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On “Flipping” a Large Signal Processing Class

Modern academy traces its roots back 
to the medieval universities estab-
lished between the 12th and the 

14th centuries [1]. Much has changed in 
the world of academia during the millen-
nium that separates a modern university 
from a medieval one. 

Among these changes, there are two 
that arguably stand out the most. First, 
university education is no longer con-
sidered the exclusive purview of a select 

few; rather, it has become a basic hu
man right for all. Second, technology 
has become an integral component of 
university education, be it the delivery 
of information through multimedia pre-
sentations, the use of e-mail for stu-
dent–teacher interactions, the reliance 
on course management systems for sub-
mission and grading of assignments, or 
the adoption of e-books as class texts. 
But there is one thing in academia that 
has remained largely unchanged since 
the advent of medieval university: the 
mode of instruction. 

Lecturing—in which an instructor 
imparts knowledge to students by 
standing in front of them and reciting 
relevant information that is recorded by 
the attendees—was the only mode of 
instruction in medieval universities [1]. 
Lecturing remains the dominant mode 
of instruction in modern academy. This 
is despite the fact that research on learn-
ing indicates lecturing is not the most 
effective means of helping students 
master the course material [2]–[5]. The 
reason for the survival of lectures in 
modern academy is simple: among all 
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the modes of instruction available to 
today’s instructors, lecturing remains 
the quickest and cheapest means of 
educating large numbers of students. 

The purpose of this article is to argue, 
however, that a carefully “flipped” class-
room can be used to replace a tradition-
al lecture-based classroom with minimal 
time, cost, and infrastructure overhead—
even for large classes with hundreds of 
students. The findings reported in this 
article are mostly based on my seminal 
15-week flipped offering of a junior-
level signal processing class. The final 
enrollment in the class was 133 students 
in the Department of Electrical and Com-
puter Engineering at Rutgers, The State 
University of New Jersey, in the Spring 
2016 semester.

The case against the lecture format
Tens of millions of students graduate 
from universities around the world in 
which instructions are centered around 
lectures. This is proof enough that lectur-
ing works. Recent research, however, 
makes it abundantly clear that lecturing 
does not result in the best learning out-
comes for all students [2]–[5]. This is 
perhaps more true in science, technolo-
gy, engineering, and mathematics dis
ciplines than in other disciplines. In 
particular, the following limitations of 
the lecture format in engineering educa-
tion started me on my quest to seek more 
effective, but low-overhead, alternatives 
to lecturing.

The fallacy of academic equivalence
Engineering instructors all over the 
world will have no hesitation accepting 
that “no two students are alike academi-
cally.” This truism holds regardless of 
whether one is an instructor at a more- 
or a less-selective university and whether 
one teaches a mandatory introductory 
course or an advanced elective class. 
The initial academic variation among 
newly admitted students can be primari-
ly attributed to their diverse educational, 
geographic, and socioeconomic back-
grounds. Afterward, the unavoidable 
pyramid structure of engineering curric-
ulum begins to amplify this initial vari-
ation. However, the lecture format 
ignores the academic variation among 

students and, instead, makes the falla-
cious assumption that all students 
enrolled in a class have required mas-
tery of prerequisite concepts. The un
fortunate outcome of this “fallacy of 
academic equivalence” is that two stu-
dents, one of whom secured an “A” and 
one of whom managed a “D” in the pre-
requisite course—receive identical in
structions in the classroom.

The fallacy of behavioral equivalence
The lecture format is primarily a pas-
sive mode of instruction [13], with 
active interactions between the instruc-
tor and the students mainly taking place 
in two scenarios: 1) the instructor 
probes and/or prompts the students to 
gauge their understanding of the pre-
sented material, and 2) the students 
ask clarifying questions by interrupting 
the instructor. An instructor who relies 
on the lecture format for achieving the 
learning objectives of the class effec-
tively makes an implicit assumption 
that students are capable of utilizing the 
aforementioned avenues for turning a 
passive lecture into an active one. Unfor-
tunately, this is another fallacious 
assumption; just like academically, no 
two students are behaviorally alike! 
Indeed, for every student in a class-
room who is apt at interacting with the 
instructor during a lecture, there are 
tens of students in the same classroom 
who either hesitate to engage in or 
outright dislike such interactions. 
While there are myriad explanations 
for this, ranging from social shyness 
and the fear of appearing clueless to 
one’s peers to the inability to quickly 
articulate one’s challenges with the 
presented material [13]–[16], the end 
result of the “fallacy of behavioral 
equivalence” is that the instructor can 
seldom, if ever, take real-time remedial 
actions to correct students’ under-
standing of the course material.

The fallacy of learning equivalence
Much of the learning in engineering 
classes takes place through problem 
solving. In most—if not all—engineer-
ing classes, however, the lecture format 
leaves little time for in-class problem 
solving. Engineering instructors try to 

overcome this limitation of the lecture 
format by assigning homework and 
practice problems to students. In doing 
so, the instructors make an implicit 
assumption that all students are equally 
capable of learning through out-of-class 
problem solving.

But this too is a fallacious assump-
tion. Consider, for example, what hap-
pens when a student gets stuck on an 
assigned problem due to conceptual 
challenges. The common thinking is 
that such students would reach out to 
the teaching staff (instructor, teaching 
assistants, etc.) for help. This, however, 
does not happen for a great majority of 
students due to reasons that range from 
their inability to approach the teaching 
staff during the assigned hours to the 
inefficacy of e-mail as a medium for 
discussing mathematical concepts [17], 
[18]. (Engineering instructors, for exam-
ple, can often be heard complaining 
about students’ lack of participation in 
office hours discussions.) The unfortu-
nate consequence of this “fallacy of 
learning equivalence,” especially in 
large classes, is that students’ learning 
begins to go out of lockstep with each 
passing lecture.

Contemporary alternatives  
to the lecture format
The limitations of the lecture format, 
especially in the case of engineering edu
cation, are well known to the academic 
community. Several alternatives have 
been proposed and experimented with 
in recent years to overcome these lim-
itations. Three modes of instruction 
that particularly stand out among 
these alternatives are 1) project-based 
learning, 2) a (massive open) online 
course, and 3) flipped classroom. 
While each one of these alternatives 
has its own sets of pros and cons, I 
decided to experiment with the flip
ped classroom based on the follow-
ing observations.

■■ Project-based learning helps stu-
dents gain a deeper understanding of 
the course material by presenting 
them with a real-world problem and 
guiding them toward a possible solu-
tion in a structured manner [19]–
[22]. It is perhaps one of the most 
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engaging modes of instruction and 
research has shown it to be highly 
effective in overcoming limitations 
of the lecture format [22]. Project-
based learning, however, has its own 
set of challenges when it comes to its 
adoption for engineering education. It 
is not straightforward to design a 
project-based learning curriculum for 
the majority of core engineering 
courses. Further, project-based learn-
ing requires specialized active learn-
ing classrooms (see Figure 1), which 
are typically in short supply on most 
university campuses. Finally, the 
human resource overhead (in terms of 
man-hours and student–faculty ratio) 
associated with project-based learning 
deters cash-strapped academic depart-
ments with large student enrollment 
from fully embracing it as a scalable 
alternative to traditional lecturing.

■■ Online courses, in general, and mas-
sive open online courses (MOOCs), 
in particular, are often put forth as 
scalable alternatives to the lecture 
format [23], [24]. The single biggest 
advantage of online courses is that 
video archiving of instructor’s pre-
sentations enables students to digest 
new material at their own pace by 
pausing, rewinding, and fast-forward-
ing parts of videos. Strictly speaking, 

however, online courses (MOOCs or 
otherwise) are pedagogically near-
identical twins of lecture-based 
courses. Similar to the lecture format, 
they revolve around the passive trans-
fer of knowledge from the instructor 
to students and implicitly assume the 
behavioral and learning equivalence 
of students. In fact, if anything, the 
lack of face-to-face interactions with 
the instructor only make it more chal-
lenging for some students to achieve 
the learning objectives of online cours-
es. And the astronomical drop-out 
rates of MOOCs [25], [26] seem to 
confirm this impression that online 
courses are pedagogically challeng-
ing for all but the most resolute 
of students.

■■ Flipped classrooms (see “Anatomy of 
a Flipped Classroom”), popularized in 
K–12 education by the advent of Khan 
Academy [27], appear to strike some-
what of a balance between the high-
overhead of project-based learning 
and the overly passive nature of online 
courses in engineering education. 
Similar to online courses, a flipped 
classroom makes use of video-based 
instructions that allow students the 
flexibility of revisiting key concepts at 
later stages in the course. Similar to 
project-based learning, a flipped class-

room uses class time for activities that 
not only help students recognize defi-
ciencies in their understanding of 
course material but also enable the 
instructor to take real-time remedial 
steps that can address these deficien-
cies. It is no surprise then that flipped 
classrooms have been adopted by a 
number of engineering instructors 
in recent years [28]–[33]. Notwith
standing these adoptions, the conven-
tional wisdom among engineering 
instructors has been that a flipped 
classroom—similar to project-based 
learning—is not scalable to core 
engineering courses that enroll hun-
dreds of students. There are two main 
reasons for this perception. First, it is 
a common belief that flipped offer-
ings also require active learning 
classrooms. Second, positive learning 
outcomes in flipped classrooms are 
often linked to low student–faculty 
ratios. The fact that flipped class
rooms in engineering education 
have mostly been adopted for small 
(sometimes elective) classes seems to 
strengthen this perception. Among 
the documented flipped classrooms 
in electrical engineering, [29], [30], 
and [31] had 30, 115, and 40 stu-
dents, respectively. 

Flipping digital signal processing 
at Rutgers University

Background and motivation
ECE 346: Digital Signal Processing is a 
required course at Rutgers for students 
majoring in electrical engineering. It is 
offered every year in the spring semester, 
with an average final enrollment of more 
than 100 students in the last five years. 
Traditionally, more than two-thirds of the 
students enrolling in this course are 
juniors who took ECE 345: Linear Sys-
tems and Signals in the immediately pre-
ceding semester, while the rest are 
seniors who did not or could not enroll 
earlier in the signal processing course for 
various personal or academic reasons. I 
have been teaching this course since 
spring 2012, with my first offering very 
much in the mold of traditional lecture 
and chalkboard format. This first offering 
would be considered a success by most 

Figure 1. One of the active learning classrooms at Rutgers University; facilities such as this are often 
recommended in education circles for use in project-based learning, flipped learning, etc. (Photo 
courtesy of Rutgers Digital Classroom Services.)
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academic standards; the course quality 
received an average rating of 4.33 (out of 
five) from 56% of the enrolled students, 
and there were more than a handful of 
students who had truly mastered the 
course material by the end of the semes-
ter. Despite its seeming success, this first 
offering also laid bare to me many of the 
limitations of the lecture format, espe-
cially in relation to large core courses. In 

particular, the struggles of students who 
did not conform to the assumptions of 
the lecture format (see the section “The 
Case Against the Lecture Format”) were 
all too palpable during the semester.

I made several tweaks to my first 
offering in the ensuing semesters in an 
attempt to make these offerings more 
equitable to students. These tweaks in
cluded experimenting with presentation 

slides in lieu of chalkboard text, video 
archiving of class lectures, grade-based 
incentives for class participation, and 
different attendance policies. Some of 
these tweaks appeared to be helpful to 
students’ learning (e.g., video archiving), 
while other tweaks seemed to have either 
little effect (e.g., mandatory attendance) 
or negative effect (e.g., presentation 
slides). None of the tweaks seemed to 

In a traditional classroom, the instructor transfers knowl-
edge to the students by delivering weekly lectures during 
assigned class periods. The students are then expected to 
master the covered material outside the classroom by 
working on assigned homework exercises and reaching 
out to the instructor during assigned office hours for any 
clarifications. Traditional classrooms, unfortunately, do 
not work equally well for all students (see the section “The 
Case Against the Lecture Format”). A flipped classroom 
(also referred to as an inverted classroom) literally flips 
the traditional learning paradigm on its head (see 
Figure  S1) [6]–[12]. Specifically, the knowledge transfer 

component of the course in a flipped classroom is moved 
outside the class; this typically involves the use of video 
lessons (see the section “Contemporary Alternatives to 
the Lecture Format”). The freed-up time during the 
assigned class periods is then used for carefully designed 
activities and collaborative exercises that help students 
master the course material. This “flipping” not only helps 
the students clarify any confusions in real time, but it also 
enables the instructor to personalize instructions to indi-
vidual students based on their own gaps in understand-
ing (see the section “Flipping Digital Signal Processing at 
Rutgers University”).

Anatomy of a Flipped Classroom

Figure s1. A side-by-side comparison of (a) a typical lecture-based classroom and (b) a flipped classroom. Because of the nature of 
these two modes of instruction, lecture-based learning and flipped learning are sometimes also referred to as passive learning and active 
learning, respectively. 

Traditional Classroom

Content delivery from the
instructor to the students
takes place in a mostly
passive fashion during
scheduled class periods.

Most of the learning is
expected to take place
outside the classroom,
through both assigned
homework exercises
and instructor office
hours.

Flipped Classroom

Content delivery from the
instructor to the students
takes place outside the
classroom through video
lessons and readings.

Most of the learning is
expected to take place
inside the classroom,
through class activities
and collaborative work.
This also enables the
instructor to remedy
students’ shortcomings
in real time.

(a) (b)
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directly confront the challenges of aca-
demic, behavioral, and learning varia-
tions among students. It was during this 
time, when I was exploring different 
means of teaching signal processing, 
that an interesting development took 
place. Prof. Van Veen taught flipped 
version of a senior-level elective sig-
nal processing class to 30 students at the 
University of Wisconsin-Madison in 
the fall of 2012 and shared his (highly 
positive) experience in [29]. The term 
flipped clasroom entered in my lexicon 
in 2013 as a result of [29], and I spent 
the next two years discussing with 
other educators (including the author 
of [29]) means by which large core 
engineering courses could possibly be 
flipped using minimal time, cost, and 
infrastructure overhead.

Ingredients of flipping on  
a shoestring
There were three major challenges that 
came to the fore when I carefully exam-
ined the possibility of flipping the man-
datory junior-level signal processing 
class at Rutgers. First, and this is perhaps 
the most daunting aspect of flipping a 
course for any instructor, I needed a 
plan to create engaging video lessons in 
a cost- and time-effective manner. Sec-
ond, and as noted by other instructors 
of flipped classes [29], [30], flipping a 
course for hundreds of students requires 
more than one person to guide students 
during in-class activities.

A general rule of thumb for the stu-
dent–guide ratio in flipped classes is 
20–30 students/guide, which means I 
needed a strategy to involve four to 
five additional guides in my flipped 
classroom without creating a budget-
ing crises for my department. The 
third challenge, often considered one 
of the biggest hurdles to the adoption 
of flipped learning for large engineer-
ing courses, is that the largest active 
learning classroom at Rutgers has a 
capacity of 90 students. Since enroll-
ment in the Digital Signal Process-
ing  course at Rutgers often exceeded 
100 students, I needed a plan that 
would enable students to reap the ben-
efits of a flipped classroom in a lecture 
hall setting. The different ways in 

which I addressed these three chal-
lenges are described next.

Low-overhead video lessons
Short, self-contained video lessons are 
the key to creating a flipped classroom. 
But planning, recording, and producing 
professional-looking videos can over-
whelm even the most committed of 
instructors. Being cognizant of the risks 
of overcommitting, I opted for an 
acceptable compromise between over-
head and quality of the video lessons 
for my flipped offering. This compro-
mise involved: 1) delivering lectures to 
students enrolled in my traditional 
offering of the signal processing class 
in spring 2015 using a pen tablet 
(Wacom Bamboo Tablet) connected to 
a Windows laptop and Microsoft One-
Note, 2) capturing a laptop’s screen 
using a screencasting software (Camta-
sia Studio 8) and recording voice using 
an external mic (Logitech HD Web-
cam), and 3) stitching, slicing, and 
deleting the recorded material using 
Camtasia Studio 8 to produce a set of 
27 videos, each one of which covered a 
single topic and excluded classroom 
interactions and discussions with stu-
dents. These videos, which are further 
divisible into subtopics of durations 
ranging from ten min to 30 min, are 
publicly available on my YouTube 
channel [34]. This piggybacking on 
traditional lecturing allowed me to 
limit the time overhead of these video 
lessons to an average of approxima
tely 2.5 hours per video. (This figure 
excludes both the lecture prepara-
tion  and the lecture delivery times 
since  I would have spent this much 
time  regardless as part of the spring 
2015 offering.)

The monetary overhead of these 
video lessons was also quite manage-
able, enabling my department to absorb 
the entire cost; in particular, an equiva-
lent system comprising a pen tablet, an 
external mic, and screencasting and 
video editing software can be built 
as  of this writing for approximately 
$US400. This figure excludes the costs 
of a laptop and note-taking software, 
both of which are considered integral 
for today’s educators. 

Low-cost in-class assistants
While having a person assisting every 
20–30 students for in-class activities 
is critical to the success of a flipped 
classroom, most universities cannot 
financially afford such a high ratio of 
students to teaching assistants. The 
junior-level signal processing class at 
Rutgers, for instance, has historically 
been assigned one graduate teaching 
assistant (GTA). To balance the needs 
for financial prudency and in-class 
assistants, I resorted to the use of peer 
learning assistants (LAs) for in-class 
activities. Specifically, I—along with 
the help of Rutgers Learning Centers—
recruited five students from my previ-
ous (spring 2015) offering of the signal 
processing class to serve as LAs for in-
class activities. Each one of these LAs 
spent two hours per week preparing for 
in-class activities and three hours per 
week assisting students during class 
times. These LAs were formally co
ached at the start of the semester in the 
art of pedagogy by Rutgers Learning 
Centers, and each one of them received 
a total of US$1,500 for the 14 weeks of 
instructions. Thus, for a meager mone-
tary overhead of US$7,500 (split among 
the university and the department), my 
flipped offering resulted in a student–
guide ratio of 22 (five LAs and one 
instructor for 133 enrolled students).

Flipping in a lecture hall
While an instructor should ideally have 
access to an active learning facility for a 
flipped offering [29], [30], the capital 
cost associated with construction of 
such facilities—especially the ones that 
can accommodate hundreds of stu-
dents—means this is not always possi-
ble. I faced this very challenge for my 
flipped offerings at Rutgers. Rather than 
being deterred by this challenge, I 
retooled my flipped offerings for large 
lecture halls. This retooling involved 1) 
reserving a lecture hall for the flipped 
classroom whose capacity was at least 
twice the maximum expected course 
enrollment, 2) dividing the lecture hall 
into contiguous groups of three rows 
each, and 3) prohibiting students from 
sitting in the middle row of each group 
of rows. These empty middle rows 
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enabled the instructor and the LAs to 
freely roam around the lecture hall, be 
able to physically approach all students, 
and assist them during in-class activities 
(see Figure  2). While such a seating 
arrangement cannot be considered a 
replacement for an active learning facili-
ty, in which students themselves can 
also roam around and can utilize 
resources such as computers and writing 
boards (see Figure 1), mid- and end-of-
semester feedback from students (see 
the section “Reflections on the Flipped 
Offering”) suggested that the solution 
was an effective compromise between 
idealism and realism.

Course organization
My seminal flipped offering of the sig-
nal processing class physically met for 
80 min each at 8:40 a.m. on Mondays 
and Thursdays. In addition, enrolled stu-
dents were divided into three recitation 
groups, with each group attending one 
80-minute recitation (led by the GTA) 
per week. There were three main catego-
ries of activities within this offering 
that fundamentally differentiated it 
from a traditional offering (see Table 1 
for a bird’s-eye view of these activi-
ties). These categories, referred to as 
home activities, in-class activities, and 
recitation activities in the offering’s 
parlance, accounted for 29% of a  stu-
dent’s final grade. To achieve the learn-
ing objectives of this offering, which 
included a comprehensive understanding 
of sampling theory, discrete-time pro-
cessing of continuous-time signals, dis-
crete Fourier transform, spectral 
analysis, and design of digital filters, I 
organized the three sets of course activi-
ties as follows.

Home activities
The category of home activities com-
prised tasks that students were re
quired to complete outside the classroom. 
These tasks, the graded portion of which 
accounted for 7% of a student’s final 
grade, were further subdivided into 
three groups. First, the students were 
regularly assigned video lessons, rang-
ing in total duration from 30 to 70 min, 
and textbook reading that had to be 
watched and completed, respectively, 

before each class period. Second, each 
set of assigned video lessons and text-
book reading was associated with an 
online assessment on a course man-
agement system (CMS) that the stu-
dents had to complete by 7 a.m. on the 
day of the respective class. These online 
assessments comprised the simplest of 
short-answer, true-false, and multiple-
choice questions and served as one of 
the main motivating factors for the stu-
dents to watch the assigned videos and 
complete the assigned reading. There 
were two other aspects of the online 
assessments that gave students the 
opportunity to remedy some of the 
shortcomings in their understanding of 
the covered material. These involved 
giving ample time to the students to 
complete an online assessment (typi-
cally, an average of 3–5 min per ques-
tion) and allowing students to retake an 
online assessment (with a different set 
of questions) in the case of unsatisfac-
tory performance on the first attempt. 
My flipped offering in spring 2016 had 

a total of 20 online assessments, which 
accounted for 67% of the grade for 
home activities. The final group of 
tasks that constituted home activities 
mostly consisted of paper-and-pencil 
exercises meant to reinforce students’ 
understanding of the course material; 
refer to Figure 3 for a graphical repre-
sentation of home activities in my 
flipped classroom.

In-class activities
I divided each 80-min class period into 
two components. The first component, 
which typically lasted for 10–15 min, 
was used for a brief review of key con-
cepts covered in the assigned video 
lessons. The second component, which 
covered the remaining class time and 
accounted for 15% of a student’s final 
grade, comprised activities that helped 
students reflect on their understand-
ing of the assigned video lessons and 
enabled me to take real-time remedial 
actions in response to widespread con-
fusions. To this end, these activities 
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were split into two categories: polling 
questions and paper-and-pencil exercis-
es. The polling question part of in-class 
activities involved sequentially display-
ing short conceptual questions to students 
on a presentation slide and recording 
students’ responses in real time using 
an online polling platform [see Fig-
ure 4(a)]. (I used the Poll Everywhere 
platform [35] in my class, which allows 
participants to respond using mobile 
devices.) The paper-and-pencil exercis-
es part of in-class activities involved 
sequentially assigning longer problems 
[see Figure 4(b)] to students and col-
lecting students’ work on loose sheets 
of paper. A typical class period con-
sisted of two to five polling questions 
and one to three paper-and-pencil exer-
cises, with each polling question worth 
two points, each exercise worth any-
where between four and 12 points, and 
the students guaranteed 25% of the 
points for attempting an activity. I, along 
with the five LAs, helped the students 
during each ongoing activity by roaming 
around the lecture hall and providing 

Table 1. A summary of the main activities that comprised my flipped offering in spring 2016.

Step 
Number Activity Category Activity Details Grading Details 

1–1 Home activity Viewing of assigned YouTube  
video lessons (~30–70 min per class) 

Ungraded 

1–2 Home activity Completion of assigned textbook reading  
(if applicable) 

Ungraded 

1–3 Home activity Completion of online assessment  
(due by 7 a.m. on the day of each class) 

~5% of the final 
grade

2–1 In-Class activity Review of key concepts by the instructor  
(~10–15 min per class) 

Ungraded 

2–2 In-Class activity Short polling questions  
(approximately two to five questions, with each 
worth two points) 15% of the final 

grade (25% points 
for an attempt) 2–3 In-Class activity Paper-and-pencil problems  

(approximately one to three problems, with 
each worth four to 12 points) 

3–1 Home activity Paper-and-pencil problems  
(approximately one to three problems assigned 
after some classes) 

~2% of the final 
grade

4–1 Recitation activity Problem solving by the GTA  
(~30–35 min and approximately three to  
five problems)

Ungraded 

4–2 Recitation activity Paper-and-pencil problems  
(approximately three to five problems, with 
each worth four to ten points) 

7% of the final 
grade 

Figure 3. A graphical representation of the three main groups of tasks comprising home activities in my flipped classroom. The CMS screenshot cor-
responds to the spring 2017 flipped offering.
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cues to struggling students. This looking 
over the shoulder of students and, in the 
case of polling questions, instantaneous 
access to students’ responses [see, e.g., 
Figure 4(a)] gave me real-time insight 
into students’ understanding of the cov-
ered material. This insight, which is one 
of the most important differences 
between a lecture-based offering and a 
flipped classroom, was then used to 
deliver a focused set of clarifying 
instructions to students at the end of 
each activity.

Recitation activities
Each one of the three recitation groups 
in the class attended one weekly 
80-min recitation period led by the 
GTA. The activities in these weekly 
recitations were designed to enhance 
students’ problem-solving skills. To 
this end, each recitation period was 
divided into two components. The first 
component, which typically lasted for 
30–35 min, involved the GTA solving 
three to five problems on a chalkboard 
that reinforced the concepts covered in 
the last two sets of video lessons. The 
second component, which primarily 
distinguished the recitations in the 
flipped offering from those in a tradi-
tional offering, covered the remaining 
recitation period and accounted for 7% 
of a student’s final grade. In this com-
ponent, students were sequentially 
assigned three to five paper-and-pencil 
problems that specifically helped them 
master the mechanics of problem solv-
ing. This should be contrasted with the 
in-class paper-and-pencil exercises 
that focused on students’ basic under-
standing of the course material. The 
students were given anywhere between 
four and ten min to solve each one of 
these problems on loose sheets of 
paper, with each problem worth any-
where between four and ten points. 
Further, the students were guaranteed 
25% of the  points for attempting a 
problem. The GTA, after assigning a 
problem to the students, roamed around 
the recitation room and helped students 
struggling with the problem. In addition, 
the students were encouraged to discuss 
the problems among themselves. Finally, 
the GTA capped off the assigned 

problems by collecting the students’ 
work and having a brief discussion of 
solutions of the problems.

The rest of the f lipped course’s 
structure—apart from the aforemen-
tioned home, in-class, and recitation 
activities—followed a traditional offer-
ing, with the remaining 71% of a student’s 
final grade divided among a prerequisite 
quiz, two in-class exams, a term project, 
and a final exam. There was, however, 
one additional aspect of my flipped offer-
ing that seemed to enhance students’ 
learning experience. In the second 
week of the semester, after the enroll-
ment transients died out, I divided my 
class into teams of three students (with 
at most two teams with four mem-
bers each). The idea was that students 
on the same team would not only sit 
together during each class period and 

collaboratively work on in-class activi-
ties, but they would also work together 
on home activities comprising paper-
and-pencil exercises. The success of 
this idea in terms of its impact on stu-
dents’ learning experience, however, 
depended on the creation of balanced 
teams. I accomplished this goal through 
the use of CATME Team-Maker tool 
[36], [37], which allows an instructor 
to gather various pieces of informa-
tion from students and then assigns 
students to different teams according 
to the criteria and weighting specified 
by the instructor. (The CATME system 
has historically been free for use by the 
academic community. Starting 1 July 
2017, however, there is expected to be a 
nominal license fee per unique student 
in an academic year that will help defray 
the system’s annual maintenance costs.) 

One of the Polling Questions
During In-Class Activities

Consider two continuos-time signals
plotted below, with one being “Blue”

and the other being “Red.”
Which signal would have a larger

bandwidth?

t = 0 t →

2

Real-Time Responses to the
Polling Question (n = 125)

Question #5–5
Poll Locked. Response Not Accepted.

80%

20%

Blue

Red

0 10 20 30 40
(%)

50 60 70

(a)

A health-care devices company makes digital ECG machines
with three leads, each one of which measures one signal.
The sampling part of these machines can be described as:

g1(t )

g2(t )
ga(t ) gaa(t ) g [n ] ga(t )

g3(t )

Antialiasing
Filter C/D D/C

TT

• Let G1( jΩ) = 2 ∀|Ω| ≤ 40π  and 0 o.w., G2( jΩ) = 3 ∀|Ω| ≤ 80π
  and 0 o.w., and G3( jΩ) = 2 ∀|Ω| ≤ 60π and 0 o.w.

• Let T = 1/70 s and assume the absence of an antialiasing filter.

Plot and label the CTFT of the reconstructed signal ga(t )?

(b)

Figure 4. Illustrative examples of (a) a short conceptual question and students’ responses to that 
question in my flipped classroom and (b) a longer paper-and-pencil exercise that the students 
solved within the class period.
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In particular, I configured the CATME 
Team-Maker tool such that the final set 
of teams brought together students with 
different levels of academic prepara-
tion, but similar (self-described) com-
mitment levels, schedules, and class 
years; see Figure 5 for a sampling of the 
particular criteria and weighting I used 
for my spring 2017 flipped offering.

Reflections on the  
flipped offering
The discussion in the section “Flipping 
Digital Signal Processing at Rutgers 
University” makes it abundantly clear 
that my flipped offering was sub-
stantially different from a traditional 
lecture-based offering. But did this 
offering result in better learning out-
comes for the students? Unfortunately, 
there are too many variables that affect 
students’ learning abilities and a defini-
tive answer cannot be given for this ques-
tion without having the ability to control 
these variables. Some of these variables 

include students’ academic preparation 
and command of prerequisite material, 
their learning styles, their work habits, 
and their intellectual abilities. Since I 
could not control any of these variables 
in my flipped offering, only anecdotal 
evidence from the perspectives of the 
instructor and the students can be provid-
ed to ascertain the effectiveness of the 
flipped offering.

Instructor’s perspective
There are four data points from my per-
spective that seem to suggest that my 
seminal flipped offering was a success. 
First, the number of students attending 
each scheduled class period (see Figure 6) 
as well as the general body language of 
the students seemed to suggest the stu-
dents were, on average, much more en
gaged in the flipped offering compared to 
my previous four traditional offerings. 
Second, the students’ performance on in-
class activities as well as the depth of their 
in-class queries suggested that the 

students internalized the course material 
better than in my previous offerings. 
Third, the sophistication of students’ 
term projects in the flipped offering, on 
average, exceeded that of the projects in 
my traditional offerings. A possible 
explanation for this improvement is that 
students enrolled in the flipped class-
room mastered the material better than 
in previous years. Finally, it used to be 
relatively straightforward for me in pre-
vious years to map students’ numerical 
grades to letter grades. But the assign-
ment of letter grades in the flipped offer-
ing became quite a chore for me  due to 
the lack of significant gaps in the dis-
tribution of students’ numerical grades. 
A possible explanation for this phe-
nomenon, which has also been pointed 
out in [29], is that fewer students were 
being left behind in terms of their under-
standing as part of the flipped offering. 
In particular, the most noticeable as
pects of my flipped offering—in 
comparison to the previous four 
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Figure 5. A partial screenshot of the CATME Team-Maker tool I used to distribute the students in my flipped classroom across different teams. This 
particular configuration of criteria and weighting corresponds to my spring 2017 offering with an enrollment of 111 students.
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years—are the significantly higher per-
centage of “A” grades and the signifi-
cantly lower percentage of “D” grades; 
see Figure 7 for the grade distributions 
of my 2012–2016 offerings.

Students’ perspectives
Students’ perspectives on this seminal 
flipped offering were formally obtain
ed  in two different manners. First, mid-
way through the semester, I solicited 
anonymous feedback from the students 
on my flipped offering through a com-
prehensive survey of 24 questions. This 
survey, which had questions that ranged 
from numerical ratings (e.g., where a “1” 
meant “strongly disgree” and a “5” 
indicated “strongly agree” for “The tra-
ditional, lecture-based format of engi-
neering education needs to be reformed”) 
and multiple choice (e.g., “yes,” “no,” 
and “not sure” for “If given an opportu-
nity, would you rather have ECE 346 in 
the traditional, lecture-based format?) 
to open ended (e.g., “What is one thing 
you would change if you were to offer 
ECE 346 as a flipped class?”), was 
completed by 63% of the enrolled stu-
dents (n = 84). Among the survey takers, 
there were 75 students who had no prior 
experience with a flipped classroom. 
Figure 8 summarizes the responses of 
students to five main questions in the 
survey that reflected this cohort’s opin-
ion of engineering education, while Fig-
ure 9 summarizes students’ responses 
to four key questions in the survey 
that can be interpreted as evaluation of 
my flipped offering. It can be seen from 
these two figures that, midway through 
the semester, an overwhelming majority 
of the students preferred the flipped 
classroom over the traditional lecture-
based classroom. Students’ responses to 
the open-ended questions in the survey 
shed some light onto a few of the rea-
sons for this preference. According to 
one student, “I enjoy the overall aspect 
of watching the videos at home and 
then solidifying the information in 
class.” Another student responded, “[It 
has given] me a chance to see what I do 
wrong when working out a problem 
[…] during the class time[,] instead of 
working on homework and waiting a 
month to get it back and not knowing 

why I did what I did.” And yet another 
student stated, “The flipped classroom 
method works better (in my opinion) 
because each student can go at his/her 
own pace.”

While the open-ended respons-
es of a number of students taking the 
midsemester survey validated my initia-
tive, Figures  8 and 9 illustrate that not 
every student agreed with this initiative. 
There were, in particular, 13 students 
who would have preferred to enroll in 
a traditional lecture-based course (cf. 
Question 7 in Figure 9). The respons-
es of these students to Questions 4, 5 
and some of the open-ended survey ques-

tions helped explain their opposition to 
the flipped classroom. Nine of these 
13 students responded with either 
“agree” or “strongly agree” to Ques-
tion 4, while seven of them responded 
with either “agree” or “strongly agree” 
to Question 5. In terms of the open-
ended questions, one of these students 
stated, “I feel that the flipped classroom 
is too much work for the amount of 
credits currently offered.” Another 
student responded, “[…] the flipped 
classroom threw a curveball at me 
and I was slow to adapt. It certainly 
demands a higher time commitment 
[…]” And yet another student stated, 
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“[I’m] doing very poorly in this course 
as of right now […] For this reason, 
I don’t like it.” These, and somewhat 
similar responses of a few other stu-
dents, suggest that some of the stu-

dents who preferred the lecture-based 
format might have done so for reasons 
other than pedagogical ones.

I obtained the next set of feedback 
on my flipped offering at the end of the 

semester as part of a Rutgers-admin-
istered anonymous course survey that 
helps students evaluate teaching effec-
tiveness of the instructor and quality 
of the course. There were a total of 
98 students (74% of the enrolled stu-
dents) who responded to this survey. 
These students gave the flipped offer-
ing an average quality rating of 4.47, 
which is the highest quality rating I 
had received for my signal processing 
class. Note that I am all too familiar 
with the common refrain in some parts 
of the academy that the course quality 
(and instructor evaluation) ratings are 
inversely proportional to the amount 
of time students have to spend on the 
course. However, my flipped offering 
was nothing but a highly demanding 
class. One student, for example, noted 
in his end-of-semester survey, “The 
work load was extremely high[,] which 
helped with learning the material […].” 
Similarly, another student wrote, “The 
flipped classroom was an interesting 
experience, even though it was more 
work for students.” In general, the 
feedback students provided through the 
end-of-semester survey corroborates 
findings of the midsemester survey 
and suggests better learning outcomes 
for a majority of the enrolled students. 
According to one student, “The abun-
dance of examples and problems we 
did in class helped me understand the 
material more effectively than doing 
homework problems on my own. De
spite being a class at [8:40] in the 
morning, I seldom felt tired or unin-
terested during the class.” Similarly, 
another student responded, “The con-
stant cycle of watching the videos, tak-
ing the quiz, reviewing in class, doing 
problems, and going to recitation to 
learn it again and do more problems 
was a fantastic process. It helped solid-
ify every topic and drill it into my head 
[…].” These are just few of the many 
survey responses that suggest students 
found the flipped offering to be both 
demanding and rewarding.

Concluding remarks
A flipped offering is a serious undertak-
ing, both from the perspectives of the 
instructor and the students. In particular, 
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the amount of work and the additional 
resources required for successful offer-
ing of a flipped course can easily over-
whelm the most dedicated of instructors. 
However, my experiences suggest that if 
one gradually transitions into a flipped 
offering and also adapts some aspects of 
a flipped classroom to the resource con-
straints of the offering university, then a 
flipped offering can be a truly rewarding 
experience for both the instructor and the 
students. But before that can be done, 
one has to be convinced of one thing: if 
some students are struggling academi-
cally in class, then it need not necessari-
ly be due to their lack of effort. Once 
that realization sets in, only then can 
one go ahead and investigate peda-
gogical techniques that work better for 
those students. 

When instructors try to answer the qu
estion of what works, they must be cog-
nizant of the fact that the top-performing 
students cannot be used as a yardstick 
for success of a pedagogical style. Indeed, 
there are always going to be students in 
every class who would succeed regardless 
of the pedagogical techniques adopted in 
the class. But an instructor’s duty is to 
reach out to all, and not just the top few, 
students. My seminal flipped offering 
has convinced me that an appropriately 
adapted flipped classroom is one way to 
reach out to more students. After having 
experimented with the flipped class-
room and having seen the outcomes of 
this experiment, I am not planning to 
revert back to the traditional lecture-
based format for my undergraduate sig-
nal processing class. Additionally, I hope 
that this article, along with the experi-
ences of other engineering instructors, 
will be inspiring to people to begin their 
own quest for the elixir of scalable effec-
tive teaching.

Acknowledgments
I owe the success of my seminal flipped 
offering both to discussions with numer-
ous educators as well as support from 
several sources. In particular, I would like 
to acknowledge the support of the Nation-
al Science Foundation CAREER Pro-
gram, Rutgers Electrical and Computer 
Engineering, National Academy of En
gineering Frontiers of Engineering 

Education, Rutgers Learning Centers, 
Rutgers Digital Classroom Services, and 
Rutgers Scheduling and Space Manage-
ment. I would also like to thank Susan 
Albin, Helen Buettner, Mary Emenike, 
Lawrence Rabiner, Barry Van Veen, and 
Roy Yates for many helpful discussions, 
and the anonymous reviewers for several 
helpful comments.

About the author
Waheed U. Bajwa (waheed.bajwa@ 
rutgers.edu) is with the Department of 
Electrical and Computer Engineering at 
Rutgers University in New Jersey. He 
received the 2015 National Science 
Foundation CAREER Award, whose 
education component supports his endeav-
ors related to flipping learning.

References
[1] J. C. Scott, “The mission of the university: Medieval 
to postmodern transformations,” J. Higher Educ., vol. 
77, no. 1, pp. 1–39, 2006.

[2] A. King, “From sage on the stage to guide on the 
side,” College Teaching, vol. 41, no. 1, pp. 30–35, Jan. 
1993.

[3] K. Powell, “Science education: Spare me the lec-
ture,” Nature, vol. 425, no. 6955, pp. 234–236, Sept. 
2003.

[4] H. L. Lujan and S. E. DiCarlo, “Too much teaching, 
not enough learning: What is the solution?” Adv. Phys. 
Educ., vol. 30, no. 1, pp. 17–22, Mar. 2006.

[5] H. G. Schmidt, S. L. Wagener, G. A. C. M. 
Smeets, L. M. Keemink, and H. T. van der Molen, 
“On the use and misuse of lectures in higher education,” 
Health Profession Educ., vol. 1, no. 1, pp. 12–18, 
Dec. 2015.

[6] J. Bishop and M. A. Verleger, “The flipped class-
room: A survey of the research,” in Proc. ASEE Annu. 
Conf. Exposition, Atlanta, GA, June 2013, pp. 
23.1200.1–23.1200.18.

[7] G. Mason, T. R. Shuman, and K. E. Cook, 
“Inverting (flipping) classrooms—Advantages 
and challenges,” in Proc. ASEE Annu. Conf.  

Extremely Weak
Weak
Neutral
Strong
Extremely Strong

Yes

Not Sure

No

Strongly Disagree
Disagree
Neutral
Agree
Strongly Agree

Strongly Disagree
Disagree
Neutral
Agree
Strongly Agree

6050403020100

(%)

What kind of a
student you
consider yourself
to be in relation to
mathematically
intensive
courses?

60 7050403020100

(%)

If given an
opportunity, would
you rather have
ECE 346 in the
traditional,
lecture-based
format?

403020100 50

(%)

In your opinion,
the flipped
offering
of ECE 346
enables you
to better learn
the material.

0 5 10 15 20 25 30 35 40

(%)

The flipped offering
of ECE 346 will help
you get a better
grade than the
traditional offering
because it enables
you to better
understand key
concepts.

Survey ResponseSurvey QuestionNumber

6

7

8

9

Figure 9. Students’ responses to four questions on a midsemester survey in spring 2016 that can 
be interpreted as evaluation of my flipped offering .n 84=^ h



170 IEEE Signal Processing Magazine   |   July 2017   |

Exposition, Atlanta, GA, June 2013, pp. 23.828.1–
23.828.21.

[8] A Guide to the flipped classroom. The Chronicle of 
Higher Education (2015, Jan. 07) [Online]. Available: 
http://www.chronicle.com/article/A-Guide-to-the- 
Flipped/151039/

[9] J. L. Jensen, T. A. Kummer, and P. D. D. M. Godoy, 
“Improvements from a flipped classroom may simply 
be the fruits of active learning,” CBE Life Sci. Educ., 
vol. 14, no. 1, pp. 1–12, Mar. 2015.

[10] E. F. Gehringer, “Resources for “flipping” classes,” 
in Proc. ASEE Annu. Conf. Exposition, Seattle, WA, 
June 2015, pp. 26.1336.1–26.1336.10.

[11] J. O’Flaherty and C. Phillips, “The use of flipped 
classrooms in higher education: A scoping review,” 
Internet Higher Educat., vol. 25, pp. 85–95, Oct. 
2015. 

[12] Flip Learning: Research, Reports, and Studies. 
Flipped Learning Network. [Online]. Available: http://
flippedlearning.org/research-reports-studies/ 

[13] B. J. Limbach and W. L. Waugh, “Questioning the 
lecture format,” NEA Higher Educ. J. Thought Action, 
vol. 20, no. 1, pp. 47–56, 2005.

[14] M. Freeman, P. Blayney, and P. Ginns, 
“Anonymity and in class learning: The case for electron-
ic response systems,” Australasian J. Educ. Tech, vol. 
22, no. 4, pp. 568–580, 2006. 

[15] J. R. Stowell and J. M. Nelson, “Benefits of elec-
tronic audience response systems on student participa-
tion, learning, and emotion,” Teaching Psychol., vol. 
34, no. 4, pp. 253–258, 2007.

[16] C. R. Graham, T. R. Tripp, L. Seawright, and 
G. Joeckel, “Empowering or compelling reluctant 
participators using audience response systems,” 
Active Learn. Higher Educ., vol. 8, no. 3, pp. 233–
258, 2007.

[17] Y. K. Kim and L. J. Sax, “Student–faculty 
interaction in research universities: Differences by 
student gender, race, social class, and first-genera-
tion status,” Res. Higher Educ., vol. 50, no. 5, pp. 
437–459, 2009.

[18] W. Griffin, S. D. Cohen, R. Berndtson, K. M. 
Burson, K. M. Camper, Y. Chen, and M. A. Smith, 
“Starting the conversation: An exploratory study of 
factors that influence student office hour use,” College 
Teach., vol. 62, no. 3, pp. 94–99, 2014.

[19] P. C. Blumenfeld, E. Soloway, R. W. Marx, J. S. 
Krajcik, M. Guzdial, and A. Palincsar, “Motivating 
project-based learning: Sustaining the doing, supporting 
the learning,” Educ. Psychol., vol. 26, no. 3-4, pp. 369–
398, June 1991.

[20] H. A. Hadim and S. K. Esche, “Enhancing the 
engineering curriculum through project-based learn-
ing,” in Proc. 32nd Annu. Frontiers in Education 
(FIE’02), Nov. 2002, vol. 2, pp. F3F.1–F3F.6.

[21] M. Frank, I. Lavy, and D. Elata, “Implementing 
the project-based learning approach in an academic 
engineering course,” Int. J. Tech. Design Educat., vol. 
13, no. 3, pp. 273–288, Oct. 2003.

[22] J. S. Krajcik and P. C. Blumenfeld, “Project-
based learning,” in The Cambridge Handbook of 
the Learning Sciences, R. K. Sawyer, Ed. New 
York, NY: Cambridge Univ. Press, 2006, ch. 19, pp. 
317–334.

[23] J. Bourne, D. Harris, and F. Mayadas, “Online 
engineering education: Learning anywhere, any-
time,” J. Eng. Educ., vol. 94, no. 1, pp. 131–146, 
Jan. 2005.

[24] L. Pappano. (Nov. 2, 2012). The year of the 
MOOC. The New York Times. [Online]. Available: 
http://www.nytimes.com/2012/11/04/education/edlife/
massive-open-online-courses-are-multiplying-at-a-
rapid-pace.html

[25] D. F. O. Onah, J. Sinclair, and R. Boyatt, “Dropout 
rates of massive open online courses: Behavioural pat-
terns,” in Proc. 6th Intl. Conf. Education and New 
Learning Technologies (EDULEARN’14), Barcelona, 
Spain, July 2014.

[26] T. A. Baran, R. G. Baraniuk, A. V. Oppenheim, P. 
Prandoni, and M. Vetterli, “MOOC adventures in sig-
nal processing: Bringing DSP to the era of massive open 
online courses,” IEEE Signal Process. Mag., vol. 33, 
no. 4, pp. 62–83, July 2016.

[27] Khan Academy. [Online]. Available: http://www 
.khanacademy.org/

[28] R. H. Rockland, L. Hirsch, L. Burr-Alexander, J. 
D. Carpinelli, and H. S. Kimmel, “Learning outside 
the classroom—Flipping an undergraduate circuits 
analysis course,” in Proc. ASEE Annu. Conf. 
Exposition, Atlanta, GA, June 2013, pp. 23.854.1–
23.854.8.

[29] B. Van Veen, “Flipping signal-processing instruc-
tion,” IEEE Signal Process. Mag., vol. 30, no. 6, pp. 
145–150, Nov. 2013.

[30] M. L. Fowler, “Flipping signals and systems—
Course structure & results,” in Proc. IEEE Intl. Conf. 
Acoustics, Speech, and Signal Processing (ICASSP’14), 
Florence, Italy, May 2014, pp. 2219–2223.

[31] G. J. Kim, M. E. Law, and J. G. Harris, “Lessons 
learned from two years of flipping Circuits I,” in Proc. 
ASEE Annu. Conf. Exposition, Seattle, WA, June 2015, 
pp. 26.1087.1–26.1087.12.

[32] M. G. Schrlau, R. J. Stevens, and S. Schley, 
“Flipping core courses in the undergraduate mechanical 
engineering curriculum: Heat transfer,” Adv. Eng. 
Educ., vol. 5, no. 3, Nov. 2016.

[33] J. R. Buck, K. E. Wage, and J. K. Nelson, 
“Designing active learning environments,” Acoustics 
Today, vol. 12, no. 2, pp. 12–20, 2016. 

[34] W. U. Bajwa. SigProcessing YouTube channel. 
[Online]. Available: http://www.youtube.com/user/
SigProcessing 

[35] Poll Everywhere. [Online]. Available: http://www 
.polleverywhere.com/ 

[36] R. A. Layton, M. L. Loughry, M. W. Ohland, and 
G. D. Ricco, “Design and validation of a web-based 
system for assigning members to teams using instructor-
specified criteria,” Adv. Eng. Educat., vol. 2, no. 1, pp. 
1–28, 2010. 

[37] CATME System. [Online]. Available: http://info 
.catme.org/ 

� SP

sp competitions (continued from page 150)

Matthew E.P. Davies (matthew 
.davies@inesctec.pt) is a senior research-
er at INESC TEC, Portugal. He is an 
IEEE Member and an associate editor 
for IEEE/ACM Transactions on Audio, 
Speech, and Language Processing. He is 
responsible for the technical compo-
nents of the competition and its materi-
als and ran the competition alongside 
Craig T. Jin.

Patrizio Campisi (patrizio.campisi@ 
uniroma3.it) is a professor at Roma 
Tre University, Rome, Italy. He chairs 
the Student Service Committee of the 
IEEE Signal Processing Society and 

served as the general chair of the 2015 
Information Forensics and Security 
Technical Committee. He is the orga-
nizer for the SP Cup since the 2015 
edition and the initiator of the Video 
and Image Processing Cup.

References
[1] M. Goto and Y. Muraoka, “A beat tracking system 
for acoustic signals of music,” in Proc. 2nd ACM Int. 
Conf. Multimedia, 1994, pp. 365–372.

[2] E. D. Scheirer, “Tempo and beat analysis of 
acoustic musical signals,” J. Acoust. Soc. Am., vol. 
103, no. 1, pp. 588–601, 1998.

[3] F. Gouyon and S. Dixon, “A review of automatic 
rhythm description systems,” Comput. Music J., vol. 
29, no. 1, pp. 34–54, 2005.

[4] X. Serra, M. Magas, E. Benetos, M. Chudy, S. 
Dixon, A. Flexer, E. Gómez, F. Gouyon, P. Herrera, 
S. Jordà, O. Paytuvi, G. Peeters, J. Schlüter, H. 
Vinet, and G. Widmer. (2013). Roadmap for Music 
Information ReSearch. London: MIRES Consortium. 
[Online]. Available: http://mires.eecs.qmul.ac.uk/
about.html

[5] M. E. P. Davies, N. Degara, and M. D. Plumbley, 
“Evaluation methods for musical audio beat tracking 
algorithms,” Queen Mary Univ., Centre for Digital 
Music, London, Tech. Rep. C4DM-TR-09-06, 2009.

[6] J. Oliveira, M. E. P. Davies, F. Gouyon, and L. P. 
Reis, “Beat tracking for multiple applications: A 
multi-agent system architecture with state recovery,” 
IEEE Trans. Audio, Speech Lang. Process., vol. 20, 
no. 10, pp. 2696–2706, 2012.

[7] S. Böck, F. Korzeniowski, J. Schlüter, F. Krebs, 
and G. Widmer. “Madmom: A new Python audio and 
music signal processing library,” in Proc. 2016 ACM 
Multimedia Conf., 2016, pp. 1174–1178.

� SP


