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Abstract—This Innovative Practice Full Paper presents a
multidisciplinary framework for using emerging computing sys-
tems in engineering education. The computing landscape is
in the midst of significant changes. Hardware and software
systems are becoming highly data intensive, specialized, parallel,
and heterogeneous. With these developments, new applications
across a wide range of disciplines are being enabled, from
agriculture, mechanical and control systems, and many other
physical sciences. For this reason, new approaches for teach-
ing, via hands-on experiences, with these systems is needed.
In this paper, we propose a novel framework that can be
used to support learning objectives for these systems, at the
intersection of multiple disciplines (e.g. computer science, data
science, mechanical/aerospace/industrial/computer engineering).
Specifically, we describe a flexible computing platform, that
supports the exploration of custom hardware and software,
interfaces, communications, and integrated system design. The
RISC-V based system-on-chip architecture and supporting soft-
ware and programming tools provide a unique opportunity for
students to quickly learn advanced computing concepts critical to
future computing systems. An implementation of the framework
is described in the context of an important class of control
applications, system identification and motion control. As these
systems scale, analyzing non-linear system dynamics requires
non-traditional approaches, e.g. using modern learning-based
models and tools. The proposed approach allows for students
to explore the impact of computing abstractions, data-intensive
system design, and the potential for cross layer optimizations,
while also learning key concepts related to parallel program-
ming models and architectures. Based on this case study, we
also provide an analysis and discussion of potential curricular
activities that could leverage the framework. A key obstacle for
such engineering education research, is the lack of familiarity
that students in different disciplines have for the other fields
of study, making a complete understanding of overall system
design principles difficult. This paper presents a framework for
multidisciplinary synergy that alleviates this problem and elevates
computing systems to a potentially critical position in engineering
education.

Index Terms—computing education, multidisciplinary engi-
neering, cross-layer design

I. INTRODUCTION

Computer systems are increasingly weaved into the fabric
of everyday life until they are indistinguishable from it. Past
advances in semiconductor technology have provided eco-
nomical, abundant, and reliable computing resources, which
have enabled countless breakthroughs in science, medicine,
and agriculture, and improved the lives of so many. Due to
physical limitations, the computing landscape is in the midst

of significant changes. Computing systems are becoming be-
coming highly data intensive, specialized, parallel, and hetero-
geneous. Hardware examples include energy-efficient parallel
compute fabrics, specialized SoC architectures, and mixed-
signal designs [1]. At the same time, new applications across a
variety of disciplines are pushing the speed, size, and energy of
these systems to physical barriers. Autonomous, robotic, and
control systems scale in computational intelligence, numbers
of sensors/actuators, and size [2].

Engineers across multiple disciplines will need to design
and build systems that balance constraints (e.g. performance,
energy, safety, security) across application and hardware lay-
ers. Computing and engineering education needs techniques
and tools that provides students across multiple disciplines
the opportunity to investigate cross-layer design, understand
trade-offs between subsystems, and efficiently design/utilize
abstractions. In this paper we describe a multidisciplinary
framework that can support learning objectives for designing
and utilizing these systems. Specifically, a flexible computing
platform is described, that can be leveraged for a variety
of custom computing models, interfaces, communications,
and and integrated designs. A RISC-V-based system-on-chip
(SoC) architecture and programming tools provide students an
opportunity to quickly explore computing design concepts that
are critical for future computing systems.

The contributions of the paper are:

• We identify a need for hands-on teaching techniques and
tools that utilize emerging computing fabrics, which are
highly data intensive, specialized, parallel, and heteroge-
neous.

• We propose a framework that supports learning objec-
tives at the intersection of multiple disciplines for these
systems, including the ability to investigate cross-layer
designs, understand trade-offs between different subsys-
tems, and efficiently design/utilize abstractions.

• We describe an implementation of the framework in the
context motion control and system identification and an
analysis of results.

The rest of the paper is organized as follows. Section
II describes related work, including computer architecture
and control learning tools and labs. We introduce our mul-
tidiscplinary framework in Section III. In Section IV we
describe a case study of using the approach in the context of



motion control and system identification applications. Section
V concludes.

II. RELATED WORK

Much recent work has investigated platforms and tools,
including remote techniques for teaching students about mod-
ern computer organizations, architectures, and compilation
techniques [3]. Architectural simulators are commonly used
for students to explore and obtain a deeper understanding
of the underlying hardware operation [4]–[6]. Some research
has also begun to consider emerging computing trends, high
performance computing systems [7]. cloud-based systems [8],
and analog-based hardware [9]. This paper also proposes an
learning architecture and associated set of tools, however the
architecture incorporates more recent architectural innovations
and is designed with flexibility, cross-layer design, and acces-
sibility for students from multiple disciplines.

There also exists much recent work on platforms and tools
that emphasis the teaching of programming and computational
thinking [10]. Prior work has also investigated the use of
robotics as central application for introducing a variety of
computing concepts and at varying levels of education [11],
[12]. These approaches emphasis skills such as abstraction,
decomposition, algorithms, data representation, etc. Much
recent work also exists platforms and labs designed for control
oriented disciplines [2], [13]–[15]. The framework described
in this paper also supports teaching similar core computational
skills, however it also integrates hardware/system/application
aspects in order to 1) enable cross-layer design skills and 2)
bridge the gap between disciplines allowing students to obtain
a deeper understanding of overall system design.

III. LEARNING ARCHITECTURE

A key obstacle for such engineering education research, is
the lack of familiarity that students in different disciplines
have for the other fields of study, making a complete un-
derstanding of overall system design principles difficult. This
paper presents a framework for multidisciplinary synergy that
alleviates this problem and elevates computing systems to a
potentially critical position in engineering education.

Figure 1 shows an overview of the approach for the
framework. Pre-built hardware modules and interfaces are
included with the hardware architecture in order for students
approaching from an application perspective to have the ability
to quickly and efficiently start investigating the impact of
design decisions across boundaries. Similarly, kernels and
trained models representative of important application classes,
e.g. Kalman filter, object recognition, etc., are included in
order for students approaching from a hardware perspective
to quickly start investigating system design. There exists
a growing ecosystem of open-source hardware tools (e.g.
RISC-V), in addition to corresponding software tools [16].
These tools are leveraged for the general purpose portion
of the framework. RISCV is supported by a growing shared
software ecosystem and has both proprietary and open-source
core implementations. It is also appropriate for all levels of
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Fig. 1. Overview of System Approach. Pre-built hardware modules, ker-
nels,and trained modules, allow for students to explore full system integration.
The approach also allows for investigation of system design across abstraction
layers.

computing systems, from microcontrollers to supercomputers
(32, 64, and 128 bit variants, and a 16-bit compressed format).

Figure 2 shows an overview of our proposed learning ar-
chitecture. On the left, is the high level system, representative
of modern control and embedded systems. These systems
increasingly are incorporating more sensors and actuators with
a variety of interfaces and protocols. Additionally, these sys-
tems are increasingly networked, i.e. organized into distributed
control systems, in order to scale and meet the performance
requirements of systems that pushing to physical barriers. At
the core of these system we propose a learning architecture, on
the right, which includes general purpose and specialized pre-
built acceleration logic. This framework allows students to ex-
plore tradeoffs with energy, performance, safety, and security.
A flexible model/inference accelerator is shown on the right
and provides an efficient fabric for mapping emerging data
data-intensive models, e.g. deep-learning models. Additional
support modules, supporting compression, event triggering,
model control are also provided with the accelerator. A control
hub module for providing low-level hardware support for
distributed control primitives. Finally, these modules also a
provide a template for future student projects that seek to add
new extensions or accelerators to the system.

IV. CASE STUDY

We present results of using the framework in the context of
undergraduate research activities focused on learning the prop-
erties and dynamics of a steel beam using an interferometer
and custom designed system on chip. Piezo actuators attached
to the steel beam are used to create a moment upon an applied
voltage. This project merges the disciplines of mechanical
engineering with electrical and computer engineering. Various
closed-loop control algorithms of the beam using a real-time
processor were used, in order to expose mechanical engineer-
ing students to the increasing computational and modeling
capabilities of emerging systems. The project also exposed
electrical and computer engineering students to the application
of using FPGA and SoCs for real-world system-oriented
problems.

The system for this case study focused on a flexible beam
model as seen in Figure 3. This is well studied physical
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Fig. 2. Learning Architecture Overview. Distributed control system with multiple interfaces (right) and learning hardware architecture with flexible accelerator
design (right).

Fig. 3. Flexible beam model. Used for studying systems focused on system
identification and motion control applications.

structure that can be used to emulate a variety of other
physical problems. The applications that we focused on for
this study include system identification and motion control.
System identification is the process of determining physical
parameters governing the dynamics of the system. System
identification can be used for building more accurate models
and also improving the accuracy of related control systems.
Motion control is an important class of application related to
moving machines/structures in controlled manner.

A. Sensors and Actuators

For this case study we used a laser interferometer for
measuring the position of the beam. The laser interferometer
system was mounted on an optics table alongside the metallic
beam under test, it produces a laser with a specified wave-
length which is reflected off a retroreflector and back to the
laser subsystem. The retroreflector is a mirror magnetically
attached to the beam. The measured distance can then be
extracted via the phase-shift between the transmitted and
received electromagnetic wave.

A circuit board with PCI traces connects via a PCI interface
to a host computer and is used to interface with the laser
interferometer. The connection between control board and the
interferometer are two coaxial cables, which sends the refer-
ence and sensor waveform to the board. The board computes
and translates the distance into digital form.

In addition to the interferometer measurement system, we
also included a set of Piezo actuators. The piezo patches are
capacitor-like ceramic plates glued to The metal beam. Upon
an applied voltage across the patches, a torque is created on
the metal beam, causing it to bend. The direction depends
on the applied voltage’s polarity. This disturbance caused by
the piezo patches can then by measured by the phase shift
of the laser light within the retroreflector and is converted to
an analog signal via E1708A dynamic receiver. The analog
signal, along with a reference signal is then sent to the laser
measurement board where their relative phase are compared
and the position is extracted and converted into a 32-bit digital
signal.

For this case study the group considered different options
for the computing subsystem, interfaces, and for integrating the
sensors and actuators. By integrating the sensors and actuators
a motion control system can be implemented.

B. Controller and SoC Boards

The learning architecture was deployed to a FPGA, and
used as the central focus for the controller subsystem. Figure
4 shows the FPGA board, with connection to the interforme-
ter board (32-bit parallel interface). The FPGA, a Digilent
Genesys Zu SoC board, combines programmable logic FPGA
with dedicated I/O, a general purpose and real-time ARM
core, and a GPU on the same chip. As part of this case
study, electrical and computer engineering students explored
tradeoffs related to a varying architectural, operating system,
and interface support. As part of the cross-layer system design
the group also integrated an external controller device [17],
which provides a simple interface for mechanical engineering
students to directly export the matlab/simulink models to run



Fig. 4. FPGA and interferometer sensor board. Used for implementing the
flexible learning architecture.

Fig. 5. Actuator amplifiers and Speedgoat controller.

on the physical system [18]. The external device is preloaded
with a real-time operating system and can be controlled by a
computer with Matlab and Simulink installed. This tool-flow
allowed for the Mechanical Engineering students to quickly
prototype and experiment with closed-loop control system
and custom mathematical models. Both the external controller
and learning architecture on the FPGA are commanded via a
desktop computer running a regular Windows 10 operating
system. Figure 5 shows a picture of the lab setup for the
external controller connected to host PC, learning architecture,
and the piezo actuators.

C. Communication Interfaces

As discussed in Section III, as systems scale, they increas-
ingly incorporate a variety of devices, that may also use
a variety of interfaces, including networking interfaces. As
part of this case study, the students also explored tradeoffs
related to the communication interfaces, especially in the
context of latency and bandwidth. At the interface between the
controller and the Piezo Patches a Low Pass Filter followed
by a Piezo Amplifier was used. The motion on the beam
causes the retroreflector to move and thus, can be measured
by the interferometer subsystem. For this case study, we also
investigated the use of a common serial interface, via an

ethernet controller, between the learning architecture on the
FPGA and external modules. A simple packet, following the
UDP protocol, was used to send one sample from the inter-
ferometer in the payload. Figure 6 shows an overview of the
physical setup, networked system, and various communication
interfaces.

Fig. 6. High Level Block Diagram of Physical Setup.

There are two methods of data collection from the laser
board itself: the PCI interface at the base of the board and
four proprietary parallel interfaces on the top of the board. The
interferometer allows data samples to be collected via the PCI
interface. Attached to the PCI interface are a number of sample
registers that can store either 16 or 32-bit position and velocity
values. Data can then be pulled from these sample registers
via a software command sent via the PCI bus. Although these
sample registers can be updated at a theoretical rate of 4.75
ns, the data age of the sample registers relative to any given
PCI sample request is 197 ns.

The interferometer provides a Windows and Linux driver
and C API for setup, control, and data collection from the
interferometer board. In Windows, the maximum theoretical
usable sample collection time from measurement to data
availability to the driver is 2.5 us.

In addition to the PCI interface, data samples can also
be collected via a parallel hardware interface. All four of
these interfaces are physically identical but are not all used
in tandem. There are two data access modes associated with
the interferometer hardware interfaces: direct mode and ad-
dressable mode.

Direct mode involves direct access to the position mea-
surement for each individual axis. The key advantage of
utilizing direct access mode is that all three axes can be
sample simultaneously, with the obvious drawback being that
a large number of parallel interface pins need to be dealt with.
Addressable mode allows the user to sample each of the three
axes from a single parallel interface header via a hardware
multiplexer, but due to this a minimum of three cycles must
pass for all axes to be sampled.

As part of the case study, the students pushed the limits of
the software interface and also explored the use of the parallel
hardware interface for sample collection. The parallel interface
was connected to a learning architecture implemented the on
FPGA.



Fig. 7. Simulink model for exploring LQR control, exported to physical system.

Fig. 8. Example Matlab Live notebook. Allows students to run experiments, code, and document results in one interactive location.

D. Application/Algorithm Tools

As described in Section III, high-performance control sys-
tems increasingly require as little overhead as possible when
executing their algorithms and models. This performance con-
straints motivates the need to explore new cross-layer designs,
and leverage low-level implementations, including bare-metal
C implementations. Programming and ultimately optimizing
these low level systems can be challenging for students
approaching from control perspective, such as mechanical
engineering students. As part of the case study we developed
low level supporting modules and programming interfaces that
exposed key functionality control for the students exploring the
high-level control. To aid students in exploring the cross-layer
design we also developed supporting modules for simulink,
which allows for a easy learning curve and is also a toolset
which mechanical engineering students are commonly already
familiar with. Providing an interface for simulink allow for
these students to quickly develop and study the control algo-
rithms.

Simulink is a tool included within MATLAB that provides
a graphics user interface (GUI) for modeling, simulating,
and analyzing physical systems [18]. Systems are created
within the application by placing, configuring, and connecting
blocks that represent different portions of the physical system
or algorithm being modeled. The model is then “built”, by

generating C code on the back-end, compiling that code, and
then running the compiled application on the hardware target,
whether that be the development PC or a remote target such
as an embedded system. Figure 7 and 13 show examples of
simulink models that were developed and investigate as part
of this case study. In addition to the graphical tools used for
designing the systems control, we also developed matlab live
notebooks, which allow for code, diagrams, and documen-
tation to be embedded in one interactive location. This tool
provide an effective approach for students investigating new
cross layer designs, as well as students new to the system,
being able to quickly get experiments running and understand
the different subsystems. Figure 8 shows an example of an
interactive notebook used in the case study.

As described previously, students quickly ran into latency
constraints when attempting to sample data from the measure-
ment subsystem and run the control algorithms via simulink
running on the host machine with a full operating system.
From a control perspective, a minimum sampling rate of 500-
1kHz from the laser interferometer subsystem was required
in order to build a practical system identification and motion
control application.

As part of the design space exploration, students also
learned about different performance and timing tradeoffs when
utilizing different flexible general purpose hardware and soft-



ware. For example, the students used the framework to develop
a controller around the host machine (i.e. the development
machine). Simulink was used to generate and export a C
application. Simulink also has support for linking a C library
and making function calls from that library from the Simulink
model. The learning framework also includes a C library
for accessing and configuring the interferometer, e.g. setting
up and shutting down the board, pulling a sample from the
position registers and transforming that sample into human
readable units. These pre-generated modules can be compiled
for Linux and Windows systems.

Introducing this library within the Simulink system model
allowed the students to better understand timing constraints
in the context of the control system. Students learned how
tight timing restrictions of the physical system necessitated
the use mechanisms to guarantee more deterministic and low
latency timing, such as found with the Simulink Desktop Real-
Time (SLDRT) software used for the model execution. The
conventional approach for running the Simulink models on top
of the full system, i.e. with OS kernel, resulted in prohibitive
timing and dropped states. Students are attempted to use the
SLDRT runtime for executing their models, which gives the
tasks higher priority to compute and I/O resources. However,
Windows system calls and precompiled binaries, both of which
are being used by the learning architecture libraries, cannot be
used in this execution mode. Therefore, most of the models
needed to be run at the application level and the only specific
I/O devices could be controlled at the kernel level. Overall, stu-
dents were able to explore these constraints when using high
level tools, such as simulink. Since the custom interferometer
library cannot be run within the Simulink real-time kernel, it
must be run atop the Windows kernel, meaning it must contend
with other process for compute and I/O resources. As a result,
performance suffers significantly, with sample rates on the host
machine only able to achieve sample rates in the 10s of Hz,
significantly below the rates what students learned would be
required from application perspective.

E. Framework Results

This section describes example experimental results that
were collected an analyzed in the context of the case study.
Frequency Response. Any mechanical part has a certain nat-
ural frequency. For example, a ruler fixed onto the edge of a
table will vibrate back and forth at a certain frequency when
disturbed. A vehicle will bounce up and down at a certain
frequency on uneven road. This experiment’s purpose is to
identify the frequency response of the metallic beam under
test.

The first test was accomplished without the external con-
troller, using only the FPGA and learning architecture as
the central computing system for conducting the experiment.
Attached to the FPGA is a digital to analog converter, and the
analog output is sent to the piezo amplifier followed by the
piezo patches of the beam. At the same time, the amplitude
of the vibration is measured and recorded by the learning
architecture implemented on the FPGA.

Using a USB-UART as a connection between the FPGA
and a desktop computer, a sampling rate of 480Hz was
achieved. A pseudocode of the instructions given to the
learning architecture is as follow:

1) Send out a sinusoidal 3.3V signal at a specific frequency
for 5 seconds, allowing the beam to reach steady-state.

2) Sample the interferometer data for 1 second.
3) Compute the amplitude by using the min and max of

the sampled data.
4) Repeat with increasing frequency.
The resulting bode plot from the sine sweep is shown in

Figure 9, with clear peaks at 11.5Hz (First Mode), 78.7Hz
(Second Mode), 231.1Hz (Third Mode):

Fig. 9. Frequency Response Plot from FPGA

Students were then able to verify that these experimental
results were comparable with the theoretical results, where
the first, second and third modes are 13.8Hz, 86.5Hz and
244.2Hz. The 20.0%, 9.9% and 5.7% error were likely caused
by the mass of the retroreflector mounted at the tip of the beam
which is not accounted for in the theoretical model. Figure 10
shows the theoretical response as built from pre-built libraries
included with Matlab.

Motion Control. The control for these applications can im-
plemented using a variety of hardware and software combina-
tions (e.g. Kalman filter, PID controller, NN-based, ensemble
learning, analog, digital, general purpose, SoC, specialized
acceleration logic, etc.). The design decisions for the control
system will also exhibit various tradeoffs as described in
Section III.

One of the configurations that the students explored is
shown in Figure 11. This approach was developed using an
external controller device and the USB-UAR interface, at a
sampling rate of 480Hz, alongside an NIDAQ PCIe Card
capable of generating analog voltage from a computer.

The desired outcome is that the beam actuate in a square
wave, which cannot be accomplished by simply sending a
square wave signal to the piezo patches, due to the intrinsic
vibrations found in the metal beam. Figure 12 shows this



Fig. 10. Theoretical Frequency Response from Matlab

Fig. 11. Block Diagram of example System Architecture where closed-loop
control is conducted with the aid of an external controller device.

response using the open-loop system, where the square wave
voltage commands are sent to the patches directly.

Fig. 12. Open Loop Response, where a square wave voltage is sent to the
piezo patches directly, Y-axis = Displacement (um), X-axis = Time(s)

The students then utilized a simple PID controller, to
dampen the response of the controlled square wave, shown
in Figure 13. Once deployed, the PID parameters are con-
tinuously adjusted until a more accurate result is achieved.
Figure 14 shows an example where the closed-loop response
is achieved with lower average error.

Fig. 13. Simulink Block Diagram for Closed Loop Control

Fig. 14. An example of a recorded Closed Loop Response

Students observed that the imperfect time-domain response
is affected by several factors. One of the primary causes was
the limitations of the magnitude and non-deterministic nature
of the latency exhibited by the host computer. From these tests
students were also able to learn about the tradeoffs with timing
guarantees and dynamic performance optimizations included
in complex modern processor designs and modern operating
systems.

V. CONCLUSION

This paper presents a multidisciplinary framework for us-
ing emerging computing systems in engineering education.
Hardware and software systems are becoming highly data
intensive, specialized, parallel, and heterogeneous. With these
developments, new applications across a wide range of dis-
ciplines are being enabled, from agriculture, mechanical and
control systems, and many other physical sciences. For this
reason, new approaches for teaching, via hands-on expe-
riences, with these systems is needed. In this paper, we
propose a novel framework that can be used to support
learning objectives for these systems, at the intersection of
multiple disciplines (e.g. computer science, data science, me-
chanical/aerospace/industrial/computer engineering). Specifi-
cally, we describe a flexible computing platform, that supports
the exploration of custom hardware and software, interfaces,
communications, and integrated system design. The RISC-V
based system-on-chip architecture and supporting software and
programming tools provide a unique opportunity for students
to quickly learn advanced computing concepts critical to future
computing systems. The flexible learning architecture and
associated tools can be used for different curriculum found
across engineering disciplines that utilize project-based and ac-
tive learning techniques. An implementation of the framework



is described in the context of an important class of control
applications, system identification and motion control. As
these systems scale, analyzing non-linear system dynamics re-
quires non-traditional approaches, e.g. using modern learning-
based models and tools. The proposed approach allows for
students to explore the impact of computing abstractions, data-
intensive system design, and the potential for cross layer
optimizations, while also learning key concepts related to
parallel programming models and architectures.
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