), and heart rate
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(p=.41). Similarly, during the math test used as control, we did not find significant differences between the two groups for state anxiety (p=.60), for the HRV
measures RMSSD (p=.99), NN50 (p=.71), pNN50 (p=.89), and HF (p=.75), and for
the performance measures accuracy (p=.57), misses (p=.56), and time (p=.10).
In the next sub-sections, we present the results showing the effect of the
intervention on state anxiety, heart rate variability and performance.

7.7.1

State Anxiety

A two-way between-subjects ANOVA was performed to compare the main effects of rate (slow, fast) and order (feedback in first test; feedback in second test)
and the interaction effect between rate and order on the state anxiety of participants. The results are shown on Table 7.2. The main effect of order on state
anxiety was not significant (p=0.09). However, as hypothesized, there was a
main effect of rate on state anxiety, F(1, 68) = 5.18, p ¡ .05, η2p = .07. As shown
in Figure 7.2, participants felt less anxious when the slow feedback was applied
(Mean ∆ = -0.91; SE ∆ = 0.98) and more anxious when the fast feedback was applied (Mean ∆ = 2.36; SE ∆ = 1.23). There was no significant interaction between
rate and order (p=0.31).

7.7.2

Heart Rate Variability (HRV)

Separate two-way between-subjects ANOVAs were carried out for each dependent measure of heart rate variability. The results are shown on Table 7.3. As we
predicted, there was a main effect of rate on the time-domain measures RMSSD
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Figure 7.2: Bar plot showing the anxiety changes (anxiety after feedback anxiety after control) for the slow and fast feedback conditions

Table 7.2: ANOVA results for state anxiety

Rate
ANXIETY Order
Rate*Order

df

F

η2p

p

1,68

5.18*

.07

.02

1,68

2.81

.03

.09

1,68

1.04

.01

.31

(p¡.05), NN50 (p¡.01), pNN50 (p¡.01), and on the frequency-domain measure HF
(p¡.05). There was also a main effect of order on the measure HF (p¡.01), but not
on the other measures. There were no significant interactions between rate and
order for any of the dependent variables. As shown in Figure 7.3, the changes
in the HRV measures happened as predicted. When participants received the
slow haptic feedback, there were increases in the HRV measures RMSSD (Mean
∆ = 4.94; SE ∆ = 2.66), NN50 (Mean ∆ = 7.33; SE ∆ = 2.87), pNN50 (Mean ∆ =
1.98; SE ∆ = 0.84), and HF (Mean ∆ = 114.09; SE ∆ = 62.56). On the other hand,
for participants who received the fast haptic feedback, there were decreases in
the HRV measures RMSSD (Mean ∆ = -2.50; SE ∆ = 1.59), NN50 (Mean ∆ = -5.83;
SE ∆ = 3.35), pNN50 (Mean ∆ = -1.67; SE ∆ = 1.04), and HF (Mean ∆ = -118.97; SE
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Figure 7.3: Bar plots showing all HRV changes (feedback measure - control
measure) for the slow and fast feedback conditions
∆ = 59.80).

7.7.3

Performance

Separate two-way between-subjects ANOVAs were carried out using each performance measure as a dependent variable. All results can be found in Table 7.4.
As we hypothesized, there were main effects of rate on the performance measures accuracy (p¡.05), missed questions (p¡.05), and average time (p¡.001). There
were no main effects of order and no significant interactions between order and
rate. Participants who received the slow feedback answered more questions
correctly (Mean ∆ = 4.86%; SE ∆ = 2.08), with 1.75 more correct questions, while
participants who received the fast feedback had a decline in performance (Mean
∆ = -1.6%; SE ∆ = 1.91), with 0.58 less correct questions. Participants also missed
less questions while receiving the slow feedback (Mean ∆ = -1.25; SE ∆ = 0.58),
and missed more questions when receiving the fast feedback (Mean ∆ = 0.72; SE
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Table 7.3: ANOVA results for each HRV measure
df
Rate

pNN50

HF

η2p

p

1,68

6.66*

.08

.01

1,68

2.96

.04

.08

Rate*Order

1,68

0.03

.0005

.85

Rate

1,68

10.99**

.13

.001

Order

1,68

1.26

.01

.26

Rate*Order

1,68

0.45

.006

.50

Rate

1,68

10.57**

.13

.001

Order

1,68

2.29

.03

.13

Rate*Order

1,68

0.48

.007

.48

Rate

1,68

5.16*

.07

.02

Order

1,68

8.47**

.11

.004

Rate*Order

1,68

0.11

.001

.73

RMSSD Order

NN50

F

∆ = 0.56). One result that we did not anticipate was the effect of the intervention
on the time to answer the questions. Different from what we predicted, participants answered the questions slower when the slow feedback was active (Mean
∆ = 261.14 ms; SE ∆ = 52.07), while participants answered the questions faster
when the fast feedback was active (Mean ∆ = -130.9 ms; SE ∆ = 91.29). All these
changes in performance for each feedback group can be seen in Figure 7.4.
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Figure 7.4: Bar plots showing all performance changes (feedback measure
- control measure) for the slow and fast feedback conditions
Table 7.4: ANOVA results for each performance measure
F

η2p

p

1,68

5.15*

.07

.02

1,68

0.57
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7.7.4

Distraction

During the study, participants were asked to report how distracting was the
tapping on the smartwatch on a scale from 1 (Not at all) to 5 (A great deal).
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The answers to this question are summarized in Figure 7.5. To have a better
understanding about participants’ experiences, the same question was asked in
the end during a semi-structured interview.
Did you get distracted with the "tapping" during the test?
A great deal
A lot
A moderate amount
A little
Not at all
0%

10%

20%

30%

40%

Slow

50%

60%

70%

80%

90%

100%

Fast

Figure 7.5: Summary of the results for the question about how distracting
was the haptic feedback

In the slow feedback condition, 25 participants (69.4%) thought that the tapping was not distracting at all. Participants said that they could notice the tapping, but it did not shift their attention away during the test (”I was aware of
it but I was too focused on the test to really think about it”, P23). Five participants
(13.8%) thought that the tapping was a little distracting. They mentioned that
they could notice the tapping, but none of them expressed that it affected their
performance (”The tapping was very slightly distracting, but not to the point that it
affected my performance or my concentration”, P55). Two participants (5.5%) expressed that the tapping was moderately distracting. One of these participants
mentioned that she gets distracted easily, and pointed to the soundproof foam
on the wall to explain that (”I get distracted very easily, like these walls are distracting me”, P46). Finally, 4 participants (11.1%) said that the tapping distracted
them a lot. Interestingly, one of these participants thought that the tapping was
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speeding up, although the frequency was constant during the study (”I thought
the clicking on the watch was pretty distracting. It felt like it was speeding up over
the course of the test and it made me think that the clicking was my heart rate”, P10).
This participant also mentioned that the feedback was mostly distracting in the
beginning of the test (”I think it was really weird for the first half of the test but then
I kind of got used to it and then it faded into the background.”, P10).
In the fast feedback condition, 13 participants (36.1%) expressed that the
feedback was not distracting at all (”I definitely noticed the tapping but I don’t think
it was a distraction by any means”, P69). 11 participants (30.5%) mentioned that
the feedback distracted them slightly. Similar to the answers given to the slow
feedback, these participants also did not think it affected their performance (”I
was mainly trying to focus on the questions, I don’t think anything else popped into my
head”, P25). 8 participants (22.2%) considered the feedback moderately distracting, and expressed that it likely affected their performance in the tests (”I didn’t
notice the tapping at first. I noticed it middle way and I got distracted. There were a
few questions that I didn’t answer because I was just focusing on the tapping”, P65).
Finally, 4 participants (11.1%) said that the tapping distracted them a lot. These
participants also mentioned that they thought their performance was worse because of the tapping (”I probably did pretty badly on both tests, but the second one
maybe slightly worse because I would think of the tapping here and there and it would
distract me momentarily”, P17). Overall, more participants thought that the fast
feedback was distracting in comparison to the slow feedback.
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7.8

Discussion

In the present research, we evaluated the effect of the BoostMeUp intervention
on state anxiety, heart rate variability and cognitive performance during stressful math tests. All the results of the study support our hypotheses, showing
that the BoostMeUp intervention can lead to positive cognitive, physiological
and behavioral changes. It is important to note that these changes were seen
with an intervention that lasted only 5 minutes, and did not require users to
do any additional action or attend to the technology. This means that this intervention has the potential of being easily used as needed throughout the day,
without requiring user’s conscious attention or effort [2].

7.8.1

Effect of the Intervention on Anxiety and HRV

The first hypothesis of this study was that the slow feedback would make participants feel less anxious and have higher HRV, while the fast feedback would
make participants feel more anxious and have lower HRV. The results of the
study support this hypothesis. However, the effect of the slow feedback on state
anxiety was smaller than what has been reported in previous studies that used
a similar approach [67][13]. Two things could potentially explain the smaller
effect size found in our study. First, the design of the studies is different. In [13],
for instance, the experimental task elicited pre-performance anxiety, so participants were exposed to the feedback in anticipation of a stressful task, rather
than in the middle of a stressful task. Second, while in previous studies participants received deceptive information about the purpose and the feedback provided by the interventions [67][13], in our study we did not provide false feed-
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back. Instead, participants were informed that the tapping felt on their wrist
through the smartwatch could represent their heart rate or not. Previous studies have demonstrated that people’s emotional self-judgments are influenced by
the feedback provided by emotion tracking technologies [137], so it is possible
that the use of false feedback boosts the cognitive effect of the intervention on
anxiety.
Consistent with the effect of the intervention on state anxiety, the intervention also influenced participants’ heart rate variability. As we hypothesized,
participants had higher HRV when they received the slow feedback and lower
HRV when they received the fast feedback. Previous research has shown that
HRV can be used as a objective measure of mental stress [153][261]. Therefore,
the results provide evidence that the slow feedback intervention made participants feel calmer, while the fast feedback intervention made participants feel
more stressed. This is the first study to show that a wearable technology that
provides haptic feedback that resembles heartbeats can influence user’s heart
rate variability.

7.8.2

Effect of the Intervention on Performance

Finally, the second hypothesis of this study was that participants would have a
higher performance when receiving the slow feedback, and lower performance
when receiving the fast feedback. As we predicted, participants that received
the slow feedback answered more questions correctly and missed less questions,
while participants that received the fast feedback committed more mistakes and
missed more questions. These results show that the BoostMeUp intervention
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influenced participants’ cognitive performance.
The effect of the intervention on the time to answer the questions was the opposite of what we expected. Participants answered the questions slower when
they received the slow feedback and answered them faster when they received
the fast feedback. We will discuss two potential explanations for this effect.
First, while solving problems under time constraints, individuals have to
make a choice between optimizing for accuracy or optimizing for speed, which
is called the speed-accuracy tradeoff [42]. Studies indicate that the anxiety
felt while solving mathematical problems can lead people to sacrifice accuracy
while confronted with difficult problems, either to avoid having to deal with the
problem or to speed up the task [10]. When individuals are experiencing high
levels of anxiety, they may have a tendency to answer questions faster, while
less anxious subjects can allow themselves more time to consider their answers,
which leads to higher accuracy but slower response time [169]. Therefore, it is
possible that the increase in anxiety caused by the fast feedback led participants
to try to optimize for speed, which made them rush to answer the questions. On
the other hand, participants who received the slow feedback may have tried to
optimize for accuracy, which led them to take their time to answer the questions
properly.
The second potential explanation for the effect of the intervention on time is
that the haptic feedback frequency had an effect on people’s perception of time,
which influenced their behavior during the math tests. Interestingly, some participants mentioned during the interview that they thought that the time to answer the questions was longer when the slow feedback was active, while other
participants mentioned that the fast feedback made them perceive the time as

170

faster. For example, one participant from the fast feedback group mentioned
about the second test (in which the haptic feedback was active): ”I think the second test was slightly faster because it felt like I had slightly less time to answer the
questions”. Similarly, another participant from the slow feedback group mentioned: ”The questions were changing at a slower rate”.
In order to understand why the intervention caused an effect on the average time to answer questions, we will conduct future studies to investigate the
aforementioned hypotheses.

7.8.3

Unobtrusiveness of the Intervention

In addition to influencing participants’ anxiety, HRV and cognitive performance, our results show that the slow feedback was considered unobtrusive
by most participants. Participants mentioned that they could notice the feedback, but they were able to focus on the tests without shifting their attention
away. The fact that, on average, participants who received the slow feedback
improved their performance and had lower physiological arousal, corroborates
the evidence that the intervention was not distracting. The fast feedback, on
the other hand, was considered distracting by many participants, which was
expected since the goal of the fast feedback was to increase user’s state anxiety.
Although the slow feedback was not distracting at all for the majority of participants, some participants mentioned that the intervention compromised their
attention during the test. It is possible that the novelty effect and the fact that
participants knew the tapping was going to happen primed some participants
to pay attention to the haptic feedback. In order to evaluate if that is the case, a
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study could be conducted to evaluate if participants habituate to the feedback
over time. Some participants in the slow feedback group also mentioned that
they perceived the feedback as fast, which means that the feedback adjustment
did not work as intended for some participants. To mitigate this issue, the application could allow the user to manually calibrate the haptic feedback, so that the
user could select a more appropriate option based on their own perception. Finally, it is also possible that the intervention might not be suitable for everyone,
especially for individuals who get distracted very easily. In these cases, adding
another signal for people to notice, even a subtle one, could be more harmful
than helpful.

7.9

7.9.1

Implications for Design

Emotion Regulation as a Medium for Behavior Change

A significant amount of studies that evaluate emotion regulation technologies
focus on the emotional changes caused by their use. This is expected, since these
technologies are designed to regulate emotions anyway. However, one question
that needs to be asked is: Why do people use technologies to regulate how they
feel? In many cases, users want to feel better and the emotional outcome is
their end goal. However, there are several circumstances in which individuals
use emotion regulation strategies as a medium to achieve a behavioral outcome
[136]. People recognize that their feelings and the corresponding physiological
signals play a major role in their task performance, and they try to manage their
emotional state to ensure that their emotions will be helpful rather than harm-

172

ful. Therefore, we argue that in addition to investigating how technologies help
users manage their feelings, it is important to evaluate how these technologies
impact user’s activities. One way of accomplishing that is by using performance
measures to evaluate if the interventions disturb people’s activities. Previous
studies have used this approach [182][112][220], and have shown that it is possible to intervene in real-time without impairing people’s ongoing tasks. However, no study so far had shown that emotion regulation technologies can also
improve user’s cognitive performance in the moment. In this paper, we show
for the first time an intervention that can cause not only cognitive and physiological effects, but also positive behavioral outcomes in cognitive tasks. Participants who received a slow haptic feedback through a smartwatch felt calmer,
answered more questions correctly and missed less questions in math tests.

7.9.2

False Feedback is Not Necessary

In this study, we found that it is possible to lower user’s anxiety and even improve their cognitive performance without providing false information about
the feedback provided by the technology. Previous research has shown that mobile health apps can lead to digital placebo effects, in which the beliefs and expectations of the users can directly influence the outcomes of the interventions
[284]. Similarly, previous studies have shown that individuals’ beliefs about
the feedback presented by emotion tracking technologies can affect their own
emotional self-judgments [67][137]. The results of these studies highlight one
crucial aspect of technological interventions: what users are informed about the
technologies and their purpose matters. In Costa et. al [67], for instance, the
authors provided false feedback simulating a slow heart rate and found that
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this led participants to feel less anxious. The use of deception and cover stories
in lab experiments is common to avoid participant response bias. However, in
real-world situations it would be unethical not to inform participants about the
feedback inaccuracy. In order to avoid this issue, in this research we informed
participants that the heart rate feedback provided by the smartwatch could be
accurate or not. In this way, we could evaluate if our approach works even when
users do not know if the feedback is indeed truthful. The results of the study
show that false feedback is not necessary for the intervention to be effective,
which brings this intervention one step closer to be used in the wild.

7.10

Limitations and Future Work

Despite the positive results of this study, we acknowledge some limitations that
could be addressed in future research. The first limitation is that all participants
were young college students, ranging from 18 to 25 years to age. Therefore, we
cannot generalize our findings to a broader population. However, since many
college students experience mental stress and anxiety during academic tasks,
the intervention offers promising opportunities to help college students during
stressful activities, such as exams.
Another limitation of this study is that the tasks were conducted in a laboratory environment, so it is still uncertain if the intervention would be effective
in the wild. In real world situations, individuals would be exposed to more
external stimuli, so it is unclear if the perception of a slow or fast haptic feedback can still have a significant effect when there are more signals competing
for attention. We are currently planning a longitudinal study to evaluate if the
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BoostMeUp intervention can also lead to positive outcomes in-situ. This study
will also enable us to investigate the long-term effects of the intervention.
Finally, in this study participants had to solve challenging modular arithmetic problems that require high working memory demands. Although the intervention was effective in this context, more research is needed to evaluate the
effectiveness of BoostMeUp in other scenarios. For example, the theories that
explain how anxiety affects performance during mental tests [92] are not the
same used to explain ”choking under pressure” in sports [26]. In a future study,
we plan to investigate if the intervention is also effective during high-pressure
situations that require perceptual-motor skills.

7.11

Conclusions

We presented BoostMeUp, a smartwatch intervention capable of improving
user’s cognitive performance in the moment by regulating their emotions unobtrusively and in parallel with their activities. The intervention was inspired
by theories that explain the relationship between emotions and cognitive performance [28][92], and previous studies that show that it is possible to influence people’s emotions by changing how they perceive their own heart rate
[67]. Based on these theories and studies, we developed a smartwatch application that leverages the vibration motor of a smartwatch to deliver personalized
haptic feedback that resembles heartbeats. To evaluate the intervention, we conducted an experiment with 72 participants in which they answered math problems under pressure. Each participant took two math tests, in which one test
was used as control and the other test was used to deliver either a slow or fast
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haptic feedback. Participants who received the slow feedback felt less anxious,
had higher heart rate variability and performed better in the math tests, while
participants who received the fast feedback felt more anxious, had lower heart
rate variability and performed worse. These consistent results using cognitive,
physiological and behavioral measures provide strong evidence that the intervention is effective. Furthermore, participants did not have to do any additional
action or shift their attention away from the math tests, which shows that the
intervention can act on the periphery of people’s attention.
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CHAPTER 8
GENERAL DISCUSSION AND CONCLUSION

In this final chapter, I reflect on my research and raise some discussion
points. I discuss some ethical considerations, how to make the implicit and
explicit approaches coexist, and some inherent challenges in the design of implicit interventions. I end the chapter discussing some promising opportunities
for future work.

8.1

Ethical Considerations

The design and use of self-regulation technologies raise several ethical questions. Technologies can be designed to nudge users to do things that are perceived as morally wrong, and they can also lead to undesirable consequences.
Furthermore, the use of technologies for behavior change and emotion regulation can raise moral questions in itself, since it might be considered a threat to
human will and autonomy [292]. Since implicit interventions often act without
user’s conscious awareness, one question that arises is: How to design implicit
interventions in an ethical and responsible way?
One rule that has been applied in the design of persuasive technologies but
that I think should also be used to design self-regulation interventions is: ”The
creators of a persuasive technology should never seek to persuade anyone of
something they themselves would not consent to be persuaded of” [37]. This is
a simple rule that should deter designers from pursuing ideas that are ethically
wrong.
Another important consideration to address ethical concerns was proposed
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by Richard Thaler and Cass Sunstein in their book ”Nudge” [278]. Rather than
using a paternalistic approach, in which some people decide for others what
is better for them, they propose the use of soft paternalism, which is a nonintrusive form of paternalism where people retain their freedom of choice but
are steered in a certain direction. In simple terms, a hard paternalist would
say ”We know what is best for you, and we will force you to do it”, while a
soft paternalist would say ”You know what is best for you, and we will help
you to do it” [138]. Soft paternalism is like a middle-way between liberal and
conservative, and between libertarian and paternalist [278]. By using a softpaternalism approach in the design of implicit interventions, the creators of a
technology should disclose their motivations, methods, and intended outcomes.
Then, users can decide if they want or not to use the technology to achieve their
own goals.
Finally, I think that instead of thinking about the ethical implications of a
technology taking into account only its main goal and functionality, designers
have to reflect about the different ways that a technology can be used and the
different outcomes of the use. For instance, a plate that automatically changes
its color to make the impression that the person put more food on it can not only
subtly influence a person to eat less, but it can also lead to other outcomes. The
color changes may attract attention from other people around, which can influence the social interactions happening in a table. The color change may also
act as a positive reinforcer, encouraging a person to put more food than usual
because she wants to see the colors changing. Another crucial aspect is that technologies can be transformed and used to serve different purposes. For instance,
the typewriter was not created as a writing technology, but as an equipment
for the blind. Therefore, it is important that designers try to anticipate different
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usage scenarios in which the self-regulation technology could be unethical or
even dangerous.

8.2

Coexistence of Implicit and Explicit Interventions

In Chapter 2, I described some issues of explicit interventions, such as the constant engagement required and the likelihood of interrupting users’ ongoing
activities. In this dissertation, I presented an alternative to design interventions
by focusing on the automatic mind. However, I do not think that the approach
presented in this dissertation should replace the use of explicit interventions.
Instead, I believe that both implicit and explicit interventions should coexist,
with one complementing the limitations of the other.
The coexistence of implicit and explicit interventions has the potential of increasing the chances of success of a self-regulation technology. As an example, a
system could deliver a personalized intervention depending on the user’s context. If the user is highly motivated and has time available, then an explicit
intervention could be used, since in these cases a ”trigger” is often enough for
a person to perform a target behavior [101]. On the other hand, if the user is
busy, under stress, or with low motivation, then an implicit intervention could
be more appropriate.
The use of the explicit route is more likely to lead to more enduring and
resistant changes [223]. Therefore, it is natural that designers focus on the explicit route in the design of interventions for behavior change, since many efforts are expected to lead to long-term outcomes, such as quitting smoking or
losing weight. However, the problem with the sole focus on the explicit route is
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that we are constantly bombarded with temptations and competing stimuli that
can lead us astray.
In this dissertation, most of the examples focus on the use of implicit interventions for emotion regulation. The haptic feedback provided by EmotionCheck/BoostMeUp [67][68] and the audio feedback of the voice modulation
intervention can be used to help individuals overcome their stress and anxiety.
However, although anyone experiences stress occasionally, for many individuals anxiety and stress is the norm rather than the exception. In these cases, it is
important to consider using explicit interventions as well, which can help people identify the source of their anxiety and manage their emotions. Examples
of technologies focusing on explicit interventions include mobile applications
based on Cognitive-Behavioral Therapy, such as the app Koko [157], which can
help individuals identify recurring negative thoughts and reshape inaccurate
thoughts.

8.3

8.3.1

Challenges of Implicit Interventions

Keeping it subtle

For all the technologies described in this dissertation, the interventions were designed to be subtle enough that users could carry on other tasks in parallel. The
results of the studies show that most participants did not think the interventions
were distracting indeed, and in some cases interventions were not even noticed
at all [69]. However, some participants not only noticed the interventions, but
were also distracted by them. In the BoostMeUp study, for instance, few par-
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ticipants mentioned that they got ”distracted” and ”annoyed” by the tapping
on the smartwatch, which likely compromised their performance in the math
tests. This undermines the purpose of implicit interventions, since they are designed to assist users while they are engaged in activities, and not distract or
harm users’ performance.
It is important to understand and take into account individual differences in
the design of implicit interventions. A designer can personalize the intervention to ensure that it will be subtle but still effective for each user. For instance,
a person can be more sensitive to haptic feedback but feel perfectly comfortable
with audio feedback, so the haptic sensation provided by EmotionCheck and
BoostMeUp could be replaced by subtle heartbeat sounds played over a headphone. Nevertheless, it is also important to acknowledge the limitations of each
intervention. In the BoostMeUp study, some participants who were distracted
by the feedback mentioned that they get distracted very easily. Therefore, even
a very subtle intervention could still be considered disruptive by some users.

8.3.2

Finding a consistent effect

In some cases, it can be hard for designers to anticipate the mediating roles that a
technology can play, and the behavioral and emotional consequences that it can
cause on the user. This is especially problematic for self-regulation technologies, since some behavioral effects observed in psychology experiments have
been hard to replicate. For instance, researchers have failed to replicate classical priming experiments [82]. Because of that, researchers should be careful
about the studies that they use as references for the design and development
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of self-regulation technologies. It is important to acknowledge that the behavioral outcomes observed in laboratory environments may not be observed in
real-life situations. Researchers have more control over the stimuli that the participants receive in a laboratory, which is not the case in real-life. One technology can send a signal to subtly influence the behavior of an user, but other
signals present in the environment may cancel the expected effect or even create
another effect that was not anticipated.
One way in which designers can overcome the aforementioned problems
is by designing interventions that are based on behavioral or cognitive effects
that have been consistently replicated in different contexts. The Delboeuf Illusion, used in the design of the Mindless Plate [2], is one example. Another
approach is to use an iterative design process, in which an initial prototype is
built and tested and the design is continuously changed until the expected behavioral effect is consistently achieved. The BoostMeUp app is one example,
since the application was a follow-up of the EmotionCheck prototype. By using
this approach, researchers still try to anticipate the behavioral and emotional
outcomes of the technology, but they acknowledge that there is a lack of studies
to guide the technology design. This approach is more laborious, but the discoveries made during the design process can help researchers to have a better
understanding of how people respond to self-regulation interventions.

8.3.3

In-the-wild Evaluation

Another challenge of implicit interventions is ensuring that their positive effects
will continue over time. Users may habituate to the stimuli and reach a stage
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in which the intervention no longer works. For instance, anti-stuttering devices
such as SpeechEasy can significantly help individuals reduce their stuttering.
However, studies have shown that the effect of these devices tends to last only
some months and, in some cases, the stuttering can even get worse after a short
period in which the device works [229].
In order to verify the longevity of implicit interventions, it becomes important to conduct longitudinal studies in-the-wild. If the intervention is novel,
conducting laboratory studies can be a great starting point to evaluate its effectiveness in a controlled environment. However, in-the-wild studies can confirm
if the effects remain even after repeated exposure in ”noisy” environments.
Given the positive results of the studies that evaluated EmotionCheck and
BoostMeUp, I conducted a pilot study with the BoostMeUp application to evaluate the effectiveness of the intervention in real-world settings. Seven college
students used Apple Watch with the BoostMeUp app for a couple of weeks. A
slow haptic feedback was automatically triggered on the Apple Watch whenever it was detected that the user was not doing any physical activity and their
heart rate increased over 30% from the resting heart rate. Participants also used
a Polar H7 heart rate monitor, which was used to collect their heart rate variability. The goal of this pilot study was to evaluate the possibility of decreasing
user’s physiological arousal with the haptic feedback.
The pilot study in-the-wild faced some challenges. I decided to use a simple approach to detect user’s physiological arousal, knowing that the feedback
would likely be triggered more often than participants would need. However,
participants reported in a short survey that they were not feeling aroused or
stressed in most situations that they received the haptic feedback. Indeed, in-
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ferring people’s perception of stress is more challenging than inferring their
physiological arousal. A person may have bodily symptoms that indicate high
arousal and appraise the situation as excitement instead of anxiety [44]. Furthermore, different activities unrelated to stress can provoke arousal changes.
For instance, a single meal can lead to changes in heart rate variability [251]. In
these situations, changing a person’s perception of arousal would not help.
Instead of detecting arousal increases, I could have inferred stress by using additional sensors (e.g. skin conductance, respiratory inductive plethysmograph) and machine learning methods. However, previous research has shown
that inferring perceived stress in-the-wild can be challenging even with the use
of multiple sensors and state-of-the-art machine learning methods [228]. Furthermore, the use of additional sensors can be invasive and cumbersome for
users. In fact, another issue in the pilot study was that participants did not
feel comfortable wearing the heart rate monitor in their chest continuously. Although it is possible to measure heart rate and heart rate variability using a
photoplethysmogram (PPG) sensor, which is present in most smartwatches and
fitness trackers, the data collection is compromised when users move, which
leads to unreliable data collection in real-world settings. The development of
reliable and more comfortable wearable devices that collect physiological data
may help to solve this problem in the future.
One way of triggering the haptic feedback only when users are in fact
stressed would be to allow users to manually trigger the intervention by pressing a button on the Apple Watch. In this case, users would have control of when
to start/stop the feedback, so they could use it whenever they identify that they
need to down-regulate their stress. The issue with this solution is that partic-
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ipants would consciously start the intervention, so this would make harder to
evaluate if any effects are truly caused by implicit and automatic responses.
After the preliminary results of the pilot study, I contacted instructors at
Cornell to verify the possibility of testing the intervention in a classroom environment. College students do several activities in class that can be considered
stressful, including presentations and exams, so this could be a great in-thewild context to evaluate the intervention. Although instructors were excited
about the study, there were concerns about distracting the students, and the fact
that mobile devices (smartwatches included) are often not allowed in exams.
Furthermore, few students were available to participate in the study. Because of
these issues, we decided to not continue the study at the time.

8.4

Ongoing Projects

So how do we evaluate implicit interventions in-the-wild given the aforementioned challenges? If the detection of a state, such as stress, cannot be done
properly, this compromises the delivery of the intervention and the possibility
of evaluating closed-loop systems in-the-wild. Similarly, delivering interventions in real-world settings brings additional risks and concerns. I will discuss
two possibilities to address these challenges and two ongoing projects leveraging these possibilities.
First, although the detection of stress in-the-wild still has limitations, the
recognition of other states and activities is already very established. Examples
include activities like walking, running, and driving, which can be accurately
detected with smartphones and smartwatches. Therefore, an in-the-wild eval185

uation is more likely to succeed by leveraging established activity recognition
methods to detect opportune moments to start the implicit interventions.
I am currently running a study in which an Apple Watch app detects user’s
walking cadence and triggers a subtle tapping with a slightly faster cadence.
The goal of this study is evaluating if it is possible to implicitly nudge users to
walk faster, which has been shown to lead to significant health benefits. Previous work has shown that our gait can be synchronized to external rhythms,
which is called sensorimotor synchronization, so the idea is verifying if participants synchronize their gait to the tapping on the Apple Watch.
Another possibility for in-the-wild evaluation of implicit interventions is
conducting a study in a controlled environment but in a naturalistic setting.
Currently, we are collaborating with researchers from Harvard University to
evaluate if the BoostMeUp intervention can help to manage the anxiety of individuals with anxiety disorders when they are hospitalized. Since participants
will be hospitalized, they will be monitored 24/7 by health practitioners. Therefore, if for any reason the intervention leads to an undesirable effect, the staff can
promptly act and stop the intervention. Since we have evaluated EmotionCheck
and BoostMeUp only with healthy participants, it is still uncertain if this type of
intervention would work with clinical populations. However, if it works, this
could lead to amazing opportunities of using implicit interventions for mental
health treatment.
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8.5

Opportunities for Future Work

As discussed in the previous section, there are many challenges associated with
the evaluation of implicit interventions in-the-wild. However, I believe this
is a great moment to conduct in-the-wild and large-scale studies using selfregulation interventions. Just like researchers dreamed of having better ways of
collecting observational data that are now possible with smartphones and other
mobile devices, we are now finally having mobile technologies that enable the
development of solutions to intervene in the real-world unobtrusively and effortlessly. Technologies based on the conscious mind have been successful in
changing people’s behavior, but implicit interventions can raise self-regulation
interventions to a new level and lead to unprecedented research opportunities.
In this section, I present some promising opportunities for future work.

8.5.1

Interventions for Clinical Populations

The findings of the studies that evaluated EmotionCheck [67], BoostMeUp [68],
and the voice modulation intervention [69] show that it is possible to help individuals manage their emotions subtly and unobtrusively. In all these studies, I
recruited healthy participants, and most of them were young college students.
However, given the positive results of the studies, one interesting opportunity
is investigating if these emotion regulation interventions can also be helpful for
clinical populations. In particular, the interventions could be useful for people
with anxiety disorders, such as generalized anxiety and social anxiety.
People with anxiety disorders tend to have interpretation biases in which
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they often associate arousal signals as threats, even when there are no apparent
threats [88][306]. Traditionally, these interpretation biases are reshaped through
several therapy sessions, with Cognitive-Behavioral Therapy (CBT) being the
most common. One component of CBT is helping patients to change their innacurate perceptions of physiological signals. Technologies like EmotionCheck
and BoostMeUp could be helpful for this purpose. By changing people’s perception of their own physiological signals, the technologies could help to attenuate
the negative impact of interpretation biases. One interesting possibility would
be to personalize the feedback as the patient learns to cope with their bodily signals, until the patient reaches a point in which the technology might no longer
be necessary.
Another possibility is using the technologies for interoceptive exposure. Interoceptive exposure (IE) consists in repeatedly exposing patients to feared bodily sensations, with the purpose of extinguishing their fears. The premise of IE is
that people have to face their fears in order to learn that they can handle it [70].
Traditionally, this has been done with simple exercises, such as by running up
and down stairs or by breathing through a narrow straw. Since the BoostMeUp
app can elicit different arousal levels [68], the app could potentially be used to
replace or complement the IE exercises. Another alternative would be to use a
technology that elicits different breathing patterns. This idea has been recently
explored by researchers such as Asma Ghandeharioun [112] and Pablo Paredes
[220].
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8.5.2

Unobtrusive Closed-loop Systems

There are many technologies and applications that leverage sensors to infer people’s behavior and emotional states. As discussed in chapter 2, a common way
of ”closing the loop” is presenting the information collected back to the user,
often with the goal of helping the user self-reflect and take some action. This reliance on user’s conscious awareness is often the bottleneck of behavior change
technologies, which compromises their adoption and adherence.
By using implicit interventions, it may be possible to develop closed-loop
systems that collect and intervene subtly and effortlessly. An unobtrusive
closed-loop system could work by passively collecting data from the user and
delivering a personalized feedback in an inconspicuous way at the right time.
One advantage of implicit interventions is that the ”right time” does not rely on
time availability. Researchers that design ”just-in-time interventions” (JIT) often
argue that one of the challenges is identifying the time in which users can be interrupted. However, this challenge is only applicable for explicit interventions,
since implicit interventions are unobtrusive by design. The fact that implicit interventions do not distract the users also mean that the cost of delivering them
is lower. This is important because even if a predictive system triggers the intervention at a wrong time, this should not bother users or compromise their
ongoing activities.

8.5.3

Replicating Laboratory Findings In-the-wild

By deploying and evaluating self-regulation interventions in a large-scale setting, it can be possible to conduct studies in naturalistic environments and iden189

tify if findings from laboratory studies also hold in real-world settings. Furthermore, it would be possible to pursue novel research questions that could not be
answered before in constrained environments.
Many classical social psychology studies that used interventions, some of
them mentioned in this dissertation, have been conducted in laboratory environments. In many cases, the findings are translated to actionable behavioral
suggestions that people can apply in their lives. One example is the work from
Carney and colleagues about power poses [51], who suggested that ”a person
can, by assuming two simple 1-min poses, embody power and instantly become
more powerful”. This particular study has triggered an extensive debate, with
many researchers arguing that they could not replicate the effects [240], and
others arguing that power-posing effects are real [72]. The use of self-regulation
technologies in-the-wild can help to elucidate if social psychology findings can
indeed translate to real-world improvements. Furthermore, by combining passive sensing with implicit interventions, researchers can easily collect data to
verify if an intervention is working or not.

8.6

Concluding Remarks

The development of mobile and ubiquitous devices have allowed to help users
monitor and change their current states in a way that was not possible before.
The advance of sensors and passive sensing methods are enabling the design
of technologies that collect a vast amount of behavioral and emotional information unobtrusively. The information collected is often presented back to the
user, prompting the user to reflect and take some action. Although this ap-
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proach works well when users are motivated and with high cognitive capacity,
it can fail when users are under stress or without time or disposition to think
properly. This dissertation leverages existing theories and findings from different fields, including Psychology, Behavioral Economics, Human-Computer
Interaction, and Ubiquitous Computing, and introduces a novel approach to
design self-regulation technologies that capitalizes on how we mindlessly and
automatically react to situational cues.
More specifically, I have shown that it is possible to regulate how users feel
by subtly changing how they perceive their own behavior (voice) and physiological signals (heart rate). I designed, developed and evaluated physical prototypes, voice modulation interventions, and mobile applications that can override user’s self-perception using subtle audio or haptic feedback. The results
of laboratory studies have shown that the mobile interventions developed can
change user’s feelings, decrease physiological arousal, and even improve cognitive performance. Furthermore, the interventions were subtle enough to work
in parallel with people’s activities without demanding their focused attention.
The findings of the studies using self-report, physiological, and behavioral measures provide consistent evidence that the approach can effectively help users
self-regulate.
The approach presented in this dissertation, the technologies introduced,
and the findings of the studies can be used as a roadmap for researchers and
designers to develop and evaluate self-regulation technologies focusing on the
automatic mind. There are many challenges and opportunities in this area. I
have focused mostly in implicit interventions for emotion regulation, but the
approach could be applied to help users in many other self-regulation scenar-
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ios, including eating behavior, physical activities, and procrastination. Furthermore, the deployment and evaluation of implicit interventions in real-world
settings can help to make these technologies available to the public. This dissertation opens a huge design space for a new generation of self-regulation technologies that can easily blend into people’s lives and help them accomplish their
goals.
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