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Abstract—The modern engineering landscape increasingly requires a range of skills to successfully integrate complex systems.
Project-based learning is used to help students build professional
skills. However, it is typically applied to small teams and small
efforts. This paper describes an experience in engaging a large
number of students in research projects within a multi-year
interdisciplinary research effort. The projects expose the students
to various disciplines in Computer Science (embedded systems,
algorithm design, networking), Electrical Engineering (circuit
design, wireless communications, hardware prototyping), and
Applied Physics (thin-film battery design, solar cell fabrication).
While a student project is usually focused on one discipline
area, it requires interaction with at least two other areas. Over
5 years, 180 semester-long projects have been completed. The
students were a diverse group of high school, undergraduate, and
M.S. Computer Science, Computer Engineering, and Electrical
Engineering students. Some of the approaches that were taken
to facilitate student learning are real-world system development
constraints, regular cross-group meetings, and extensive involvement of Ph.D. students in student mentorship and knowledge
transfer. To assess the approaches, a survey was conducted
among the participating students. The results demonstrate the
effectiveness of the approaches. For example, 70% of the students
surveyed indicated that working on their research project improved their ability to function on multidisciplinary teams more
than coursework, internships, or any other activity.
Index Terms—Interdisciplinary learning, project-based learning, student project organization, embedded systems, Internet of
Things, wireless networking

I. I NTRODUCTION
The modern engineering landscape requires system engineering skills and interdisciplinary knowledge that are best
acquired through participation in large-scale projects. While
the need to engage students in large-scale “system perspective”
projects has been recognized [1], [2], such projects are rarely
attempted in academic settings. Project-based learning [3], [4]
is actively used to help students build professional skills, such
as teamwork and communication skills. Despite the many
project-based learning approaches that have been attempted
and the many frameworks that have been proposed [5]–[8], to
the best of our knowledge, project-based learning is typically
only applied to small teams and small efforts.
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Fig. 1: (a) The intended EnHANT form factor, (b) an EnHANT
mockup integrated with a flexible solar cell and thin-film battery,
and (c) an envisioned energy harvesting-adaptive EnHANT network.

In this paper we describe our experience in engaging a large
and diverse group of students in project-based learning within
a large-scale interdisciplinary research effort. Our experience
with organizing multiple student projects to contribute to
a large-scale effort is unique and this paper describes our
approaches and some of the lessons we learned.
Our ongoing project-based learning activities are related to
the “Internet of Things” [9] – digital networking of everyday
objects. Since 2009 a team of seven faculty members from
the Department of Computer Science and the Department
of Electrical Engineering at Columbia University have participated in the Energy Harvesting Active Networked Tags
(EnHANTs) project [10]. The goal of the project is to develop
a new type of a networked wireless device. These small,
flexible tags (the envisioned form factor for a future EnHANT
is shown in Fig. 1(a), and a recent mock-up is shown in
Fig. 1(b)) will be attached to commonplace objects to allow
them to communicate and network. EnHANTs will enable
futuristic applications envisioned for the Internet of Things,
such as finding lost objects (i.e., lost keys, sunglasses, or
toys will be accessible via wireless links) and detecting object
configurations.
Recent advances in ultra-low-power wireless communications, energy harvesting (deriving energy from ambient sources
such as light and motion), and energy harvesting-adaptive
networking will enable the realization of EnHANTs in the
near future [9]. Designing adaptive networks of EnHANTs,
shown schematically in Fig. 1(c), requires reconsideration of
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protocols on all levels of the networking stack. Additionally,
designing the EnHANTs to achieve the desired form factor
requires tight integration of the networking and communications protocols with the enabling hardware technologies. This
necessitates close and continuous interactions of students and
faculty members with expertise in the associated technology
areas. Working on the EnHANTs project exposes the students
to various disciplines in Electrical Engineering (circuit design, wireless communications), Computer Science (embedded
systems, algorithm design, networking), and Applied Physics
(battery and solar cell design).
Over 17 semesters, we have involved a diverse population
of 80 high school, undergraduate, Masters, and Ph.D. students in 180 semester-long research projects related to the
design and development of the EnHANT prototypes and
the prototype testbed. The student projects are multidisciplinary. A project typically focuses on one disciplinary area,
but requires interaction with at least two other areas. The
projects necessitate collaboration, provide students with indepth fundamental understanding of networking concepts, and
require students to improve their communication skills. We use
“real-world” system integration deadlines and frequent system
demonstrations to motivate students and to encourage crossdisciplinary collaboration. Students demonstrated prototypes
and the testbed at six conference demonstration sessions [11]–
[16] and at over three dozen additional live on-site and offsite demonstrations. Students also contributed to publications
describing the prototypes and the testbed [17], [18].To evaluate
our learning activities, we conducted a survey among the
students. Of the students who completed the survey, over 90%
indicated that the project was rewarding and enriching, and
70% indicated that working on this project improved their
ability to function on multidisciplinary teams more than any
other activity in their academic career.
This paper is organized as follows. Section II describes
the educational objectives and the related work. Section III
describes the EnHANTs umbrella project and the student
projects. Section IV describes our approaches to organizing
student projects and some lessons we learned over the 5year course of the umbrella project. Section V presents the
evaluation results and Section VI describes the outcomes of
the project. Section VII concludes the paper.
II. C ONTEXT AND I NTENDED O UTCOMES
Previous research has described structuring student research
experiences as a course [19], [20], a research-based program
aimed at undergraduates [21], and a framework for accommodating undergraduate students in a research group [5],
[6]. Researchers have also examined methods for providing
students with interdisciplinary research opportunities [8]
and for increasing student communication and collaborative
skills [7]. To the best of our knowledge, our experience
with providing many students interdisciplinary project-based
research opportunities as part of a single large-scale ongoing
research effort is unique.
The EnHANTs research effort is in the embedded systems
domain. The applicability of project-based learning to embedded systems has been specifically noted. Additionally, the
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Fig. 2: The EnHANT prototype: (a) photo, and (b) block diagram.

importance of learning embedded system design from a system
perspective has previously been emphasized [2]. Project-based
learning approaches for embedded system design have also
been embraced in different courseworks [3], [4]. The necessity
of engaging students in large system development projects has
been recognized as an important educational objective, and
some tools for emulating the scale of the development have
been proposed [1].
This paper builds on the previous research by describing a
method for engaging students in project-based learning within
a large-scale multidisciplinary research effort, where the structure of the projects is critical to success [22]. Project-based
learning encourages system level thinking [23], helps develop
engineering design skills [24] and “soft skills” [25], and is
well-suited for team-based [26] and long-term projects [27].
The research projects can help students to develop technical
skills and encourage undergraduates to continue to graduate
studies [28].
The high-level educational goal of the project is to improve the student’s overall education by exposing them to
a large-scale multidisciplinary research project. The project’s
main educational objectives focus on improving the students’
abilities to function on multidisciplinary teams and communicate effectively. Specifically, some notable objectives were
to enable students to effectively understand a systems view of
their specific project in the context of the overarching umbrella
project. It was also our goal to enable students to effectively
communicate with team members of different backgrounds
(i.e., hardware and software) as part of a unique multidisciplinary design and development process. Other learning outcomes, some of which were inspired by ABET EC 2000 [29]
included improving the students ability to design and conduct
experiments and analyze and interpret data. In Section V we
discuss evaluation results related to some of these objectives.
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Fig. 3: A timeline of the EnHANTs prototypes and testbed development, Phases I-VI. The milestones achieved during these phases were
presented at conference demonstration sessions [11] (7 student coauthors), [12] (7 student coauthors), [14] (9 student coauthors), [13] (10
student coauthors), [15] (10 student coauthors), and [16] (8 student coauthors).

III. P ROJECT- BASED L EARNING
The Energy Harvesting Active Networked Tags (EnHANTs)
umbrella project [10] has engaged, over 17 semesters, 80 students in 180 interdisciplinary hands-on semester-long projects.
In this section, we first briefly describe the umbrella project.
Then, we describe the student involvement.
A. Umbrella Project
The EnHANTs project [10] is a large multi-year interdisciplinary research project related to the Internet Of Things.
The main focus of the project is the development of the
EnHANTs prototypes and the EnHANT prototype testbed. The
current prototype is shown in Fig. 2. The prototypes harvest
indoor light energy using thin-film solar cells, communicate
with each other using custom-developed transceivers, and
implement custom energy-harvesting-adaptive algorithms on
several layers of the Open Systems Interconnection stack.
The testbed monitors the prototypes’ communications and networking parameters and controls the amount of light incident
on the prototypes’ solar cells.
The prototypes and the testbed were developed in a set
of phases over 5 years. The photos of the testbed in the
different phases are shown in Fig. 3, which additionally
demonstrates the iterative development of the different aspects
of the prototype and testbed functionality. We summarize the
functionality development steps below. All hardware, software,
and algorithm modifications to the prototype and testbed
functionality were designed, developed, integrated, and tested
as part of student projects.
• Energy harvesting allows EnHANTs to self-power by
obtaining energy from ambient sources (light, motion). As
part of the umbrella project, we have fabricated flexible
solar cells that efficiently harvest indoor light, and integrated them with the prototypes. Initially, we designed the
prototypes to sense, but not harvest, available environmental energy (Phase I). Next, we integrated rigid commercial
solar cells and implemented real-time energy harvesting
state monitoring (Phases II and III). Finally, we integrated

the custom-designed organic solar cells (Phase V) and
commercial flexible solar cells (Phase VI).
• Ultra-Wideband Impulse-Radio (UWB-IR) wireless
communications spend significantly less energy than
other low-power wireless technologies [30]. Early-phase
prototypes communicated with each other via standard (non-UWB) commercial sensor network mote
transceivers [31]. Prior to integration of the custom
UWB-IR communication modules in Phase III, we substantially modified the mote operating system (which did not
support custom transceivers). The integration additionally
required the implementation of a custom medium access
control module, since the UWB-IR transceiver characteristics differ greatly from the properties of the conventional
transceivers.
• Energy harvesting-adaptive algorithms were first designed and developed for simple single node scenarios, and
were later implemented for network scenarios. Following
the integration of the UWB-IR transceivers in Phase III,
we re-implemented the algorithms to take the UWB-IR
characteristics into account. In Phase VI, we introduced
an adaptive multihop network.
• Testbed functionality first consisted of a data logger
with a simple visualization interface, which we replaced
with a custom-designed real-time monitoring and control
system. We additionally developed several prototype light
energy control systems, from relatively simple manual
setups (Phases III and IV) to a software-based system
that exposes the prototypes to real-world trace-based light
energy conditions (Phase V).
At the end of each phase, a fully functional prototype
testbed was demonstrated by students, as indicated in Fig. 3:
• Phase I demo at IEEE SECON’10 [11]: 7 student coauthors from 2 research groups.
• Phase II demo at ACM MobiCom’10 [12]: 7 student
coauthors from 4 research groups.
• Phase III demo at ACM MobiSys’11 [14]: 9 student
coauthors from 4 research groups.
• Phase IV demo at ACM SenSys’11 [13]: 10 student
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coauthors from 4 research groups.
• Phase V demo at IDTechX’12 Energy Harvesting and
Storage USA Conference [15]: 10 student coauthors from
3 research groups.
• Phase VI demo at IEEE INFOCOM’13 [16]: 8 student
coauthors from 3 research groups.
The Phase IV demo [13] received the conference’s Best
Student Demonstration Award.
The conference demonstrations were conducted in different
cities, which necessitated solving not only technological but
also logistical challenges. For example, Phase II, IV, and VI
demonstrations required shipping. The Phase VI demonstration [16] was conducted abroad, which exposed students to
the differences in electrical systems of different countries and
to some of the challenges of international shipping logistics.
Additionally, we recently described the prototypes and the
testbed in two publications [17], [18] (7 student coauthors from
4 research groups; 16 contributing students from 5 research
groups additionally acknowledged).
B. Student Projects
As of September 2014, over 17 semesters the EnHANTs
umbrella project has engaged 80 students who have completed
180 semester-long projects. The number of student projects
completed each semester is shown in Fig. 4. The student
demographics are presented in Fig. 5 and Fig. 6. Out of
80 students, 6% were high school students we engaged via
a Harlem Children Society’s program that pairs university
researchers with students from under-served communities [32].
36% were undergraduates, 48% were M.S. students (nearly
all of which were in non-thesis terminal M.S. programs), and
10% were Ph.D. students. 73% of students were enrolled in
academic programs in Columbia University, while the other
27% were visiting students, such as Research Experience for
Undergraduate (REU) students, students from local colleges
without advanced research facilities, or visiting international
students. Students that were enrolled in academic programs at
Columbia University typically took this project as an elective
independent research project course (separate from the senior
design capstone project). Out of the 180 student projects,
51% were full-time projects (summer research internships,
REU projects, M.S. thesis research semesters). The other 49%
were semester-long research project courses to which students
typically dedicated 8-15 hours per week. 72% of the projects
were completed by male students and 28% by female students.
The main focus areas for the student projects were networking
(51%), circuits and systems (17%), and electronics and applied
physics (20%). Other projects focused on operating systems
and VLSI design (12%).
The student projects within the EnHANTs project are collaborative and multidisciplinary. A project typically focuses on
one disciplinary area (e.g., algorithm design, operating systems
development, solar cell design) but requires interaction with
at least two other areas. These projects challenge students by
requiring them to gain understanding of concepts outside of
their comfort zone. Additionally, the projects require students
to independently and proactively seek out relevant expertise
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throughout the research groups involved in the EnHANTs
project. This improves students’ communication and teamwork
skills. Four representative student projects are described below.
More than 40 additional project descriptions are provided
at [10].
• Real-time monitoring and control system (Phase I project,
completed by an undergraduate Computer Science student): The student developed a Java-based system to monitor and control the EnHANTs prototypes. The project
involved designing the necessary data structures to enable
communication between the prototypes and the computer
running the monitoring system. The student designed the
system to support both a text-based interface and a “visual
demo” interface that shows the activity of the prototypes
in an easy-to-understand way. This project, implemented
using TinyOS and Java, required knowledge of sensor
networking, wireline communication, and software design.
The student extensively interacted with students who were
modifying the prototype operating system and developing
energy-harvesting-aware algorithms.
• Energy harvesting module (Phase III project, completed
by an M.S. Electrical Engineering student): The student
improved the design of the Energy Harvesting Module
(EHM) that tracked the energy harvested from the solar
cell and the state of the battery in real time. The project
required the student to improve on a simple prototype
that used an off the shelf Coulomb counter. The student
worked with the students developing energy-harvestingadaptive algorithms to define a new specification for the
range, resolution, and response time of the EHM. The
student designed and built a new EHM that included a
high side current sense amplifier and new digital interface
to meet these requirements. This project required knowledge of circuit design and embedded programming and
an understanding of how the underlying hardware would
affect higher level system performance.
• Prototype UWB-IR communication module (Phase III
project, completed by an M.S. Electrical Engineering
student): The student developed and tested the UWB-IR
communication module. The student integrated a custom-
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designed UWB-IR transmitter and receiver chipset onto a
single printed circuit board and programmed a complex
programmable logic device to perform data serialization
and deserialization, preamble detection, and byte synchronization. The student also developed a UWB-IR radio
driver using TinyOS. Primarily focused on circuit design,
this project required the student to develop expertise in
networking, operating systems, and software design.
• Energy harvesting-adaptive network (Phase V project,
completed by an undergraduate Computer Engineering
student): The student implemented network layer protocols that handled the EnHANT packet routing. The
student first tested the network functionality using the
commercial transceivers, and then extensively evaluated
its performance with the custom UWB-IR transceivers.
The student also implemented energy harvesting-adaptive
network layer algorithms, which changed packet routing
paths based on the environmental energy availability. The
student extensively tested these algorithms with the custom
energy harvesting modules. While primarily focused on
networking, the project required the student to gain an
in-depth knowledge of energy harvesting and UWR-IR
communications.
IV. P ROJECT O RGANIZATION AND L ESSONS L EARNED
Organizing multiple student projects to contribute to a largescale effort is challenging. In this section we describe how the
student projects were structured to facilitate student learning.
We also present lessons that were learned throughout the
5-year course of the project. The lessons learned focus on realworld experiences including close and continuous cross-group
interactions, well-defined interfaces between student projects,
structured short-term goals, real-world work environment, development of student mentors, and project self-promotion.
A. Multidisciplinary Projects
As described in Section III, the student projects are collaborative and multidisciplinary, often requiring interaction with
at least two technical areas. The students work in different
labs, focus on different disciplines, and have different technical
skills, priorities, work styles, and expectations.
Early on we discovered that the gaps between the knowledge
of the students with different expertise areas are much wider

than anticipated. For example, Electrical Engineering students
are oftentimes unfamiliar with good software development
practices, while many Computer Science students may not understand how to handle experimental electronics. Additionally,
many students that are not majoring in Electrical Engineering
do not understand the concepts of frequency-domain signal
processing that are essential to the understanding of wireless
networking.
These knowledge gaps often lead to both technological
and interpersonal issues. Cross-group problem solving requires
students to trust each other’s expertise, but these gaps in
knowledge can make the trust difficult to establish. When
working with students, we encourage close and continuous
cross-group interactions to address these issues. We highlight
that such gaps are normal and should be treated as learning
opportunities.
Additionally, some of the most challenging problems arise
when a student is interfacing his or her project with another
project. The difficulty of solving these interface problems may
lead to interpersonal tensions. In our experience, designing
well-defined interfaces between different technologies has
been a challenging task that often required faculty members’
involvement. Ultimately these issues can only be addressed by
establishing, maintaining, and nurturing the connections between the research groups and between the different students.

B. Real-world System Integration Deadlines
EnHANTs prototype and testbed design, development, and
integration have proceeded in a series of phases (see Fig. 3).
At the end of each phase, the fully integrated prototype and
testbed were presented at a major conference.
Using conference timelines as real-world deadlines for
the integration of different student projects has many benefits. Providing structured short-term deadlines for student
projects, rather than abstract long-term goals, energizes and
motivates the students. Students are additionally motivated
by seeing their work integrated with the work of others,
used in conference presentations, and subsequently extended.
We learned that short-term system integration deadlines also
encourage frequent cross-disciplinary collaboration, as the
students worked together to quickly solve problems that were
arising. In addition, constant updates to the software and
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the hardware throughout the integration deadlines reduce the
impact of unsuccessful projects.
C. Frequent Cross-group Meetings
Students present their work to the faculty and students
from the different research groups at regular (weekly or biweekly) meetings. Such frequent cross-group meetings resemble interdepartmental meetings that are used to manage
large-scale projects in industry environments. The frequent
meetings facilitate cross-group problem-solving and encourage
new team members to quickly get up to speed on the state
of the projects. Additionally, the presence of faculty and
students from different research groups at these meetings
challenges students to present their work so that it could be
understood by people with different backgrounds, enabling
multidisciplinary discussions. The students also report that
observing how faculty members solve problems during these
meetings improves their own problem solving skills.

Fig. 8: A Phase III conference demonstration [14]
presented by M.S. and
Ph.D. students.

Fig. 9: A Ph.D. student
mentoring an undergraduate student.

demonstration components. The backups are tested both as
individual components and while integrated with the rest of the
system. Off-site demonstrations entail rigourous contingency
planning. Included in the many logistics to be considered are
international shipping of our testbed, prototypes, and monitoring system and voltage and plug adapters to accommodate
international power supplies.
E. Ph.D. Student Mentorship

D. Frequent System Demonstrations
Functional “live” EnHANT prototypes and testbed are frequently demonstrated in different on-site and off-site presentations.1 Frequent demonstrations, particularly those conducted
off-site (for example, Fig. 8 shows the Phase III conference
demonstration setup assembled at the conference location by
the student presenters), encourage students to design and
develop robust software, hardware, and algorithms and to
extensively verify and test their work. This improves students’
technical skills, and provides them with an understanding
of the quality standards required from technology in “realworld” applications. Additionally, the testbed demonstrations
give students opportunities to present their work to vastly
different audiences.
The frequent demonstrations of the EnHANTs system necessitate rigorous risk management. For example, we prepare
and fully test 2–3 “hot” backup components for each of the
1 Inspired by agile software development practices, we ensure that a version
of the prototypes and testbed is always ready to be demonstrated. We do
not integrate new software or hardware without extensive testing and design
for backward compatibility. This further reduces the impact of unsuccessful
student projects.

The faculty members involved in the EnHANTs project
are heavily engaged in the student projects. However, faculty
members delegate many of the day-to-day student supervision
tasks to the Ph.D. students. The Ph.D. students provide technical support and guidance to the students (for example, Fig. 9
shows a Ph.D. student troubleshooting a prototype component
together with an undergraduate student). Additionally, the
Ph.D. students are responsible for testing and verifying junior
student projects before integration with EnHANTs prototypes
and testbed, and for ensuring continuity between the different
student projects.
Handling many of the day-to-day activities, the Ph.D. students quickly learn student mentorship skills from the faculty
to become advisors to the high school, undergraduate, and
M.S. students. This awards the Ph.D. students with opportunities to practice teaching, assigning deadlines, and motivating
their advisees. Additionally, the Ph.D. students serve as initial
reviewers for all presentation materials prepared by the junior
students, which allows the Ph.D. students to practice giving
feedback (both technical and related to different aspects of
written and verbal communications). This experience provides
the Ph.D. students with insights into the managerial aspects of
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G. Knowledge Transfer

Fig. 11: A screenshot of the umbrella project website welcome
page [10].

academic positions, as well as with high level skills that are
valuable in industry environments.
F. Outreach and Promotion
Students also serve as ambassadors for the umbrella project,
performing tasks that are oftentimes typically done by faculty. For example, the students often directly present their
research to prospective graduate and undergraduate students
(see Fig. 10) and to university visitors. Due to the large
scale of the project, the students regularly get opportunities
to demonstrate their work to high-profile visitors they would
not otherwise encounter. This encourages the students to take
pride in showcasing their work. Among the visitors with
whom the projects’ undergraduate and M.S. students interacted
are many top academic researchers from the networking,
communications, and electronics communities. Additionally,
many visitors came from different companies including IBM,
Juniper, Samsung, and Phillips. The students interacted with
technical and non-technical company representatives. The nontechnical representatives included visitors with roles in marketing, operations, and sales.
Additionally, the students publicize their contributions to
the project on the EnHANTs website (see [10] and Fig. 11),
which is maintained by the members of the project. At the
end of each project, the students publish the results of their
work on the website. This process encourages students to step
back from the intensity of their research, see their work in a
positive light, and present it in an exciting manner. We learned
that providing students with venues for displaying their work
motivated students. The direct involvement of students in the
project promotion activities was also useful in recruiting new
students.

The large-scale, long-term nature of the umbrella project
necessitates knowledge transfer between the students. The
project uses an internal wiki that is kept up to date with shared
technical information and documentation. We learned that,
while knowledge transfer needs to be carefully monitored and
emphasized, most students embrace it when they can see firsthand that the documentation they create is used by their peers
and mentors. Similarly, most students embrace the opportunity
to introduce peers to their work and to teach them.
V. E XPERIENCES AND F EEDBACK
After the completion of Phase V of the umbrella project
in October 2012 (see Section III), we conducted a survey
to evaluate student learning and the effectiveness of our
approaches. In this section, we summarize the results of the
survey and other student feedback and briefly discuss our
changes to the organizational structure of the umbrella project
based on the feedback. We also briefly summarize student
outcomes.
We conducted a survey among all 45 high school, undergraduate, and M.S. students that had participated in the project
up to October 2012. The survey contained multiple-choice
questions and optional open-ended questions. Answers to the
multiple-choice questions were measured on a Likert scale: 1 –
strongly disagree, 2 – disagree, 3 – neither agree nor disagree,
4 – agree, 5 – strongly agree.
The survey response rate was 75.5%. In the survey’s openended questions, students shared many observations, comments, and suggestions about the project organization. Fig. 7,
12, and 13 show some of the results. Fig. 7 demonstrates
the percentage of students that agreed (or strongly agreed)
and disagreed (or strongly disagreed) with statements related
to the educational objectives (see Section II) and overall
student experience. Fig. 12 shows how the students compared
their project involvement to other activities (e.g., coursework,
internship) on particular aspects of soft skills and technical
knowledge. Fig. 13 shows on the Likert scale the average
evaluation score for some of the survey questions related to the
student mentorship by faculty members and Ph.D. students.
Overall, the students’ experiences were overwhelmingly
positive. Over 90% of the students believed their project experience to be rewarding and enriching. Over 85% of the students
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Academic

Software
Roles

Hardware
Roles
Other

Undergraduate
M.S. Students – Columbia (1), University of Michigan (1);
Ph.D. Candidates – Columbia (1), Princeton (2), Texas
A&M (1), UT Austin (1)
Program Manager at Microsoft; Manager of Cloud Operations at Bullhorn; Associate Applications Developer at
AT&T; Flight Software Engineer at Marshall Space Flight
Center
Software Developers – Akcelita (1), Bloomberg LP (1),
Credit Karma (1), ZocDoc (2)
Battery Test Engineer at 24M Technologies; Product Engineer at Intel; Electrical Engineer at Bala Consulting Engineers
Unknown (3)
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M.S.
Ph.D. Candidates – Carnegie Mellon (1), Columbia (6), Harvard (1), Northwestern (1)

iOS Developer at Longtail Studios; Cofounder of Software Company (Vessel.io); Technology
Associate at JPMorgan Chase; Applications Engineer at OPNET; Sales Engineer at Bluebox
Security
Software Developers – Apple (1), Interactive Brokers (1), Lam Research (1), Microsoft (1),
Oracle (1), VMWare (1), VM Turbo (1), Work Market (1)
Systems Engineers at Raytheon Co. (2); Electrical Engineer at SunPower Corp.
Circuit Design Engineers – Ambarella (1), SK Hynix (1), Credit Suisse (1), Silicon
Laboratories (1), Boeing Space Systems (1)
Pilot at U.S. Air Force; Business Assistant at TCL Multimedia; Unknown (1)

TABLE I: The placements of 22 undergraduate and 32 M.S. students that already graduated (6 undergraduate and 5 M.S. students are are
yet to graduate).

“The Ph.D. student or faculty member that I worked with . . .”
Likert Scale Score

5
Strongly Agree (5)

Ph.D.

Faculty

4
Agree (4)
Neutral (3)
3
Disagree (2)
2
Strongly Disagree (1)
1

Was
Provided Was interested Provided Was a positive
approachable appropriate
in the
insight into the role model
and accessible help and
success of
academic
guidance
my project
experience

Fig. 13: Project survey results: Evaluation of mentoring by Ph.D.
students and faculty.

indicated that working on this project improved their ability
to function on multidisciplinary teams and to communicate
effectively, made them a better computer scientist or a better
engineer, and was a valuable part of their education (Fig. 7).
70% of the students indicated that working on the project
improved their ability to function on multidisciplinary teams
more than any other activity. Additionally, 50% of the students
indicated that working on the project improved their ability
to communicate effectively more than any other activity, and
over 40% of the students indicated that this project increased
their knowledge of computer networking more than any other
activity (Fig. 12).
The students’ feedback on the project organization features
provided additional insights into the features’ effectiveness.
• Multidisciplinary projects: Most students enjoyed the
multidisciplinary nature of their projects. When specifying
what they liked most about the project, over 50% of
the students commented on one of its multidisciplinary
aspects. One student enjoyed her project being “about both
hardware and software”, and said it was “innovative and
challenging to integrate many different aspects in one”.
One student’s favorite thing about his project was the
“integration of my work with other parts of the system –
felt like a cohesive project that mattered more”. However,
students also noted that “getting everyone on same page
was difficult at times”, and said that “not being able to
know exactly what others are doing” was an impediment
to achieving some of their project goals. Based on this
feedback, we have been encouraging the students to independently and proactively collaborate with each other.
• Real-world system integration deadlines: While students nearly universally enjoyed being able to integrate

their work with the work of others, students’ opinions
about the deadlines were mixed. Some of the students said
that they liked the ”feel of product evolution” and ”liked
the challenging deadlines”. Yet other students pointed out
several deadline-related inefficiencies in project organization. For example, one of the students noted that at times
he was not given enough advance notice on system requirements prior to a deadline. Another student mentioned that
the deadlines resulted in unnecessarily “long and boring”
system testing. Another student also felt that because of too
many integration deadlines she did not have enough time to
make progress on her components’ next-generation design.
To improve the student’s experiences, we dedicated extra
attention to making sure that our subsequent deadlines
(such as the Phase VI deadline in April 2013) were
organized such that they did not negatively impact the
students.
• Frequent cross-group meetings: Most students appreciated the opportunities for problem-solving and work
discussions and showcasing provided by the regular crossgroup meetings. One student noted that “the meetings are
an excellent way for putting everything in the big picture.”
Yet several students also commented that the meetings
were unnecessarily long, and suggested that a better meeting structure should be considered for future projects.
To improve the quality of the meeting presentations we
encourage students to discuss their presentation with their
Ph.D. mentors. We are also considering introducing joint
presentations for students from the same research group.
• Frequent system demonstrations: Over 95% of the
students indicated that presenting their work was a rewarding and enriching experience. Several students specifically
mentioned the presentation skills among the skills they
acquired or improved while working on the umbrella
project. One student noted that “the opportunity to present
to others was invaluable. Plus it was a lot of fun!”
• Student mentorship: The majority of students appreciated the support provided by their Ph.D. student mentors.
Over 80% of the students said that their mentor was
approachable and accessible, and provided appropriate
guidance (Fig. 13). One student noted: “I’ve never considered pursuing higher education past undergrad level, but
I’m starting to see the appeal in getting a Masters and/or
Ph.D. now, after working around so many happy and pas-
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sionate people.” Several students additionally specifically
complimented their mentors.
• Outreach and promotion: Students were enthusiastic
and excited about many different aspects of the opportunities to present their work. More than 80% of the students
said that this experience improved their communication
skills and more than 50% said that it helped them to clarify
their career path. One of the students noted that presenting
her work was an ”overall confidence booster”. Another
specifically mentioned that it was “incredibly rewarding to
start the project not knowing very much about the subject
and end with the ability to present my work with real
knowledge of what I had worked on”.
• Knowledge transfer: Despite students’ favorable opinions of their mentors and despite their appreciation of the
opportunities to teach others, a large portion of the negative feedback focused on insufficient knowledge transfer.
Several students commented on the insufficient technical
introduction to their project. One student stated that “in
the beginning I felt I didn’t have enough support to ask
very basic things”, and another student noted that “a lot
of work goes to waste if you are unable to successfully
pass it on to the next person”. Based on this feedback we
have increased our efforts to ensure that the students create
high-quality up-to-date documentation.
Following the feedback from the survey, as we worked
through the Phase VI demonstration of the umbrella project
and past it, we have been modifying the organizational aspects
of the project to additionally facilitate student development.
We take added care in scheduling tasks related to system integration deadlines, so as not to over-burden students and detract
from research and educational objectives. To address crossgroup technological issues more quickly and to improve the
effectiveness of weekly cross-group meetings, we also conduct
many more frequent (up to 2–3 times per week) smaller-group
interactions, typically involving only the relevant students and
their Ph.D. mentors. Additionally, we take added care to ease
students’ introduction to the project and to ensure other aspects
of knowledge transfer. For example, we now educate students
on important aspects of umbrella project disciplines that they
may be unfamiliar with (e.g., we ensure that computer science
students are trained to handle experimental electronics).
VI. O UTCOMES
In this section, we list the outcomes of the project including
project awards, individual awards, student publications, and
career placements.
Project Awards: A demonstration of the EnHANTs testbed
(with 10 student authors and 4 faculty mentors) received the
Best Student Demo Award at the ACM SenSys’11 conference
[13]. The EnHANTs project also won the 1st place in the 2009
Vodafone Americas Foundation Wireless Innovation Competition and a project vision paper (with 3 students acknowledged)
received the 2011 IEEE Communications Society Award for
Advances in Communications [9]. Following these recognitions, the EnHANTs project and the student outcomes were
also featured in several media outlets including BBC/PRI,
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RFID Journal, Columbia’s The Record, IEEE Spectrum, and
MIT Technology Review.
Individual Awards: Students received: NSF Graduate Research Fellowship, 2013 MIT EECS Rising Star workshop
invitation, Columbia Presidential Teaching Award, Wei Family Foundation Fellowship (stipend and tuition for an incoming Ph.D. student), Exzellenzstipendium 2011 Fellowship
(competitive Austrian fellowship), as well as departmental
Undergraduate Research Awards (two), and M.S. Awards of
Excellence (two). The Ph.D. mentors received several awards,
some directly stemming from mentoring activities including
the Google Anita Borg Fellowship, NSF Graduate Research
Fellowship, Computing Innovation Fellowship as well as departmental Jury Award, Armstrong Award, and Collaborative
Research Award.
Publications: Nine students co-authored research papers [17],
[33]–[39]. A undergraduate authored [34] (with four other
students acknowledged). This paper was featured in the MIT
Technology Review Report on Business [40] and in the MIT
Technology Review Physics ArXiv Blog [41]. 29 students coauthored published demo descriptions [11]–[16] (see Section
III) and five students co-authored first-of-their-kind energyharvesting datasets [42], [43].
Career Placement: As of September 2014, 83% of the B.S.
and M.S. students have graduated and the other 17% are
continuing their studies. Table I shows the current positions
of the graduated students. Of the students who have already
graduated, 30% continued to higher-level academic programs
in top schools like Princeton, Harvard, and Carnegie Mellon,
including seven at Columbia (some of which later became
mentors in the program).2 The other 70% were recruited by
technology companies, such as Microsoft, Raytheon, Boeing,
Apple, Intel, OPNET, Oracle, VMturbo, and ZocDoc, as well
as by NASA and the US Air Force. Several students have
indicated that working on the umbrella project prepared them
for some of the challenges they face in their careers. For
example, one student noted that the “experience presenting
my work has been really helpful in my current job profile”,
and another highlighted that “being held accountable for
deadlines and project completeness helped prepare me for
work environment”.
In addition, a few of the Ph.D. mentors already graduated
and assumed postdoctoral positions in EPFL, Princeton, and
Columbia, research positions in AT&T Labs Research and
D.E. Shaw Research, and industry positions. Three of the
mentors also founded start-ups. All of the mentors indicated
that their mentoring experience was instrumental in shaping
their career paths.
VII. C ONCLUSIONS
While the modern computing landscape increasingly requires large-scale system engineering skills, such skills are
rarely acquired in a typical computing program. To address
this, over the last 5 years, we have been engaging a diverse
2 All of the M.S. students were originally enrolled in an M.S. only program
that does not lead to a Ph.D. and the high percentage of Ph.D. acceptance
among them is very unique.
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group of students in research projects within a large-scale
interdisciplinary Energy Harvesting Active Networked Tags
(EnHANTs) project. To date, 180 semester-long projects have
been completed within the EnHANTs project. The projects
challenge students’ knowledge and organizational and communication skills. Some of the approaches we have used to
facilitate student learning are the real-world system development constraints, regular cross-group meetings, and extensive
involvement of Ph.D. students in student mentorship and
knowledge transfer. Students find the projects rewarding and
gain valuable skills. Our experience demonstrates feasibility
of engaging diverse groups of students on large-scale interdisciplinary research efforts. It sheds light on some potential
pitfalls of such efforts (e.g., inadequate cross-group communication and knowledge transfer), and suggests best practices
to overcome these challenges.
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