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Abstract

Innovative work is gradually shifting towards collaborative efforts by larger, multi-
disciplinary teams, making team efficacy an increasingly important field of study.
Researchers in this field have mainly focused on laboratory experiments, which may
not fully capture the complex situations that teams encounter in real life. The al-
ternative, field studies, are difficult to maintain and often require significant time to
produce results.

In this thesis we propose a methodology that bridges the gap between these two
settings—the laboratory and the field. By combining a new, affordable electronic
badge that captures vocalization data with an innovative setting—the Hackathon—we
create a new environment for studying team performance. This methodology reduces
the duration and maintenance burden of such studies, and offers new opportunities
for examining the effects of interventions on teamwork.

The preliminary results from our studies show a variety of individual and team
behaviors that can be captured in Hackathons using badges, such as participation, the
parity of contribution to group discussions, the level of turn taking, and the frequency
and duration of meetings. In a Hackathon, we measure these behaviors throughout
the entire life cycle of each team, observe how they change in response to different
shocks, and study how well the team members collaborate and perform as a team.
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Chapter 1

Introduction

Innovation has gradually shifted from the work of lone geniuses towards collaboration;
large, multi-disciplinary teams make more important scientific discoveries than 30
years ago and teams are increasingly the prevailing work unit in corporations [90].
This trend has led to a growing interest in studying the factors affecting team efficacy.
Researchers have been trying to answer questions such as: What group dynamics lead
to better performance? How does the composition of a team affect collaboration,
access to information and the team’s ability to generate innovative ideas? How do
interventions lead to better performance?

To answer these questions, researchers have conducted experiments to measure the
effects of different factors on team performance in well-defined tasks, mostly in the
laboratory setting [89, 56]. However, as some of this research suggests, teams do not
necessarily follow a well-structured, systematic process [44, 35, 36|, and laboratory
experiments do not fully capture the complex situations that teams encounter in real
life [66]. The alternative, field studies, are difficult to maintain and often require
significant time to produce results.

Wearable devices, such as the Sociometric Badges developed in the Human Dy-
namics group at the MIT Media Lab [65], help reduce the burden and bias involved
in such experiments by automatically quantifying social behavior |70, 89]. Reducing
the cost of this technology and making it more available would allow researchers to

deploy it on a large scale.
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In this thesis we propose a new methodology that simplifies and shortens the
time it takes to conduct team performance studies. This methodology uses a new,
affordable wearable device to collect data on the behavior of teams in Hackathons—
innovative settings that combine a short lifespan with the characteristics of a real
working environment. An entry survey with questions regarding demographics and
personal background and the Ten-Item Personality Inventory (TIPI) [37] of the Big-
Five personality dimensions will provide us with information about the composition
of the teams.

To evaluate the new badges, we first tested them in a short team-building exercise
called "The Marshmallow Challenge"—an activity in which participants are asked to
work together to build the tallest freestanding tower made of spaghetti sticks and tape
that can support a marshmallow at the top. In Section 5.1 we describe these tests
and explain the similarities between teamwork in this exercise and in Hackathons.

We then conducted two Hackathon studies to test the stability of the data col-
lection platform and acceptance by participants, and to evaluate Hackathons as a
research setting. Section 5.2 describes these studies.

Due to time and cost limitations we have not yet made a large scale deployment of
the system, and instead evaluated the Hackathon as a setting for our future studies.

We begin with Chapter 2—an overview of the background and previous work
related to the research topic. Next, we provide detailed information on the data
collection platform and the considerations that guided its design in Chapter 3. In
Chapter 4 we describe the methods used to transform raw data into actionable prod-
ucts. In Chapter 5 we present the studies we used to evaluate the performance of
badges and the potential of Hackathons as a research setting. In Chapter 6 we discuss
the results of these evaluations, and finally in Chapter 7 we present the conclusions

and plans for future work.
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Chapter 2

Background

2.1 Traditional Environments for Team Performance

Studies

Traditional studies mostly focus on laboratory experiments and individual, well-
defined tasks. For example, in [89], groups were asked to perform different well-
defined tasks one at a time to measure their performance; in one task they were given
a brick and asked to come up with as many uses for it as possible, to see how well they
brainstorm as a group, and on the next task they were asked to simultaneously type
as much text as they could in a shared document to see how well they execute a task
together. In a field experiment, Lim & Klein studied the effect on the performance

of combat units in various well-defined tasks,such as securing a bridge or laying an

ambush [56].

Because of the complexity of real-world working processes, some researchers claim
that these types of experiments do not represent the real working environment of the
team. A number of studies suggest that teams neither follow a universal series of
stages, nor benefit from a well-structured, systematic approach to problem solving
[44, 35, 36]. Instead, teams choose a strategy and stick to it for half of their time
together, then switch to a different strategy. The transition between the two phases

is effected by the synchrony in group members’ expectations about deadlines. This
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behavior was observed both in naturally-occurring teams [35] and in the lab [36].

These results suggest that the factors affecting team efficacy should be tested and
measured not just for one task at a time, but for the entire process. Moreover, teams
are expected to go through the full range of tasks, constantly making decisions on how
to go about these tasks, and not just on the task itself. Therefore, team performance
might be affected by how much the team members agree with and understand the
current status, how much they agree on what they should be doing next, and how
well they coordinate their work.

O’Reilly, Williams and Barsade [66] suggested field studies as an alternative: “as
a topic, diversity in organizations and its consequences is too important to relegate
only to the laboratory. Even though laboratory studies allow us to vary the types
of diversity we are interested in, while holding constant other variables, they do not
fully capture the complex situations diverse groups are faced with in organizations.
In the field, we are able to capture the characteristics of work groups that are im-
possible to maintain in the laboratory setting” . We extend this claim to the work of
innovation teams in general due to the uncertain nature of their work and ambiguous
task definitions.

However, field studies face several other challenges—observing a large number of
teams requires considerable resources and it takes a long period of time to collect a

significant data set.

2.2 Hackathons as a Potential Research Setting

Hackathons hold the potential to bridge the gap between the laboratory setting and
the field, as they combine short lifespans with the characteristics of the real working
environments of innovation teams.

Hackathons are fast-paced events organized by non-profit organizations, universi-
ties, corporations, and online communities. They invite participants from different
demographics and backgrounds to collaborate, generate new ideas and solve prob-

lems. Most Hackathons are open to the public, but others are private, open only
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to the employees of the company that organizes them [30, 20, 53, 61, 72, 54]. The
outcome of their work can be quantified based on scores provided by the judges, or,
in a corporate Hackathon, how many resources are eventually allocated to the ideas.

Traditionally, Hackathons are 24-48 hour events. A presentation covering the
subjects and goals of the Hackathon opens the event, followed by a pitch stage in
which participants can describe their ideas in one minute. Once the pitch stage is
over, participants are free to discuss these ideas and form teams. They then spend
most of the remaining time on raw implementation of their ideas, either as working
prototypes or as business plans. Finally, each group pitches its idea to the judges,
who assess them and announce the winning teams.

Hackathons share several characteristics with real-world innovation environments,

such as start-ups and R&D departments:

e In the short bursts of creative work observed in a Hackathon, people are ex-
pected to go through the full range of tasks and phases that make up the

innovation process|35, 36|

e Teams are composed of individuals who have high degrees of expertise in par-
ticular areas, requiring that information contributed by different team members

converge in support of critical decisions[41, 42, 82]

e A decision environment with severe time pressure; complex, multicomponent de-
cision tasks; rapidly evolving and changing information; high short-term mem-

ory demands and high information ambiguity[83, 51, 52, 63|

e Much like company employees, Hackathon participants are motivated to con-
tribute to the team effort since the outcome of the project may directly affect
their futures—it ensures their employment, creates new opportunities, and im-

proves their professional reputations

These characteristics allow us to explore the nature of teamwork when it is sep-

arated from some of the organizational forces that shape project selection and team
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formation in firms. They allow us to ask some key questions: How do groups come to-
gether to work on new, innovative ideas? Do behavioral traits that facilitate forming a
group, such as extraversion, help or hinder group dynamics? How can we ensure that
teams can tap into the full set of skills, knowledge and creativity of all team members?
How can we structure these events to match the specific needs of an organization?
Although Hackathon participants are self-selected, focusing on corporate Hackathons
partially solves this issue since all of the participants in these events are already com-

pany employees.

2.3 Electronic Badges

Wearable devices are becoming a common research tool for studying social behav-
ior. In this section, we present some of the previous studies that experimented with

wearable devices and explain the benefits of using them for social studies.

2.3.1 Technical Overview and Previous Work

The iBadge [67], one of the earliest platforms, used a suite of sensors to collect data
and explore how kindergartners interact with each other and with their environments.
Each wearable unit weighed 65 grams and had an average battery life of 4.5 hours.
It was equipped with a microphone, a DSP unit, a location tracker, a tilt /orientation
unit, a temperature sensor, a humidity sensor, a light sensor and a pressure sensor.

In a more recent example, the developers of the OpenBeacon project [8] created
a wearable unit called Sensor Tag to gather data on face-to-face interaction patterns
between people in different locations, such as workshops [17], conferences [79], hos-
pitals [84] and schools [33]. The latest version of the Sensor Tags uses a PIC16F688
microcontroller and the Nordic nRF51822 Bluetooth Low Energy module to make
the badges aware of each other, assess their proximity to each other, and transmit
the data back to a base station.

Our research group has been developing wearable devices and mobile frameworks

that measure and record face-to-face interaction, location and non-linguistic social
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signals |68, 71]. Starting with our early work on the SocioMeter [24] through the
more recent Sociometric Badges and Social fMRI frameworks |13, 64, 65|, we have
explored the use of sensory data and non-linguistic social signals in order to study
human behavior and social interaction.

The SocioMeter, a wearable device designed to measure face-to-face interactions,
included an IR transceiver, accelerometers and a microphone [24]. A shoulder mount
placed the SocioMeter several inches below the wearer’s mouth and reduced the noise
created by clothing and movement. With this device, we started developing methods
for learning the structure and dynamics of human communication networks.

The Sociometric Badge [64, 65] is the most recent research platform developed by
the Human Dynamics group. The second major version uses an Amtel ARM926EJ-
S microcontroller capable of running Linux and enough peripherals for all required
sensors, with low power consumption. A 2600 mAh battery extends its operational
time to 24 hours and the removable microSD HC memory card is capable of storing
days of raw data recorded by its digital 3-axis accelerometer, IrDA transceiver and
digital MEMS microphone. This system evolved into a commercial solution provided
by Sociometric Solutions® [11]. Figure 2-1 shows the evolution of the sociometric

badges.

2.3.2 Benefits for Research

Wearable devices use unobtrusive sensors to automatically capture the behavior of
many individuals, potentially thousands or more [65, 57|, at the same time. Compared
to direct observations and surveys, this approach produces an objective dataset, and
requires fewer human resources, which are expensive.

In our work, smart badges were used for collecting social behavior data such as
face-to-face interactions and speaking patterns. The data was then aggregated at
the group level to compare group performance in organizations and evaluate design
interventions to improve it [65, 70|.

In Hackathons, where dozens of teams or more compete at the same time, badges

reduce the observational burden by automating the data collection process. This
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(a) Sociometer (b) Sociometric Badge 2.0

(c) Sociometric Badge 3.0

Figure 2-1: Sociometric badge evolution

26



thesis shows the potential of using Hackathons for studying teams by demonstrating
the variability of team behavioral characteristics using the rich vocalization data

captured by our wearable devices during these events.

Instrumenting a large number of people with such devices can be costly, espe-
cially if we work under the assumption that some participants will not return them.
We therefore designed a small and affordable badge that builds upon the extensive

experience our research group has in wearable design.

The key for reducing the cost of such a device is to simplify it by keeping only
the most valuable sensors and reducing the number of components involved in its
manufacturing process. Given the results from our prior studies, we decided to focus

on conversational patterns.

2.3.3 Conversational Patterns

Pentland [70, 69] found the patterns of communication to be a strong predictor for
team performance in the corporate setting. For example, in a study conducted in a
bank call center, Sociometric Badges were used to gather data on the levels of energy
(how team members contribute to a team), engagement (how team members commu-
nicate with each other) and exploration (how teams communicate with each other) of
each team. Analyzing the results, the researchers found that energy and engagement
outside of formal meetings explained one-third of the variation in productivity. These
results encouraged the center’s managers to change the coffee break schedules so that
everyone on the team can take a break at the same time, leading to higher efficiency

and higher satisfaction among employees.

Similarly, Woolley et al. used Sociometric Badges to study the Collective In-
telligence of groups by instrumenting hundreds of small groups and asking them to
perform a series of tasks [89]. These experiments provided evidence for the existence
of a general factor explaining groups’ efficacy on a wide variety of tasks. In particu-
lar, they found that the parity of vocalization across members of the group is a good

proxy for Collective Intelligence.
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2.4 Team Performance

A large body of research has identified several factors contributing to team efficacy.
Here, we review some of the factors related to Hackathon teams, and explain how the

data collected with the badges can help us understand these relationships.

2.4.1 Team Composition

The background and demographics of the individuals composing the team and their
within-group social ties affect the way they collaborate and how well they work as
a team. A diverse team may be able to generate novel ideas but the differences can
create conflicts and hinder its ability to implement them. Friendship, a history of
working together and a high level of social sensitivity have a positive effect on the
behavior of the group.

Diversity is a double-edged sword when it comes to team performance. In section
2.4.3 we show that diversity improves performance by giving team members access
to rich information and opinions. However, some studies have shown evidence that
diversity also increases conflict, reduces cohesion, hinders coordination and effective
decision making, and interferes with intra-group communication, all of which have
negative effects on team performance [14, 66]. Homogeneity of personality and back-
ground were found to have a positive effect on performance, especially in newly formed
teams [45, 85|.

Familiarity also has positive effects on a team’s ability to work together. A group
of acquaintances with shared experiences already hold personal knowledge of each
other’s personalities and skills [73]. These shared experiences help build a common
language and social norms, and enable team members to access relevant information
more easily [63, 39] . Individuals can also rely on their friends when asked to complete
complex tasks |28].

Gender diversity and social sensitivity were found to have a positive relationship
with group efficacy. In a study that explored group-level efficacy on a broad range of

tasks, researchers showed that there is a group level of intelligence that is uncorrelated

28



with the individual intelligence of the members of the group. They also identified a
key component leading to high correlation across tasks—Collective Intelligence [89).
This component is strongly correlated with psychological and behavioral markers,
such as the parity of vocalization across members of the team and the proportion of

females in the team.

In Hackathons we expect to see both homogeneous and heterogeneous teams. By
combining data from entry surveys and badges, we can study the relationship between

team composition and measures of team behavior and success.

2.4.2 Coordination and Communication

During a project, the team typically breaks into smaller working units, each focused
on a different aspect of the problem. Continuous coordination is essential to reducing
uncertainties about others” work progress, establishing shared understanding of the
tasks, eliminating redundant work, and ensuring that all of the pieces of the puzzle
fit together at the end [26, 21|. Studies have shown that a higher number and greater
frequency of interactions facilitates better coordination and positively correlates with

high performance [86, 69].

Various collaboration tools, such as shared code repositories, e-mail, and confer-
ence calls make it easier for participants to communicate and share their work, but
these tools are not as powerful as face-to-face meetings [69, 47, 49]. Face-to-face inter-
action includes subtle signals that are lost in other means of communication, a source
of information crucial for determining others’ responsiveness and the acceptability of

their decisions [75, 71, 19].

As we show in the next chapters, the creative process of teams in Hackathons
typically includes a long opening discussion, followed by a sequence of status meetings.
The data collected by our badges allow us to measure the frequency, the duration,

and the conversational dynamics of these meetings.
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2.4.3 Shared Knowledge

In an environment that thrives on innovation, the team’s collective knowledge may
determine its ability to solve problems and generate novel ideas. With the increasing
pace of knowledge accumulation requiring individuals to spend more time in reaching
the knowledge frontier in a field [46], teams enable experts with disparate knowledge
to solve complex problems by recombining their unique skills and knowledge in novel
ways [82].

The entrepreneurship literature describes the lone entrepreneur who is able to
identify an opportunity due to an advantage over the rest of a population—an ad-
vantage that emerges from a difference between her own experience and knowledge,

and that of others [76].

For a team, this potential arises from the combined knowledge of the team mem-
bers. A cross-functional team benefits from several advantages over a homogeneous
one [14, 66, 87|. First, a team with diversified skills and expertise is expected to have
a larger pool of knowledge to tap into, and it will therefore consider a wider range of
possible ideas. Second, this diversity produces tension and conflict which contribute

to a more complete analysis of the issue at hand, and therefore better decisions.

In contrast, social ties may indicate similar knowledge. In a team with existing
ties among its team members, knowledge and opinions are likely to be more redun-
dant than diversified [38], since individuals are more likely to communicate and form

friendships with people who share a common language and opinions [39, 15].

The team’s ability to efficiently use the cumulative knowledge of its members is
an important factor in turning this potential into a new idea—a successful team can
efficiently tap into the combined knowledge of the team members and make use of
the unique pieces of information that give the team its advantage. However, this
ability may be hindered by different group behaviors, such as production blocking

and evaluation apprehension [31].

Production blocking refers to the turn-taking nature of conversations, which pre-

vents people from presenting their ideas as they arise. By the time it is their turn

30



to speak, the participants have already forgotten some ideas or suppressed them,
believing them to be less relevant because a consensus has apparently emerged.

Evaluation apprehension asserts that people might hold back ideas because they
fear being evaluated by their teammates, and that the strength of this effect may
depend on how they perceive the level of their teammates’ expertise.

Teams’ tendency to seek similarity may also deter team members from speaking
out against the majority opinion and push the team to put more emphasis on common
knowledge instead of unique information [87].

Conversation patterns recorded by our badges showed the turn-taking behavior
and recorded whether all participants had an opportunity to share information and
take an active part in the discussion. An unbalanced contribution in team meetings

might indicate inefficient behavior.

2.4.4 Matching Expectations

The degree to which team members understand and agree on their roles and the task
plays a part in shaping group dynamics. Studies have shown the positive effects of
similarity of expectations |60, 35, 36|, and how these shared expectations gradually
develop as the team performs more tasks together and team members get to know
each other better |74, 58|.

The Team Mental Model (TMM) construct was introduced as a way of capturing
the implicit coordination observed in effective teams and understanding how they
operate in complex, dynamic context [60]. A team with well-developed TMM should
have a common view of what is happening, what is likely to happen next, and why
it is happening. Having a shared understanding of the situation permits the team to
coordinate actions and adapt its behavior as a response to changes in task demands,
leading to enhanced decision making and higher performance. In contrast, teamwork
breakdowns or ambiguity with respect to who is responsible for specific tasks may
lead to catastrophic results [34, 88|.

TMM presents two main properties as measures of team functioning—similarity

and accuracy. Similarity measures the degree to which understandings are alike
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among individuals—for example, whether the team members see the team priori-
ties in the same way. Accuracy measures to what extent the team’s beliefs reflect the
"true state of the world" [32]. Both properties are important for understanding team
performance—for example, similarity combined with inaccuracy might cause a team
to work efficiently, but towards the wrong goal.

These properties cannot be directly measured using our badges. However, dis-
agreements may appear as a high level of turn-taking in meetings, with participants

cutting each other off or frequently speaking at the same time.
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Chapter 3

Hardware Design

3.1 Initial Requirements

The primary requirement of the system is to capture the conversational dynamics of a
group by recording audio signals from the team members. The secondary requirement
is to keep the system as simple as possible so it can be easily deployed at large events.

Prior studies conducted by the Human Dynamics group marked conversation dy-
namics as a key component affecting teams’ performance [69, 89]. We therefore de-
cided to focus this work on speaker detection, as this signal provides the most value
and cannot be easily implemented by other means.

The main factor affecting the design of the board was simplicity, as it helps us
to achieve several goals. By using only a small number of electronic components,
all of which are widely available, we could keep the cost of the system low, rapidly
prototype, and allow other researchers to reproduce the work more easily.

Additionally, the badge must have a small form factor (smaller than an average
business card) and a low-profile, streamlined design so it can fit inside a standard plas-
tic name tag. This obviates the need for designing and manufacturing a specialized
enclosure, further lowering the cost of the badges.

These characteristics will also allow us to quickly deploy many of these badges at
a large event, such as a public Hackathon or conference. At this type of event, the

organizers have little time to interact with individual participants and ask them to
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join a study, let alone perform an action such as installing a mobile application or
filling out forms. We envision participants receiving a name tag already containing an
active badge so that data could be collected from the moment they enter the event.

A low per-unit price and a simple enclosure make the study of these events more
feasible, as the combined cost of badges and labor required for deployment is low.
Another element in the cost calculation is the price of lost units—people are expected
to be only weakly tied to the organizers of such events, and researchers should expect

that some badges will be lost at each event.

3.2 Functional Description

The system consists of base stations and badges that communicate using Bluetooth
low energy (BLE). An optional Wi-Fi access point enables easy access to the base
stations. Figure 2-1 shows the components of the system.

The base station’s role is to keep the clocks of all badges synchronized, monitor
their health and periodically pull data from each badge and store it locally on the base
station. The badges’ role is to continuously collect speech data from each participant
and store it until it get sent to the base station. When a badge is first activated, it
will wait for the base station to connect and synchronize its internal clock.

A LP2985AIM5-2.0 low noise linear regulator drives the INMP401 breakout board
to ensure a continuous, noise-free power supply for the microphone. The output
of the INMP401 is connected to a passive low-pass filter with a cut-off frequency
fe = 312. The filtered output is connected to one of the Analog-to-Digital Converter
(ADC) pins of the RFD22301 Bluetooth-enabled microcontroller (RFDuino). The
microcontroller then samples the INMP401 microphone every 200ms for a period of
100ms and averages the values, creating five samples per second. Samples are stored
on the SRAM of the RFD22301.

Due to the limited SRAM of the RFD22301, only 10 minutes of samples can be
stored on the device. The base station connects to each badge before the samples

buffer overflows and pulls the data over a BLE connection to ensure that no data is
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Figure 3-1: A simple deployment that includes two badges, a base-station, and a
portable Wi-Fi access point

lost.

3.3 Badge Design

The main goal in the design of the badge was to keep it simple, so it is easy and
cheap to make in quantity and potentially instrument a large number of participants
with badges. The final design has only a small number of components—a microcon-
troller with integrated Bluetooth Low-Energy transceiver, an off-the-shelf microphone
breakout board with an amplifier, a coin cell battery holder, optional break-out pro-
gramming header, a voltage regulator, a power switch, and several capacitors and
status LEDs. These components are mounted on a 2 7/8" by 1 3/4" double-sided
PCB board small enough to fit in a standard convention badge holder (Figure 3-2),

or the badge can be simply worn as-is using a neck cord (Figure 3-3). Cost per unit
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is $38 for a small batch, not including assembly costs.

We wanted to allow other researchers who are interested in using this system to
adopt it easily, and therefore used widely available components that are also easy to
hand solder (see Appendix B). For the same reason, we decided to use Arduino [2],
one of the most popular development environments for hardware projects.

Following techniques pioneered by the Sociometric Badges, badge captures con-
versation dynamics by comparing the volume observed by each of the badges in order
to determine which participant spoke and when. The values are averaged in a way
that obscures the actual content of the conversation. Chapter 4 describes the data
collected by the badges and the way we analyze them in more detail.

Other methods for speaker diarization exist, but are usually domain specific and
require recording the actual conversation [81, 59|. Besides the technical implications
of recording the conversations (e.g. high bandwidth requirements for the transmission
or stronger computational resources on the badge itself), people are typically reluctant
to be recorded [25].

In its current form, the badge operates as a stand-alone data-acquiring unit that
can save up to 10 minutes of data before transmitting it to a base-station. It can
operate for up to 36 hours using a single CR2032 coin cell battery, due to the low-
power design.

The next sections describe the different components used in the badge and the

considerations for each one.

3.3.1 Bluetooth Low-Energy

The core component of the badge is the RFD22301 (also known as RFduino), a 16MHz
ARM Cortex-M0 microcontroller with integrated Bluetooth low energy (BLE), based
on Nordic nRF51822 [10]. Compared to the other popular BLE-enabled microcon-
trollers that were available at the time, the RFD22301 offered the best combination
of price, size and ease of use, together with Arduino support (see Table 3.1). Using an
IC that packs both a microcontroller and a BLE transceiver, the REFD23301 further

simplifies the hardware and software design of the badge.

36



Figure 3-2: A badge carried inside a

convention badge holder Figure 3-3: A badge with a neck cord

Table 3.1: Popular BLE modules

Module Price | Mounting Size Integrated | Arduino
Antenna support

RFD22301 (RF- | $14.99 SMD 0.6" x 0.6" | Yes Yes

Duino)

RedBear BLE | $17.90 PTH 0.83" x 0.73" | Yes Yes

Nano

Punch Through | $10 LGA 0.63" x 0.47" | Yes No

Design LBM313

Punch Through | $30 PTH 1.75" x 0.875" | Yes Yes

Design Bean

BLE technology offers several advantages over ZigBee, ANT, Wi-Fi and tradi-
tional Bluetooth. As the name suggests, the BLE standard was developed to deliver
ultra low-power wireless communication at a low cost [4]. Compared to other tech-
nologies, it provides excellent power-per-bit and a short set-up time [29, 77]. The
RFD22301 specifications states a 12mA transmit/receive current, 4mA ARM CPU

running current and ULP current of 4uA [10].

Another major advantage of BLE over other standards is that BLE has an in-
creasingly ubiquitous presence on smartphones and laptops. This enables us to com-
municate with the badges using most existing platforms. Chapter 3.4 describes one

such implementation using Raspberry Pi—a pocket-sized, single-board computer.
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3.3.2 Microphone

A commercially available breakout board with a MEMS microphone and an amplifier
is placed parallel to the main board, such that the microphone is facing the chest of
the wearer. This design focuses the microphone and makes it more sensitive to the
sounds generated by the wearer, protects the microphone, and creates a streamlined,
low profile.

Compared to electret microphones (ECMs), microelectromechanical microphones
(MEMS) provide better noise performance, device-to-device repeatability, and low
power consumption, all in a very small package [55]. However, using MEMS devices
involves a reflow soldering process that requires equipment not available to the average
graduate student.

The Sparkfun INMP401 [12]| breakout board was selected because it is one of the
only off-the-shelf breakout boards available with a MEMS microphone, the Analog
Devices ADMP401 [1]. This microphone has a flag frequency response from 100 Hz
to 15 kHz. Since reflow soldering requires special equipment, using a pre-assembled
board reduces prototyping time and makes it easier to reproduce this thesis.

The INMP401 also contains an amplifier with a gain of 67, and a DC offset cir-
cuit that offsets the output of the microphone around VCC'/2 voltage, producing a

microcontroller-friendly signal.

3.3.3 Microphone Low-pass Filter

As explained in Chapter 4, when determining the speaker for each timestamp, we com-
pare the sound levels captured by all badges. A passive low-pass filter was therefore
added to reduce the noise from unwanted sources, which can mask the participant’s
voice.

The fundamental frequency for adult human speech ranges between 85 Hz and
255 Hz, with women having a higher mean fundamental frequency than men within
this range ([80, 16]). For convenience, we set the cut-off frequency at f. = 312.

A first order low-pass filter circuit consists of a resistor in series with a load, and
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a capacitor in parallel with the load. The cutoff frequency can be calculated using

1

s-rc- DBy setting the cutoff frequency f. = 312 and

the following equation: f, =
the capacitor value to C' = 0.1uF', we can determine the resistor value R = 5.1k(2.
Because of the built-in 312 Hz cutoff frequency of the microphone, we receive a 100

- 312 Hz band.

3.3.4 Power Supply

The badge is powered by a single CR2032 3.0V coin cell battery for up to 36 hours.
We chose to use this type of battery because of its small size and low price—as low
as 30 cents per unit. This type of battery is widely available and easy to replace.
The alternative, rechargeable batteries, may be cost-effective in the long run.
However, a large deployment with hundreds of badges would have a high initial cost—
not only the price of the batteries themselves, but also the cost of battery chargers. In
addition, each deployment would require a considerable amount of human resources

to keep the batteries charged.

3.3.5 Microphone Voltage Regulator

The main board includes a low power LDO power regulator to ensure a continuous,
noise-free, power supply for the microphone. The Texas Instruments LP2985ATM5-
2.0 operates from +2.2V to +16V, and delivers a guaranteed 150mA low-noise current
with a low-dropout at +2.0V[7].

The +2.0V supply voltage falls well within the required operational range of
the INMP401 unit (1.5-3V), while the 2.2V supply voltage required to drive the
LP2985AIM5-2.0 unit itself can still be delivered by a 3.0V coin cell battery.

3.4 Base Station

A base station is required for collecting the data from the badges. Since the badges

have limited memory, we developed a base station that reads the data from each device
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every couple of minutes. Additionally, the base station synchronizes its internal clock
with an NTP server and sets the clock on each badge in order to ensure synchronized
timestamps.

The base station is implemented using Raspberry Pi Model B+, a low-cost, low-
power, pocket-sized, single-board computer with 512 MB RAM, 700 MHz single-core
ARM processor and 4 USB ports [9]. We also included a Wi-Fi module for network
connectivity and a BLE module to communicate with the badges. The base station
code uses a combination of the official Linux Bluetooth stack, BlueZ [5], and BluePy,
an open-source BLE library for Python |[3].

The Raspberry Pi computers enabled us to create a low-cost, stand-alone system
that is easy to deploy and simple to extend. For example, multiple base stations can
be deployed in order to get good coverage if required. It is also possible to deploy
several base stations and scan for devices in order to calculate an approximate location
based on the RSSI values |23, 43].

A dedicated server code manages the communication with the badges. At startup,
the server program connects to each badge and sets its internal clock so that the
samples’ timestamps are synchronized. It then queries the badges in a round-robin
fashion and pulls a compact data structure with the latest data samples.

Each payload of data consists of the time stamp of the first sample, the sampling
delay between samples, and a series of samples. Using these data, we can later assign
the exact time stamp for each sample. The payload also contains the current voltage

of the badge’s battery for monitoring purposes.
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Chapter 4

Data Analysis

4.1 Determining Badge Volume

The badge creates a data point every 200 ms by averaging samples over a period of
100 ms. This allowed the microcontroller to be placed in an energy-saving mode for
almost half the time. Sampling rate is kept at f; > 800 Hz, due to the 100 - 312 Hz
frequency band created by the filters on the badge.

The ADC on the microcontroller converts the analog value read from the micro-
phone to s(t), a value between 0 and 1023 that corresponds to an input voltage of Ov
and 3.6v respectively. The microphone breakout board DC offsets the signal to 1v,
half of the operating voltage provided by the 2v voltage regulator.

Taking into account the center voltage of 1v and a range of values between Ov and

2v, the amplitude is calculated and then averaged to create a data point:

1
a(k) = |s(k) — 1023%| (4.1)
1 fSTt
v(t) = 7T ;;1 a(k) (4.2)

Where f,T't is the number of samples used for creating a data point of time ¢.
We then use a threshold and a moving average transformation on the data series to

smooth the signal and remove noise.
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4.2 Detecting the Active Speaker

The active speaker at each time interval is determined by comparing the amplitude
recorded by all of the badges that took part in the conversation at time ¢ and choosing

the badge with the highest amplitude:

Algorithm 1 Speaker selection algorithm

1: procedure ACTIVE SPEAKER(t) > time
2 activeSpeaker < none

3 mazxAmp < 0

4 for each badge n € N do

5: if v, (t) > maxAmp and v,(t) > 0 then

6:

7

8

9

activeSpeaker < n
maxAmp < vy (t)
end if
end for
10: return activeSpeaker
11: end procedure

An example for the behavior of this algorithm can be seen in a dataset collected
in one of our preliminary experiments. In these experiments, two participants were
reading monologues and dialogues taken from the television sitcom Seinfeld. Figure 4-
1 shows badge #4 reading a monologue between minute 31:15 and 32:00. The dataset
was then processed using the method described in the previous section to produce
Figure 4-2. In the two figures we can see activity on both badges, but since the
amplitude from the participant wearing badge #4 is higher, the algorithm chooses
him as the active speaker (Figure 4-3).

4.3 Computing Turn Taking

Turn taking is computed by counting the number of times the active speaker has
changed, as described in Algorithm 2. Examples for the output of this algorithm can
be found in Chapter 5.

Note that we assume that only one speaker is active at any given time. This

may result in a high level of apparent turn taking when several people are talking
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Figure 4-1: Raw vocalization samples from two badges. Badge #4 is reading a
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Figure 4-3: Speaker detection. Red shows badge #2 as the speaker. Blue shows
badge #4 as the speaker. Black represents silence
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Algorithm 2 Turn Taking Count

1: procedure COUNT TURN TAKING(t1,t2) > The time interval
2 count < 0

3 last Active < none

4 for t =tl1 to t2 do

5: currentActive «<— ACTIVE _SPEAKFER(t)

6

7

8

9

if currentActive # lastActive and currentActive # none then
count + count +1
lastActive <+ currentActive

end if
10: end for
11: return count

12: end procedure

simultaneously.
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Chapter 5

Badge Evaluation

We evaluated the badges using a series of experiments, with each experiment testing
a different aspect, such as people’s reaction to the badges, the stability of the system,
and whether the signal is rich enough to study team behavior during short events.

We first tested the badges in a short team-building exercise called "The Marsh-
mallow Challenge"—an activity in which participants are asked to work together and
build the tallest freestanding tower made of spaghetti sticks and tape that can hold
a marshmallow at the top.

The results of these studies help us validate the functionality of the badges by
showing that the observed behavior matches the data collected by our framework.
Our analysis also suggests that the exercise itself can be used to study different
factors affecting team performance, such as team composition and size.

We then conducted two Hackathon studies. The first, MIT Hacking Medicine,
was primarily used for testing the stability of the data-collection platform over a two-
day period, and testing the willingness of participants to wear it. Due to technical
difficulties, keeping the system working properly took a considerable portion of our
time, but we were still able to make general observations on the behavior of the two
teams we monitored and compare it to the data collected by the badges.

For the second Hackathon, an internal corporate Hackathon, we focused on making
detailed notes on the behavior of team members and the group as a whole so we could

later look for these behaviors in the data and evaluate Hackathons as a research

47



setting.
The preliminary results from these Hackathons show that, as expected, the teams

follow patterns and behaviors similar to the ones described in the teams literature.

5.1 The Marshmallow Challenge

The Spaghetti and Marshmallow challenge is an eighteen-minute team-building ex-
ercise in which participants are asked to very quickly develop a solution to an unex-
pected problem under strict constraints (e.g. time and materials).

Here, we show that by instrumenting the participants with badges, we can measure
the contribution of each team member to the discussion, and observe how much time
the team spends discussing the problem and how the energy of the discussion changes
throughout the experiment.

Due to the short duration and the similarities between this event and the planning
and execution phases in Hackathons, Marshmallow Challenge teams can be seen as
the fruit-fly version of Hackathon teams. These characteristics enable us to test the
effect of several factors on team efficacy, such as the effects of group size and the
composition of skills on the dynamics and performance of teams, in a more controlled
environment. The challenge also provides a simple, clear measure of success—the

height of the tower constructed by the team.

5.1.1 Background

The Spaghetti and Marshmallow Challenge is a team-building exercise that was first
introduced by Peter Skillman in 2006, and later popularized by Tom Wujec in his
2010 TED talk [92]. In this challenge, small teams are given 18 minutes to build the
tallest freestanding structure that holds a single marshmallow on top.

Tom Wujec’s Marshmallow Challenge website [91] provides detailed instructions
for the experiment: each team is provided with a kit that includes: scissors, 20 pieces
of spaghetti, three feet of string, three feet of tape, and one marshmallow. When the

countdown clock starts, they have exactly 18 minutes to build the tallest structure
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Figure 5-1: Performance of different types of teams. Source: Tom Wujec, TED April
2010

that can hold the marshmallow using the materials in the kit. A proctor reminds the
groups of the remaining time and measures the height of all qualifying structures.

Waujec has conducted over 70 design workshops with engineers, executives design-
ers, business school students, and even kindergartners and shared his findings about
the performance of different types of teams and their style of collaboration. Table 5-1
summarizes the results from these experiments.

Interestingly, recent graduates of business schools tend to significantly under-
perform compared to the average, a finding that Wujec attributes to their training—
discussing and conceiving the single perfect plan and executing it. They spent con-
siderable time trying to establish dominance and plan, leaving only a few minutes to
execute their idea. By the time they placed the marshmallow at the top of the tower
and realized that it is not as light as it seems, it was too late.

In contrast, successful teams in this challenge showed the characteristics of a lean
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startup—they learned by doing, rapidly prototyping and experimenting. They broke
into smaller teams, worked in parallel and performed multiple iterations. Not sur-
prisingly, kindergartners did well above the average. Instead of wasting precious
minutes discussing who was going to be CEQ, they started building and trying dif-
ferent shapes, gaining better understanding of the structural properties of spaghetti
and the weight of the marshmallow.

Wujec also highlights the importance of diverse skills. Engineers and architects,
through years of experience, obtained the specialized skills required for building tall
structures using the materials provided in the experiment. Not surprisingly, the
tallest stable towers were indeed built by engineers and architects. Facilitation skills
matter as well—while teams of CEOs did better than average, putting an executive
administrator in the team significantly improves its performance. Wujec hypothesizes
that their facilitation skills help them manage the process and keep track of time.
This result is consistent with other studies that showed that diversity of skills and

information lead to better team performance.

5.1.2 Study Description

We recruited two teams of students and staff from MIT Media Lab and MIT Sloan
School of Management for this experiment. Each team was given the kit and the
instructions described on the official Marshmallow Challenge website [91].

In addition, each participant was asked to answer a series of short surveys that
included demographic and professional background questions as well as the Ten-Item
Personality Inventory (TIPI) [37] of the Big-Five personality dimensions. We then
instrumented the participants with badges. A unique identifier was issued for each
participant to link her survey data and badge data and protect her identity.

During the experiment, the remaining time was displayed on a tablet and an-
nounced by the proctor. The proctor also took notes describing the progress of the
group, when it started trying the materials and when the marshmallow was first
placed at the top of the tower. In contrast to the original setting of the Marshmallow

Challenge, the teams could not observe the progress of other teams since only one
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team participated in the experiment at a time.

5.1.3 Results
Team #1

Team #1 consisted of four participants from the same Media Lab research group and
one participant from Sloan. The participants were allowed to introduce themselves
before the experiment started.

At the very beginning, participant #15 suggested that since the marshmallow is
heavy, they should start building with the marshmallow on top so that they could see
how its weight is supported by the spaghetti. The team also agreed that they should
split into two groups and maximize their time.

Data collected during the experiment show several stages in the team’s work.
Figure 5-2 and Figure 5-3 reveal that in the first five minutes of the experiment, the
team mostly discussed the problem and possible solutions. In the next five minutes
the amount of conversation was dramatically lower as the team started trying out
different approaches.

Not shown in the data is the fact that shortly after the counter started, the team
split into two smaller groups. At first the groups tried different approaches to the
problem. Then, after a short group discussion for sharing insights and coordinat-
ing their efforts, two team members focused on the base of the structure, while the
remaining three members were building the top part.

In the second half of the experiment we can see the amount of conversation in-
creasing again as the team is running out of time, except a short period of silence
just as the team put together the two parts of the structure. This team produced a

21" tower.

Team #2

Team #2 had a total of three participants from different programs in the MIT Sloan
School of Management. They started discussing the problem and different strategies,
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Figure 5-3: Team #1, number of turns taken per minute

and very quickly tried out the available materials—after three minutes they already
had an untaped pyramid shape.

Once they agreed on a strategy (three pyramids with doubled spaghetti holding
a single-spaghetti pyramid) they started taping the pieces of spaghetti together to
create the tower. As seen in Figures 5-4 and 5-5, starting at the seventh minute,
there were fewer conversations, and hence more building. They did not stop talking,
though—during this time the participants kept discussing what needed to be done
and how.

After the proctor gave the final five-minute warning, the group members realized
how little time they had left, and had a short planning session followed by a burst
of work. Looking at the last two minutes of the data from this team (Figure 5-4),

however, one can see that as the team was running out of time, the team members
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Figure 5-5: Team #2, number of turns taken per minute

spoke more to each other in order to coordinate their work. Team #2 built a very

stable, 19.5" tower.

Interestingly, Figure 5-7 shows the participant wearing badge #16 in team #2 was
clearly a more active speaker than the other team members. She was, in fact, domi-
nating dominating the conversation. One would expect participant #15 in team #2
to dominate the conversation in his team, though—he is the former CEO of a small
company, an MBA program graduate, and, based on the Ten-Item Personality Inven-
tory, shows a higher level of extroversion than the other team members. However, he
did not try to manage the team here. One possible explanation is that he has enough

experience to let people do their work and only direct them when necessary.
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Comparison

The comparison of the two teams reveals several differences in their behavior. While
both teams showed an increase in turn taking towards the end of the experiment,
it did so sooner in team #1. This may indicate a greater need for collaboration in
team #1, especially since the team broke into smaller groups—participants #6 and
#13 worked separately from the rest of the team and constructed the base of the
structure while the rest of the team worked on the top part. Further experiments
are required in order to determine whether this behavior is an example of a large
team that was able to efficiently leverage its size by breaking into small independent

working units after the initial discussion |27, 40, 48].

Prior studies have found the level of equality in contribution to the discussion to
have a strong relationship with performance, as it represents equal opportunities to
share information and opinions |70, 62|. Figures 5-6 and 5-7 show how the teams
differ in the contribution their members made to the conversation. As observed
by the proctor, the participant wearing badge #16 in team #2 was clearly a more
active speaker compared to the other team members, and was in fact dominating
the conversation. The conversation in team #1 seems more balanced. Particularly,
the two participants who worked on the base (badges #6 and #13) had an almost

identical contribution to the discussion.
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5.2 Hackathons

5.2.1 Background

Hackathons provide an excellent bridge between the laboratory and the corporate
setting, where project-based work is so important for innovative outcomes. In a
Hackathon, groups of people come together for a very short burst of creative work,
and are expected to go through the full range of tasks and phases composing the
innovation process.

In this setting, people have a high incentive to be creative; after all, that is why
they are there. This creativity can be quantified, based on scores provided by the
judges, or, in a corporate Hackathon, how many resources are eventually allocated
to the idea. Corporate Hackathons in particular enable us to study team behavior a
setting where team members have a better understanding of why they are engaged in
the task, and have an affiliation with it.

This section mainly serves as a proof of concept. It tests the feasibility of using
the badges for capturing data from long, dynamic events. We then demonstrate how
the rich signal captured by these devices can be used to study the changes in the
behavior of teams throughout an event and identify different stages in the teams’ life
cycles.

We conducted two studies in different Hackathons. The first Hackathon was a
large scale event that invited the public to help improve medical care. Here, we
wanted to test participants’ willingness to wear the badges for two days, and collect
basic vocalization data see how different stages of the event are represented in the
data.

The event also presented us with an opportunity to test the stability of the system
in a dynamic, two-day event. Due to technical difficulties and the time it took us
to recruit two teams for the study, only limited qualified data is available from this
study.

The second Hackathon was a corporate event that brought together employees

from different departments in order to improve customer-facing services. At this
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point, we already had a stable system that required minimal maintenance, and we

could therefore take notes and collect more detailed qualitative data.

5.2.2 MIT Hacking Medicine—Grand Hack 2015

Organized by MIT Hacking Medicine [22, 30] and held at the MIT Media Lab, the
Grand Hack 2015 had a turnout of more than 450 participants from 19 states and
eight countries, making it one of the largest healthcare Hackathons in the world [6].
A total of 80 teams competed for over $13,000 in cash prizes as well as incubation and
mentorship opportunities. Now in its second year, the Grand Hack is MIT Hacking
Medicine’s flagship event to innovate in healthcare by bringing the entire spectrum
of healthcare stakeholders together in a single Hackathon.

The Hackathon opened with a welcome session and a series of presentations ex-
plaining the goals of the Hackathon, after which the event broke off into the four
separate tracks—Global Health, Primary Care, Telehealth, and Wearables. Each
participant was assigned to one of these tracks beforehand, based on his or her reg-
istration information.

In each track, participants pitched their "pain point"—a problem in healthcare
that they wanted to solve. In many cases, these pitches reflected personal problems
that they or their families were facing.

As the participants walked around, introduced themselves, discussed the problems
and started forming teams and hacking their ideas, we approached several groups and
requested that they participate in the experiment. Having only a limited number
of badges available, we monitored the behavior of two teams. However, one team

produced largely unusable data due to technical difficulties.

Team #1

The first team included six participants with a mixture of backgrounds—clinicians,
economists, engineers and designers. Two of the participants were females and the

rest males, ages 25 - 45. The team was working on a novel mobile application that
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aggregates data from a patient’s glucose monitor and activity tracker to help change
his or her behavior and improve his or her wellbeing.

After the team agreed to participate in the study, each participant filled the sur-
veys and received a badge. The team continued to wear the badges until the final
presentation took place on the last day of the Hackathon. Badges were returned to
the researchers before participants left the event in the evening, and were given back
to the participants the following morning.

In general, the team worked together around a single, round table most of the
time, excluding meals, short workshops given by the sponsors of the track (Jawbone
and Microsoft), and similar activities.

Based on our observations, the participant wearing badge #7 seemed to be the
decision maker in this team—when we first approached the team, the other team
members were looking at her, waiting for her answer. The data collected by the
badges indeed indicates that during the first day of the event, her contribution to the
conversation (Figure 5-12) was about twice as high as most of the other participants,
with the exception of participant #6.

The second day of data reveals a more balanced contribution to the conversations.
Participants #6 and #7 no longer dominate the conversation. In fact, the contribution
of all participants is very similar. Note that participant #2 was absent during most
of the second day, and therefore no data is available from her badge.

Looking at the conversation patterns of the first day in Figures 5-8 and 5-9, we
observe several interesting behaviors. The team had repeating cycles in which the
conversation builds up and then fades. Some of this behavior can be attributed
to specific events that we observed during the event. For example, we can see the
conversation building up at 4:30 pm when the team returned from an organized
activity, and fading again around 5:00 pm when dinner was served. The conversation
built up again as the team members started to return from dinner and faded later
towards the end of the first day.

A longer, more interesting example occurred on the second day (Figures 5-10 and

5-11)—both the turn taking and discussion time started to rise at 10:40 am and
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came to a halt by 12:20 pm. At that time, the team members left the table and
went to practice their pitch with the mentors of this track. Therefore, the pattern
of conversation during this surge of discussions most likely indicates how the team
performs under intense time pressure. Not surprisingly, another peak of activity
occurred when the team returned to the table and discussed the issues raised by the
mentors. It is worth noting that the lack of discussions during the practice time is
due to technical limitations—the team moved outside the range of the base station
for a long period of time, leading to data loss.

This Hackathon also presented an unexpected opportunity to measure the effect of
an intervention on the behavior of the group. At about 4:00 pm of day 1 (Figure 5-8),
all participants were invited to join a dancing activity meant to energize them. What
appears to be a spike in conversation time is in fact noise created by the loud music
played during the dance session.

It is difficult to tell what was the effect of this intervention on the behavior of the
team. The conversation in team #1 started to build up over a period of 30 minutes
prior to the activity, and therefore the activity might have cut off an important
discussion. We can then see another discussion building up right after the activity
ended—only to be cut off by dinner. While a more comprehensive study is required,
the organizers might consider moving the dancing activity or dinner to different times,
or better yet, determine the best time based on real-time data obtained by the badges.

At 2:00 pm of the second day, all of the teams stopped working on their presen-
tations, gathered in the main conference rooms and started giving their final presen-

tations. At that time, the participants gave back their badges.

Team #2

The second team had nine participants, eight of whom agreed to wear the badges.
The team worked in a very methodical way—each time the team assembled, the team
members took turns explaining the status and giving their opinions. However, the
team split into smaller teams working in different locations and making it difficult to

collect data continuously since the participants spent long periods of time outside the
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range of the base station. Therefore, the dataset for this team is incomplete.
Figures 5-14 and 5-15 show the number of samples obtained from each badge in
every minute of the two-day event. This information can be treated as a presence
detector, telling us which participant was present around the table and when. If all
participants are present, we can assume that they gathered for a meeting. Note that
we only recruited this team at 3:00 pm, and therefore earlier data is not available.
The data reveal that team #2 did not hold many coordination meetings. In fact,
it seems that they only met at the beginning and end of each day. While the team
successfully split into smaller teams so it could be more efficient, this finding might
indicate a lack of coordination between the sub-teams, since face-to-face communica-
tion has been shown to be the most valuable form of communication [69]. The ability
to coordinate the efforts of all working units is essential for reducing uncertainties

and generating trust, and eventually affects the performance of the team [86].
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Figure 5-14: Team #2, number of samples collected by each badge during the first
day

5.2.3 Corporate Hackathon By a Multinational Pharmaceuti-

cal Company

The next Hackathon we studied brought together employees and contractors from
different departments of a pharmaceutical company, in order to improve the digital

process of a customer-facing service. The company organizes an average of one event
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Figure 5-15: Team #2, number of samples collected by each badge during the second
day

each month. Participants come to the table with a focused scope, based on pre-work
meetings that take place a few weeks prior to the event.

As opposed to other Hackathons, these Hackathons are not competitive. Here,
the entire team works as a single unit to define the problem, discuss how to solve it
and then work together to prototype a solution.

The teams are typically cross-functional and include marketers, sales representa-
tives, regulatory colleagues, a designer, several developers, a facilitator, and a subject
matter expert.

On the first day, the organizers usually introduce the challenge and then the
team members discuss the competitive landscape, go over insights from the pre-work
meetings and review the ideas participants came up with during the discussion. After
lunch the technical group begins working on the ideas, while the challenge owners
and other business unit representatives are dismissed. The next day there is one
checkpoint around lunchtime where the business unit representative comes back and
sees the progress made on the prototype. A final presentation of the solution is
demoed at the end of the day.

This specific Hackathon took place in the middle of the week in the company
headquarters. The team consisted of about 12 participants, with several others occa-
sionally joining the meetings. For some of them it was the first time participating in

such an event. An offshore development team supported the implementation efforts,
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especially at night.
The next sections provide a detailed description based on the notes taken by the
author. They cover the various stages of the Hackathon and explain how the group

dynamics are reflected in the data collected with the badges.

Stage 1—Challenge Presentation and Idea Generation

This stage took place on the first day, between 9:00 am and 12:45 pm, and included
an introduction to the concepts and goals of the Hackathon, followed by a discussion
about the possible solutions. Figures 5-16, 5-17 and 5-18 show how the dynamics of
the discussions changed throughout this stage, and will be explained in more detail
shortly.

The event started with an introduction, in which the organizers (wearing badges #11
and #9) explained what a Hackathon is and what the goals were for the next two
days. Afterward, at 9:20 am, the author of the thesis introduced the research project
and handed out badges and surveys to the Hackathon participants.

Shortly after that, the participants paired up with other attendees whom they
had not met before for a ice-breaking exercise—for half a minute, they were asked to
engage in small talk while drawing portraits of each other.

Since the data collection system was not operational yet, no data was captured on
this exercise. Even so, it still presents a potential intervention that can be studied in
future research. Does it have a positive effect on the overall performance of the team?
How long does the effect last? Do participants who complete the exercise interact
significantly more intensely, compared to random pairs, friends and acquaintances?

From 9:30 am until 10:15 am, the corporate sponsor of the event (wearing badge #6)
led a discussion about current solutions the company provides and possible improve-
ments. The participants shared their knowledge, asked questions and got to know
each others’ specialties. Figure 5-18 shows that badge #6 was very active, especially
at the beginning of this time period, as expected.

At 10:15 am the group took a 15-minute break. During that time, some partici-

pants left the room and some engaged in one-on-one conversations, as suggested by
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Figure 5-16: Percentage of conversation time per minute. Corporate Hackathon,
Day 1, 9:30 am - 1:00 pm

Figure 5-16. However, looking at the turn taking (Figure 5-17), we can see one of the
limitations of the badges—they cannot distinguish between different conversations
that take place at the same time. Since we assume that only one person speaks at
any given moment and identify the speaker by looking for the badge with the highest
volume, having multiple simultaneous speakers registers as turn taking.

After the break, the group continued the discussion until 11:08 am. Figures 5-16
and 5-17 show that group was having an active, yet civilized and polite discussion—
while the percent of conversational time was high, the amount of turn taking was
low. Even though the group did not agree beforehand on a method of discussion (e.g.
round-robin) they did not cut each other off very frequently. These results match the

author’s observations and notes from this event.

A notable characteristic of these discussions is the opportunity they provided for
participants to introduce themselves and contribute information that revealed their
expertise. The familiarity and trust that the discussions facilitated may have enabled
the participants to coordinate their next activities better |39, 73]. Ice-breaking activ-
ities, such the one the group practiced at the beginning of the event, are also likely

to help the participants get to know each other better.

At 11:08 am, participant #11 summarized the ideas that the group discussed and
explained the next activity. Figure 5-18 shows that this presentation had unique

characteristics—she spoke almost uninterrupted for a long period of time.
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In that activity, the participants were randomly assigned to two groups, located at
the opposite corners of the conference room. We will refer to the groups as group #1
and group #2. Each group was randomly assigned a set of features from the list cre-
ated during the previous stage, and it was up to the group to decide what they would
focus on based on what they found most exciting and interesting. The participants
gathered around a stand with large sheets of paper on which they could sketch their
ideas. At the beginning of this activity, two new engineers (badges #15 and #16)

joined the event and were assigned to group #1.

As suggested by the literature [27|, by breaking into smaller groups and paralleliz-
ing the discussions, the participants were able to iterate on the ideas faster and go
over more ideas in a short period of time. The participants were given instructions
not to judge an idea, and instead of brainstorming and pushing new ideas, they were
asked to improve an idea that someone had suggested and extend on that. The or-
ganizer explained this rationale as an alternative to "ending up with a board full of
ideas".

The author mostly accompanied group #1 to take notes, but also tried to monitor
group #2 in order to compare the behaviors of the two groups and see how the different
composition and settings affected the dynamics. Figures 5-19, 5-20, 5-21 and 5-22
zoom into the time period between 11:15 am and 12:00 pm to show the difference

between the two groups.

Based on our observations, the conversation in group #1 was more lively and active
compared to the second group. These observations are also supported by the data
collected from our badges—both the level of turn taking and the conversation time
were higher in group #1 (Figures 5-19 and 5-20). In fact, this group was more engaged
compared to any of the early discussions (except breaks). Considering that active
discussion and information sharing are some of the goals in this stage, understanding

the cause of these differences will help improve the productivity in future events.

One possible explanation is the difference in group size. Group #1 was larger than
group #2—eight people compared six. With more people in the group, it is more

likely to contain more opinions and have more relevant information to share [27].
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However, group #1 was obviously smaller than the super-group containing group #1
and group #2, and yet it was able to engage in a faster, more active, discussion.
Future studies should look into these mixed results.

The structure of this event may be an example for an efficient compromise—an
orientation session with knowledge sharing that includes all the participants and helps
create a common language and understanding |26, 36], followed by breakout sessions
that utilize the power of smaller groups [27]. The increased turn taking after the
participants returned to the table for a joint discussion at 12:05 pm, compared to the
levels of turn taking before the breakout session, implies that these sessions have a

noticeable effect on the group dynamics.

Another possible explanation for the differences between the groups is that the
space available for group #1 was smaller, forcing the participants to stand closer
to each other, and thus creating a sense of urgency. Having the participants of the
breakout sessions stand, rather than sit around the table, may have contributed to
this sense of urgency, the same way that stand-up meetings lead to a more focused,
higher-speed discussion [18].

The two new developers who joined the group, wearing badges #15 and #16, were
not very talkative during this activity (Figure 5-21). While this observation might
indicate that a certain period of time is required for new members of a group to
establish working relationships [73, 63, 39|, Figure 5-22 reveals that participant #10
did not take an active part in his group discussion even though he joined the event
at the very beginning. Alternative explanations might be specific personality traits
that prevented these participants from joining the discussion, or a lack of information
relevant to the problem.

At 12:05 am, the participants got back together, sat around the table and discussed
the insights and ideas brought up by the groups. Figure 5-18 reveals the active
participants in this part of the discussion—participants #1 and #2, who presented
the results of their groups’ discussions; participant #4, who manages the development
team; and the organizers and main stakeholders of the event, participants #6 and

#11. This part of the event ended at 12:45 pm.
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Figure 5-18 also reveals the contribution of the expert participants to different
parts of the discussion. Participant #4, the head of the development team, was mostly
engaged in technical discussions—for example, at the beginning of the event he was
asked to give an overview of existing solutions. Then, as the conversation shifted from
the user experience and how it can be improved to the details of implementation, he
became more and more involved.

On the other end of the spectrum, participant #10 did not engage in the dis-
cussions at this stage. In fact, as we will show in the following sections, he was
hardly involved at any stage of this event. We attribute this behavior to his role
in the event—as a designer, he was less familiar with the specific requirements and
concepts, and therefore did not have relevant information to share. Most of his in-
teraction with the group consisted of short conversations during the implementation

stage.

Stage 2—Implementation and Refinements

This stage took part on the first day between 1:00 pm and 5:30 pm and on the second
day between 9:00 am and 4:45 pm. During this stage, all the participants who were not
involved in implementing the prototype left the room and only came back for status
updates and the final discussion. The remaining participants sat around the table,
first discussing implementation details, and later working on the solution itself in
three smaller groups—back-end development, website design, and mobile application
design.

At 1:30 pm the group started discussing how to prototype the solutions discussed
earlier by the entire team. Not surprisingly, the manager of the development team
(#4) and his team members (#15 and #16) were very active during the conversation
as they provided more technical details and answered questions (Figure 5-25). The
organizers (#9 and #11) were active throughout the discussion as well.

After discussing the timing and the next status meetings, the group agreed to
keep working in the same room and prepare quick mock-ups for the 4:00 pm status

meeting. Similarly to the teams in the other Hackathon and in the Marshmallow
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Figure 5-24: Number of turns taken per minute. Corporate Hackathon, Day 1,
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Challenge, we observed an increase in conversation time as the deadline got closer
(Figure 5-23).

At 4:00 pm, participant #6, the corporate sponsor of the event, and participant
#13 joined for a status report. The participants updated them on their progress and
showed a mock-up of the new mobile application. During this presentation, the newly
joined participants asked questions and provided input on the plan. The contribution
of each participant is shown by Figure 5-25. As the corresponding areas in the chart

suggest, participants #6 and #13 were very active during this discussion.

When the status update ended, there were several short discussions among the

participants. Afterwards, most of them left to work from their own offices or get back
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Figure 5-25: Contribution (in seconds) to the conversation, by participant. Corporate
Hackathon, Day 1, 1:00 pm - 5:30 pm

to their usual work.

By 4:35 pm only four participants were left in the room. They working on the
project, occasionally having short discussions. Then, at 5:30 pm, everyone packed
their belongings and met some of the other participants for a dinner in a nearby

restaurant.

The next morning, a small part of the group reconvened at 9:00 am and kept work-
ing on the implementation. The development manager gave everyone a quick status
update, and they learned that an offshore team worked on the project throughout
the night.

The group members were eager to see the prototype and prepare for the new
status update that was scheduled for 12:00 pm, but because the developers did not
arrive until 11:40 am they had to push the deadline to 12:30 pm.

Figures 5-26 and 5-27 clearly show the discussion building up again when the
developers joined the rest of the group. Figures 5-28 provides additional information
on the conversation dynamics and the active speakers in this discussion. Note that
the manager of the development team (participant #4) hardly participated in the
conversation. It is also worth mentioning that even though participant #16 was not

wearing his badge during the discussion and instead left it on the table in front of
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him, the badge proved to be sensitive enough to register when he was talking.

At 12:30 pm more participants came in, caught up with their colleagues and made
some final preparations for the meeting. One of the participants joined remotely
using the conference room phone. As before, small talk registers as a high level of
turn-taking (Figure 5-27) since we cannot differentiate between conversations that
take place at the same time.

Participant #6 then asked if everyone was ready, and began leading the status
update at 12:45 pm. Most of the participants were either listening or taking active
part in the conversation, except participant #16 who seemed to be busy finishing up
the implementation.

After a short discussion about the compatibility of the rest of the websites owned
by the corporation, participants #6 and #9 showed a mock-up of the website and
the mobile application. At this point, participant #9 connected his mobile phone to
the projector and gave a detailed presentation of the web application.

At 1:12 pm, participant #6 congratulated everyone on a job well done, and ex-
pressed her excitement about seeing the results and being able to show them to other
partners in the company to facilitate a more fruitful discussion. The group then
talked about additional changes to the user interface and agreed to meet again at
4:00 pm for a last update.

The sharp drop in conversation time and contribution marks the time when most
of the participants left—1:30 pm. Those who remained discussed the feedback they
had received and decided how to best use the time they had left.

When the group met again for the last time at 4:00 pm, we again see a lot of
small talk before the main discussion starts. Then, if we look closely at Figures 5-28
and 5-27, we can see that the number of active participants is small and the level
of turn-taking is low, compared to other conversation intervals. This might indicate
that the participants were summarizing the event at this point instead of discussing
new information.

Participant #6 stressed that, for her, the Hackathon was a success. The team

created a mock-up that they can now discuss with the partners more easily, and
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Figure 5-27: Number of turns taken per minute. Corporate Hackathon, Day 2,
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better understand the team members’ contributionscontribution and the potential

implementation problems. The Hackathon ended at 4:45 pm.
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Chapter 6

Discussion

In our studies, we evaluated the proposed methodology for combining wearable tech-
nology with a new setting for studying team performance. We showed the richness of
behaviors that can be observed in Hackathons and the potential for using our badges

for future studies in this setting.

6.1 Badge Evaluation

The results of the studies in Chapter 5 show that our badges fulfill the main purpose
for which they were created—they capture the main conversational patterns that we
observed in the teams. Yet they have several limitations when used in the Hackathon
setting. These limitations can be largely overcome by enhancing the badge design, as

described in Chapter 7.

6.1.1 Conversation Patterns

Using data on participants’ vocalization, we measure participation, the parity of con-
tribution to group discussions, and the level of turn taking. In some cases, the data
can be used for measuring the frequency and duration of group meetings—a good

proxy for the level of collaboration within the team.
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6.1.2 Limitations

1. Identifying sub-groups. The main limitation of the badges is that they can-
not be used for differentiating conversations that are held by sub-groups. Large
teams often break into smaller working units which have their own dynamics
and different efficacy, and therefore it is important to measure their behavior

separately.

2. Multiple Speakers. Since we assume that only one person speaks at any
given moment and identify that speaker by looking for the badge with highest
volume, having multiple speakers registers as a high level of turn taking. Thus,
arguments in which several people speak simultaneously, and similar behaviors,

are not, properly recorded by the badge.

3. Base-Station Coverage. The badges can only hold a limited number of sam-
ples in memory, roughly 10 minutes of data, and must therefore remain within
close proximity to a base station. In a large-scale event, such as the medical
Hackathon covered in this work, team members often moved outside the range
of the base station, leading to data loss. This limitation has already been ad-
dressed by saving up to eight hours of data to the flash memory of the existing

microcontroller.

4. Other Behavioral Signals. Other behaviors that we observed in the studies
are not recorded by the badges. For example, participants’ body language
and eye contact may reveal level of interest in the conversation (e.g. who is
listening to the discussion and who is checking email on a mobile device instead).
Although these behaviors may be important for understanding group dynamics,

they fall outside the scope of this work.

6.2 Hackathons as a Research Setting

Our observations show that the Hackathon is a rich setting for studying group dy-

namics in innovation teams, with opportunities to perform interventions and measure
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the effect on team efficacy.

6.2.1 Observed Team and Teamwork Characteristics
Working Modes

We identify several types of working modes in a Hackathon, namely group discussions,
small talk, break-out sessions, and implementation time. These modes varied in the
levels of different conversational attributes, such as the number of active speakers,

the level of turn taking and how balanced the contribution of the participants was.

1. Group discussions. In a group discussion, the team members meet in or-
der to share information and opinions, debate different options and decide on
next steps. Because of the richness of vocal signals, this mode provides the

researchers with the most data on group dynamics.

The teams that we observed showed two main types of group discussions and a
similar pattern—a problem-definition and brainstorming meeting, followed by

a series of coordination meetings.

The first meeting was typically longer than the other meetings, as team members
had an opportunity to contribute their unique pieces of information to the
conversation and discuss the best course of action. By introducing themselves
and their expertise they built familiarity and trust that enable the participants

to coordinate their next activities better [39, 73].

The literature on team performance also suggests that the behavior of the team
during these initial meetings may be crucial for the success of future interac-
tions, as they help in establishing a common language and understanding, and

determine team dynamics |26, 36].

Status meetings were shorter, more focused, and varied in level of turn taking,
participation and duration. In future studies we will use these attributes, and
others, to investigate how the behavior of the team changes over time, and how

it is affected by time pressure and critical meetings. As an example, we have
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already observed higher levels of activity during coordination meetings that

took place just before pitch practices.

. Small talk. In these short sessions, small groups of participants engage in
mostly off-topic, casual conversation. Small talk is an integral part of socializing,
as it helps team members get to know each other better |26, 19, 69]. The
previous chapter shows that these conversations often precede group meetings
and are also common during breaks. Due to the limitations of the badges, we
cannot differentiate between multiple conversations that take place at the same
time, and therefore small talk registers as a period of high vocal activity with a
high level of turn taking. Future versions of the badges with proximity detection

will be able to differentiate between the simultaneous conversations.

. Breakout sessions. A breakout session is a period of time in which the team
breaks into small groups to discuss different aspects of the project. As we
observed in both Hackathons, this behavior seems to help the team utilize its
resources better by enabling it to work on multiple parts of the project at the
same time. This mode is characterized by a more active conversation (compared

to regular group discussions).

. Implementation. When they were not having a discussion, the participants
were typically busy working on the implemention of their ideas—either individ-
ually, as part of a smaller group, or together with the entire group. The amount

of time dedicated to implementation varied across time and teams.

The duration, frequency and order of these work modes, as well as the group

dynamics within each session, are likely to affect the team performance [86, 69].

Coordination and Sub-Groups

Some of the groups showed a tendency to break into sub-groups at different stages of

the Hackathons. This observation raises questions about the mechanisms that lead to

this behavior, as well as the role of coordination in determining group efficacy—How
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likely are teams of different sizes to break? What causes large teams to break into
smaller working units? Does it improve their productivity, and if so, how can we
encourage it?

The team in the corporate Hackathon was relatively large, up to 15 participants
in the group discussions, and split into smaller working units several times. On
one occasion, the participants were randomly assigned to teams as part of a breakout
session planned by the organizers of the event. Later, after the main group discussions,
some participants stayed to work on implementation while others went back to their
offices and occasionally returned for a status meeting.

When we discussed the average size of teams with the organizers of the medical
Hackathon, we were told that the average team has five to six members and that
larger teams often struggle or break into completely separate teams. Nevertheless,
the second team in that study had nine active members and seemed to perform well.
It appears that the team realized in an early stage that in order to leverage its size, it
must divide the work among several independent working units in different locations.
This finding is supported by the literature on team size |27, 40, 48]. While this
decision probably enabled each working unit to focus on its own tasks and work more
efficiently, the data for this team reveal a low meeting frequency, a finding that might
indicate a lack of coordination.

Occasional coordination meetings are essential for the success of complex tasks
[47, 86]. Various collaboration tools, such as shared code repositories, e-mail, and
conference calls make it easier for the participants to communicate and share their
work, but these tools are not as powerful as face-to-face meetings and do not re-
place oral communication [69, 19, 47]. Our observations confirm that interpersonal

communication varies throughout the event and among different teams.

Team Composition and Group Size

While large teams enjoy a potentially larger pool of knowledge, smaller teams require
less coordination and can therefore make decisions more easily. Our observations

already showed a faster working pace in small groups. Using data from the naturally
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occurring Hackathon teams of different sizes, future studies can determine whether
there is a correlation between the number of participants and the success of their
team.

Hackathon teams also showed different ranges of skills and backgrounds, and dif-
ferent levels of familiarity among team members. Further studies are required to
validate this observation using a larger sample size, and to answer some of the ques-
tions about the relationship between team composition and performance: Is it really
better to have a diverse team in a Hackathon? Can a group of friends work better
than strangers? Are they just as likely to come up with a good idea? How should
teams balance these two conflicting forces—diversity of skills and homogeneity of
personality and background?

The Marshmallow Challenge may be an alternative environment for testing some
of these effects. Due to the even shorter duration and the similarity to the planning
and execution phases in Hackathons, Marshmallow Challenge teams can be seen as
the fruit-fly version of Hackathon teams. These characteristics enable us to explore

these questions in an environment where we can control the composition of the teams.

6.2.2 Potential Interventions
Ice-Breaking Exercises

Ice-breakers, such as the pairing exercise from the corporate Hackathon, can poten-
tially improve team formation and quickly create stronger personal ties. By improving
our badges to detect proximity to other participants, we will be able to tell whether
new ties were created and how long the effect of the intervention lasted.

The method in which pairs are selected is expected to influence the effectiveness of
the intervention. In the example from the corporate Hackathon, instead of randomly
picking a partner, most people paired with the person sitting next to them. While
this method should create new social connections, one can only assume that some
of them would have been created even without an intervention, since people sitting

next to each other are likely to talk. Creating truly random pairs should increase the
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number of potential new social ties.

This intervention may be used to affect the composition of teams. If, for instance,
future studies show that these pairs are more likely to forms teams in Hackathons,
then organizers will be able to create more diverse teams by randomly pairing people

with different skills and backgrounds.

Energizing Activities

In the medical Hackathon, the dancing activity is an example of an event-wide in-
tervention intended to wake up and energize the teams. Yet, as the data from our
badges suggest, it interrupted the team discussion and did not necessarily lead to
more active behavior. By collecting behavioral data from more teams, researchers
will be able to measure effect of such interventions and determine whether they are

effective.

Interaction With Mentors

Interactions with Hackathon mentors, such as pitch practices and status meetings,
can be seen as potential interventions. They can be used to alter the structure of
the event, and their timing may change the frequency with which the team members

meet and coordinate their efforts.

6.2.3 Recommendations for Future Studies in Hackathons

Based on our experience, we recommend making the study part of the official Hackathon
agenda, and asking the organizers to introduce the researchers during the kick-off pre-
sentations. This will ensure that the Hackathon participants are fully aware of the
research and make it easier to recruit them for the study.

We also recommend asking participants to opt in to the experiment and instru-
menting them with badges before teams are formed. This will improve data quality,
ensure data availability for early team discussions, and obviate the need for interrup-

tions during these critical stages.
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Chapter 7

Conclusions

In this thesis, we evaluated a methodology that combines an affordable wearable
technology and the Hackathon setting to create a new environment for studying team
performance. This combination reduces the time and burden involved in such studies

and offers new opportunities for examining the effects of interventions on teamwork.

We presented a design for a wearable device that gathers vocalization data and
used it to analyze the conversation dynamics of teams at several different events. Its
simplicity and low price will enable future researchers to create their own badges and

use them for similar studies.

Observations from our Hackathon studies found them to be potential settings for
learning how team members interact and coordinate their efforts in order to achieve
a shared goal. Using the badges, we measured different aspects of team behavior and

showed how they change and evolve throughout the event.

To complete the evaluation of this methodology, we are planning to continue
this work with a full deployment of the system in a Hackathon with hundreds of
participants. All participants who choose to be part of this study will be instrumented
with our new, affordable badges, allowing us to collect behavioral data from dozens

of team simultaneously
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7.1 Future Work

The following sections list some of the elements omitted due to time constraints and

the limited scope of the project, and include our suggestions for future work in the

field.

Badge Design

e Eliminate the requirement for base-station proximity. We have already started
experimenting with a new version of the badge that utilizes the existing flash

memory on the microcontroller and saves up to eight hours of data

e Modify the badge so it can detect other badges and measure their signal strength.
This will enable us to identify moments when the team splits into smaller work-

ing units

e Similarly, by measuring the signal strength of surrounding iBeacons (Bluetooth
broadcasting units), we will be able to triangulate the location of the badges

and study how people interact with space

e Improve the platform so it can better handle simultaneous speakers. One pos-

sible approach is to monitor the activity on multiple frequency bands

e Further reduce the price by replacing the BLE/microcontroller module and

replacing the microphone breakout board with a digital microphone

e Add an accelerometer to the badge so we can sense movement and excitement

Hackathons

e Large scale deployments of our system are required to measure the performance
of multiple teams in the same event, compare the behaviors of these groups and

learn how they correlate with the level of success

e Recruiting participants and instrumenting them with badges at an early stage of

a Hackathon can reveal new information on team formation—how many people
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do participants talk to before they decide which team to join? How long does
it take them to decide? Can we create interventions that affect this process?

Does the physical layout of the event affect it?

e Hackathons themselves can be studied as a new setting for innovative work. Re-
searchers have recently begun to unlock the black box containing the dynamics
of social network formation within corporations, showing that the mechanisms
generating ties are frequently orthogonal to and sometimes at odds with the
goals of the organization[50]. Corporate Hackathons provide a low-cost mecha-
nism for organizations to potentially "rewire" their networks and for scholars to
observe the capacity for organizations and individuals to strategically manip-
ulate network formation|[78|. Using our methodology, researchers can measure

the effectiveness of these events and improve them

e Instrumenting mentors and judges with our badges during judging sessions can
provide new information on the decision-making process of a group of experts
asked to assess the creativity of an idea and its likelihood of success. This
process is similar to those that take place in other innovative settings, such as

venture capital firms, accelerators and incubators.

The Marshmallow Challenge

The Marshmallow Challenge can be used for studying the effects of team composition
and size on overall performance. We suggest a larger, more elaborate experiment in
which participants will be randomly assigned into teams based on their background
and demographics, thus creating teams of varying sizes and compositions.

It is also possible to use this activity to test the effect that teams have on each
other. For example, we can create a sense of rivalry by having multiple teams work

on the challenge simultaneously.
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Appendix A

Schematic Diagrams and PCB Layout
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Figure A-1: Badge PCB schematic
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