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Abstract

Teaching Digital Image Processing (DIP) presents significant challenges due to mathematical and algorithmic com-
plexities. Although the field has experienced recent growth, there is a lack of comprehensive resources to support
effective DIP education. To address this gap, this paper introduces a practical course utilizing a Python library
named morph . py, which is designed for beginners and accessible on Google Colab. This interactive course fea-
tures illustrative examples and hands-on exercises to help learners grasp fundamental DIP concepts and operators.
It starts with basic concepts (e.g., image representation) and gradually advances to more complex topics, including
image transformations and feature extraction. This work demonstrates how to use morph . py in Colab for teaching
materials to tackle different computer vision problems. It also discusses the integration with MCTe st and Moodle for
assessments with automatic grading, enhancing the reproducibility of the presented method. Additionally, the paper
details the use of Safe Exam Browser (SEB) for securing exams. We conducted an exploratory case study in one group
(N = 15) and gathered their perception through a voluntary survey. Our quantitative analysis provides strong support
for the effectiveness of our teaching method based on the morph . py library, successfully addressing the difficulties
of teaching DIP to beginners.
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1 Introduction

Digital Image Processing — DIP — is a computer science and engineering course that analyzes,
manipulates, and interprets digital images. This field has experienced substantial growth in recent
years, driven by the expanding accessibility of digital images and the rising demand for image
analysis across diverse domains (e.g., medical imaging, remote sensing, and autonomous vehi-
cles) (Gonzalez & Woods, 2009).

However, learning DIP can be challenging for beginners as it requires a solid understanding
of several theoretical concepts and developing practical skills. Hence, isolating lectures and read-
ing materials may not be the most effective teaching and learning approach for subjects like DIP.
Research has shown that interactive and practical methods can better engage students and enhance
their learning experience Rowe et al. (2018) and Yahya (2019).

The literature provides a few toolboxes to support DIP learning. Most toolboxes are based
on a virtual notebook environment and provide a comprehensive set of functions for image analy-
sis (Rowe et al., 2018; Silva et al., 2003). However, some works are outdated, such as the mmorph
toolbox used in the book of Dougherty and Lotufo (2003). Additionally, none provide constructive
feedback to students (Yahya, 2019) or address morphological operators (Rowe et al., 2018).

Furthermore, numerous studies focused on teaching DIP using commercial libraries (Yahya,
2019). These often come with complex syntax (Garcia & Sudrez, 2015), demand unavailable
environments (Konstantinides & Rasure, 1994), or rely on outdated programming languages like
Java, which offer limited DIP capabilities (Sage & Unser, 2001, 2003). Also, there is a lack
of literature addressing the automated assessment of programming exercises, specifically in the
context of DIP.

This paper presents an interactive DIP course utilizing a toolbox named morph . py devel-
oped especially in response to the identified gap. The course adopts a hands-on approach, teaching
theoretical concepts through practical examples and exercises. This method helps foster the de-
velopment of practical skills and problem-solving abilities in students. Additionally, the course
includes an automatic correction environment that provides feedback on each student’s submitted
DIP exercises through the Moodle Learning Management System. These exercises are created
using the open-source MCTest system (Zampirolli, 2023). The introductory lessons focus on
fundamental concepts, such as image representation and sampling, while the advanced lessons
include computer vision applications like feature extraction and object detection.

This paper also provides a set of notebooks in Google Colaboratory (Colab) to illustrate
the method presented. However, due to copyright restrictions on the images used in the book by
Gonzalez and Woods (2009), the complete didactic material used in the DIP course in Colab is
not fully available in this article.

To evaluate the effectiveness of our DIP course approach, we conducted a voluntary survey
with students (N = 15). Our quantitative analysis revealed that the course’s interactive format
positively contributed to students’ DIP concept learning. The results suggest that this practical
teaching approach is effective in overcoming the challenges of teaching complex technical topics
to beginners.

This work is organized as follows: In Section 2, we provide background information on
DIP and review relevant previous studies. Our pedagogical approach is described in Section 3.
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The implementation omorph.py is presented in Section 4. Section 5 shan@rph.py as a
didactic approach, highlighting the Minkowski sum, distance transform, and geodesic distance in
solving maze images. In Section 6, we detail the usage ofibgph.py library in exams. In
Section 7, we present the results and engage in corresponding discussions. Lastly, we conclude
this work in Section 8. Details oMCTest, Moodle, and the SEB (Safe Exam Browser) for
creating and securing an exam are included in Appendices 1, 2, and 3, respectively. With all
the content provided, the teacher is expected to apply the method to new content and courses.
Appendix 4 details the process of creating a dataset using Robo ow, allowing for a comparison of
the geometric object detection methods with those described in Section 6.2.

2 Background

A digital image in two dimensions (2D) can be represented by a fundtfgry) de ned over a

nite subset of the Cartesian plaitg;y), where the codomain is the intenf@| k]. Whenk= 1, f
represents a binary image. Hor 255, it corresponds to a grayscale imagef Hssumes three
values within this interval, it can be de ned as a color image in RGB (Red, Green, and Blue)
format (Gonzalez & Woods, 2009).

DIP is a eld of computer science and engineering that focuses on analyzing, manipulating,
and interpreting digital images, as seen in the preview. Python has become a popular programming
language for DIP due to its user-friendly nature, expansive community, and access to powerful
libraries like OpenCV (opencv.org), Pillow (pillow.readthedocs.io), Skimage (scikit-image.org),
and TensorFlow (tensor ow.org). These libraries offer various methods for DIP applications,
including those based on Mathematical Morphology (MM). Functional operators like dilation,
erosion, opening, and closing are valuable for image enhancement, segmentation, and feature
extraction tasks.

MMachis a DIP library designed for MM and was developed by Prof. Dr. Junior Bar-
rera (Banon & Barrera, 1994)MMachhad contributions from several researchers, including
students at different academic levels, and different versions were generated as Khoros versions
changed (Konstantinides & Rasure, 1994). In the mid-1990s, Prof. Dr. Roberto de Alencar
Lotufo joined the team to makklMachplatform-independent (Lotufo et al., 1997). The most
recent version oMMach known asmmorph, was developed using AdessoWiki (Machado et
al.,, 2011). Itis structured in XML and includes automatic code generation for C, Matlab, and
Python languages, and automatic documentation generation in TXT, HTMLABXIformats.
Althoughmmorph has been used in several publications, the latest version is no longer available
online. One excellent example of its usage can be found in the book by Dougherty and Lotufo
(2003).

This paper proposes usimgorph.py , an open-source Python library that provides meth-
ods for DIP. The library is available on github.com/fzampirolli/morph and allows for community
contributions.morph.py has an easy-to-use interface and offers a wide range of morphological
operators on images, which have been effectively applied in various DIP courses, including image
segmentation, edge detection, and object recognition. The library includes multiple implementa-
tions of the same operator, allowing students to compare them with those available in libraries like
OpenCV and Skimage. The goal wiorph.py is to encapsulate functions from other libraries
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(such as OpenCV) while offering a simpli ed interface that enables users to concentrate better
on the core content. Furthermore, it aims to standardize the behavior of operations, which is es-
sential for developing questions with predictable answers - a crucial factor in activities involving
automated evaluations.

Related Works

This section provides an overview of scienti ¢ papers and currently available toolboxes for teach-
ing DIP topics. Silva et al. (2003) developed a toolbox for teaching DIP courses using Python and
Adesso (Machado et al., 2003). This toolbox was used in one of the earliest Python-based DIP
courses (dca.fee.unicamp.br/ia636) at UNICAMP, consisting of 83 DIP methods with code and
documentation. However, the toolbox has not been updated. A newer version of the ia636 course
is now available at github.com/MICLab-Unicamp/ia636, but it only includes 78 Python-based
DIP methods without documentation. Another toolbox from Prof. Lotufo is a more comprehen-
sive version of the ia636 course, including ve lessons and dozens of methods documented with
Jupyter Notebooks, and is available at github.com/robertoalotufo/ia898. However, this toolbox
provides no morphological operators nor support for adding new operators. Prof. Lotufo has
developed another toolbox for DIP courses at github.com/robertoalotufo/ia870p3. This toolbox
includes comprehensive documentation ofrtimaorph toolbox, with methods now implemented

in Python and serves as supplementary material in the book by Dougherty and Lotufo (2003).
These toolboxes inspired the developmentmadrph.py , a more recent toolbox that includes
morphological operators and allows contributions from the community.

Rowe et al. (2018) present a DIP teaching method using Jupyter Notebook, showing in-
creased student comfort with Python and exposure to polar data. Yaniv et al. (2018) introduce
the SimplelTK toolkit for reproducible research and image analysis work ows through Jupyter
Notebook. Although their work focuses on providing a toolkit for image analysis, our approach is
different as we introduce a library speci cally designed to support the teaching of DIP, including
the construction of new operators. Yahya (2019) propose using Matlab to teach DIP, utilizing
visual, interactive, and experimental methods.

The Matlab Image Processing Toolbox is a popular tool for image analysis in scienti ¢ and
industrial applications. It offers various functions and algorithms for image-processing tasks (Math-
Works, 2024). However, its proprietary nature can be a disadvantage, as it may limit access for
users without licenses and pose nancial challenges for those with limited budgets. In contrast,
with its open community and collaborative nature, the Python environment allows for constant
improvements and innovations.

Among our review of related literature, only Lopez et al. (2016) and Rowe et al. (2018)
and our study included student feedback on teaching DIP. Additionally, we replicated some of
the demonstrations from the ia870p3 course usimgph.py in Colab and presented differ-
ent implementations of the same operator. Notably, our pedagogical approach only requires the
morph.py le, which can be easily inserted into a VPL (Virtual Programming Lab for Moodle)
activity for automatic code correction (Rodriguez del Pino et al., 2010).

It is also possible to teach DIP using problem-solving approaches. In Lopez et al. (2016),
an experiment was described in a class of 37 students to solve eleven DIP problems using group
work in the Python language. This group work approach is questionable because the paper did not
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detail whether all students could effectively absorb the DIP skills and competencies.

Table 1 summarizes the similarities and differences between the toolboxes discussed in this
section.

Table 1: Comparing toolboxes/papers for teaching DIP.

Toolbox/ Teaching Focus Morphological | Student

Paper Tool Operators Feedback
(Silva et al., 2003) Python Toolbox No No
ia898 (Lotufo, 2017) Jupyter Toolbox No No
ia870p3 (Lotufo, 2019 Jupyter Toolbox Yes No
(Yaniv et al., 2018) Jupyter Toolbox No No
(Rowe et al., 2018) Jupyter Polar image No Yes
(Yahya, 2019) Matlab Interactive visual No No
(Lépez et al., 2016) Python Problem-solving No Yes
morph.py Jupyter/ColablPC | Compare operators Yes Yes

T Use of special conditions for execution in the Colab environment.

3 Method

This section presents the context of the DIP course (Section 3.1) and our pedagogical intervention
(Section 3.2), focusing on how we used therph.py library as a motivational factor. Finally,
we discuss the development environments (Section 3.3).

3.1 Our Context

DIP is an elective course available to students across multiple programs at our university, includ-
ing the Bachelor of Science in Computer Science and various Engineering disciplines. The course
runs for 12 weeks, with four hours of class per week. The professor delivers synchronous lab-
oratory classes to students through the projector screen, presenting Colabs containing concepts,
examples, and exercises within Moodle. In 2023, we offered the course to 25 students from Febru-
ary to May. Additionally, we provide recorded classes created during the COVID-19 pandemic.

3.2 Pedagogical Intervention

The course covers a comprehensive overview of DIP. The rst six weeks focused on equipping

students with the necessary skills to develop DIP operators, including thresholds, histograms,
convolution, erosion, dilation, Iters, watershed, labeled, and distance transforms, as outlined in

the textbook by Gonzalez and Woods (2009). During week seven, students take Exam 1, while in
the following weeks (eight to ten), they focus on applying these DIP operators to solve real-world

computer vision problems. In summary, the rst part of the course is designed to provide students
with the skills necessary to develop DIP operators. In contrast, the second part builds on this
foundation by applying these operators to solve various computer vision problems. Week eleven
is reserved for review, and the course concludes with Exam 2 (a nal exam) in week twelve.

The evaluation strategy for this course consists of four individualized and parameterized
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assignments, accounting for 15% of the nal grade. These assignments focus on the most recent
topic covered in class and are provided to students before each session. They are automatically
evaluated by integratinyICTest, Moodle, and VPL (Zampirolli et al., 2020, 2021). Further,
Exam 1 (30% of the nal grade) consists of similar exercises. For the nal individual project
(15% of the nal grade), students must develop a Colab to solve a DIP problem. Exam 2, worth
40% of the nal grade, will be similar in format to the project. Both exams are to be completed
within a two-hour class period.

3.3 Development Environments

The DIP course uses timorph.py library as part of the teaching materials, with methods imple-
mented in Python. This library can be used with CoMigTest, VPL activities, or in command
lines. The assessment part is developell@iTest to generate programming exercises, and stu-
dents must submit their answers in VPL activities in Moodle. As detailed betarph.py can
facilitate the process in all these situations.

3.3.1 Course Material

Figure 1 provides an overview of the pedagogical intervention employed in the DIP course, utiliz-
ing themorph.py library, which encompasses 71 methods, including operations (such as mini-
mum, maximum, and negation) and operators (such as erosion and dilation). While the ia870p3
course (refer to Section 2) covered some algorithms fronmimerph toolbox, neither that course

nor our course covered the entire range of functionalities the toolbox offers. The course material
consisted of six conceptual notebooks (leass.0 * in Figure 1) covered during the initial six
weeks. Additionally, eight documents focus on morphological operators s in Figure 1).

These resources were used until Exam 1, marking a signi cant milestone in the course progres-
sion. After Exam 1, the course incorporates a set of 27 notebook demonstrations.(exd

in Figure 1) that showcase the practical application of computer vision in real-world scenarios,
adapted froommorph. These notebook documentations are availablpynb format and can

be accessed using literate programming tools such as Colab or Jupyter (Knuth, 1984). Although
the morph.py library can also be used on a computer console, its main application is in pro-
gramming exercises and didactic classes with Colab. These exercises are gendviidesh

and include automatic correction submitted by students in VPL activities in Moodle (Zampirolli
et al., 2020, 2021MCTest and VPL activities can also be used wittorph.py .

3.3.2 Automated Evaluation

The automatic assessment process for this course comprises four customized tasks that assess the
most recent topic discussed in class during the rst part until Exam 1. These tasks are distributed

to students before each class and are automatically evaluated using a combindiGH ext,

Moodle, and VPL as reported by Zampirolli et al. (2020, 2021). Exam 1 also follows the same
process. All methods implementednmorph.py are available in the VPL activity runtime les.
Students must correctly call these methods or make adaptations to ensure the test cases execute
correctly. For example, we can create a new morphological erosion question where the origin

of a structuring function bmust include an additional argument in the method. Note that this
simple change has no solution in traditional libraries omiarph.py . Therefore, the students

must develop their solutions. For each student, it is also possible to draw a different origin for
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