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Abstract: Computer graphics is often regarded an exciting and enjoyable subject due to it
combining technology, art and creativity. The past few years have seen a rapid evolution of the
field with novel consumer-level devices (e.g. head-mounted displays) and media (e.g. 3D
videos on YouTube) enabling a much wider section of the population to experience and create
3D content. However, teaching computer graphics can be challenging due to it requiring a
diverse range of skills such as mathematics, physics, programming, spatial reasoning, problem
solving, and art and design. Several researchers have acknowledged this problem and have
attempted to make computer graphics teaching easier and more effective. However, so far no
consensus seems to exist about the key problems teachers need to overcome and what concepts
and methodologies might help with this. In this paper, we address this issue by conducting a
systematic literature review identifying reported challenges, methodologies, and approaches for
teaching computer graphics. Our research offers practitioners new insight into computer
graphics teaching, which we hope will be useful for curriculum design, developing more
effective tools and support for struggling students, and suggesting avenues for future research.
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1. Introduction

Computer graphics is a challenging subject to teach and learn (Du and Shu, 2011; Han et al., 2008; He
and Zhao, 2012; Peternier et al., 2006; Sueyasu et al., 2010; Zhou et al., 2010) because it involves a
wide variety of skills such as mathematics, programming, physics, cognitive psychology, spatial
reasoning, problem-solving, human-computer interaction, and art and design.

Over the past decade, many researchers have tried to address this problem and several specialised
teaching tools have been developed. For example, Spalter and Tenneson (2006) present an interactive
Java-based application called Graphics Teaching Tool (GTT) that allows students to study objects and
understand what transformations have been applied to them and what the resulting transformation
matrix is. Sueyasu et al. (2010) developed a Simplified Language for Graphics Programming (SLGP)
and claimed it improves students' productivity in computer graphics developments significantly.
However, no consensus seems to exist what specific issues make computer graphics difficult to teach,
and what teaching methodologies and concepts should be used to address this.

We could not find previous work reviewing research on teaching and learning of computer
graphics. In this paper, we will systematically evaluate the literature in order to identify the challenges
in teaching computer graphics and identify promising concepts and methodologies for addressing them.

2. Methodology

We use the protocol by Kitchenham et al. (2010) as a framework for identifying relevant literature on
teaching and learning of computer graphics and for describing challenges, methodologies, and
approaches. Our study goals are captured by the following research questions:

e Q1. What common issues are reported in teaching and learning computer graphics?

e (2. What approaches in the research articles are used to improve teaching computer graphics?
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2.1 Searching Process

For our systematic literature review, we used four well-known digital libraries: ACM Digital Library,
IEEExplore, SpringerLink, and ScienceDirect. A detailed search was run on all four databases on a
single day (16 April 2017). The following search criteria were employed: (1) the keywords "3D" or
"teaching" or "learning" are contained in the metadata (such as title, abstract, keywords); (2) the
keywords "graphics" or "computer graphics" are mentioned in the article title. As not all the databases
supported advanced searching in the same way, the searching process was adapted where required to
obtain equivalent results. The publication date of articles was restricted to the years 2000 and 2017
since around that time consumer-level graphics hardware started to become common and consequently
the importance of low-level algorithms (such as rasterization and visibility determination) reduced.

2.2 Data Collection

A total of 622 articles were collected from the four databases with 165 articles being obtained from the
full-text collection of the ACM Digital Library and 230 articles from IEEE Explore using the automated
filtering configuration. Searching SpringerLink and ScienceDirect resulted in 154 and 73 articles,
respectively.

A two stage filtering was used to produce the primary study data set of relevant articles:

1. Exclude papers not about computer graphics teaching (115 articles remaining),
2. Exclude duplicates (45 articles remaining).

In order to analyse the remaining 45 articles, we identified relevant attributes and themes based
on key issues discussed in those papers and the data required to answer our research questions. The
following attributes/themes were collected for each paper: (1) type of publication, (2) publication venue
(journal or conference name), (3) year of publication, (4) identified problems with teaching computer
graphics, (5) proposed teaching approaches and methodologies (6), utilised and/or proposed teaching
tools (programming language, API, specialised software), and (7) how the effectiveness of the new
teaching approach was measured.

3. Results

From the 45 identified papers 15 were published in journals, and 30 were published in conference
proceedings. 22 articles were published in venues related to computing education, 14 articles were
published in computer graphics venues, and 9 in general Computer Science venues. 10 articles were
published between 2000 and 2005, 22 articles between 2006 and 2011, and 13 articles in 2012 or later.

3.1 Issues in Teaching and Learning Computer Graphics

We found that problems related to teaching and learning of computer graphics can be categorised into
four key issues as summarised Table 1.

The first issue is insufficient background, especially inadequate skills in mathematics and
programming (Cunningham, 2000; Du and Shu, 2011; Glvez et al., 2008; Han et al., 2008; He and Zhao,
2012; Hitchner and Sowizral, 2000; Hui et al., 2012; Papagiannakis et al., 2014; Santos, 2001;
Schweitzer et al., 2011; Talton and Fitzpatrick, 2007). According to Elyan (2012), mathematical
algorithms and procedures are important in computer graphics, especially when used to calculate
transformations and projections. Programming skills are needed to implement, understand, and
experiment with algorithms. Several researchers report that in their studies students were not
sufficiently prepared (Haitao et al., 2012; Lowther and Shene, 2000; Papagiannakis et al., 2014).

The second issue is difficulties in understanding geometric concepts such as transformations,
projections and 3D modelling (Du and Shu, 2011; Elyan, 2012; Santos, 2001; Schweitzer et al., 2011;
Seron et al., 2008; Sung and Shirley, 2004). Sung and Shirley (2004) suggest that these issues arise
because students have little visual experience and comprehension of geometric modelling.

The third issue is difficulties in solving logical problems and making the connection between
theory, programming, application and final visual effects (Santos, 2001; Schweitzer et al., 2011; Talton
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and Fitzpatrick, 2007). Seron et al. (2008) observed that for topics such as global shading and inverse
kinematics students struggled most with the technical complexity of the implementations.

The fourth issue is that many students are passive learners and don’t interact much with peers and
teachers (Gao and Zhang, 2014; Hui et al., 2012; Li, Huang and Gu, 2009). One suggestion addressing
this issue is to use a top-down approach involving group projects. This resulted in increased attention to

learning activities, more autonomous learning, and improved teamwork and communication skills.

Table 1: Learning Issues in Computer Graphics.

# Issues Solutions Results
1| Insufficient knowledge | Top-down: learn the foundation and the structure | Students’
of mathematics (Glvez | of computer graphics knowledge whilst mathematical
etal., 2008; Hui et al., | practising the tools (Sung and Shirley, 2004). concepts
2012; Zhou et al., Methods: Supervised lab activities. increased
2010) Hybrid: Using individual programming (Hitchner and

and basic programming
(Lowther et al., 2000;
Papagiannakis et al.,
2014)

assignments linked to a set of traditional lecture
units with a balance of implementation,
algorithms, and mathematical concepts (Lewis,
2012; Guo et al. 2010). Methods: Programming
assignments.

Sowizral, 2000)
and Students’
programming
skills improved
(Elyan, 2012)

2| Difficulties in Top-down: Implement interactive 3D demos to | Improvement in
understanding show concepts and techniques in computer | geometrical
transformations, graphics (Kadam et al., 2013). structures
projections and 3D Methods: Specialised web-based 3D graphics understanding

geometric modelling
(Elyan. 2012).

learning tools for self-study.

(Sueyasu et al.,
2010).

Difficulties in solving
logical problems

Top-down: Using a teaching platform with a set
of compact applications to demonstrate computer

Using modern
high-level APIs

(Hitchner and Sowizral, | graphics techniques and algorithms (Ganovelli improved
2000; Talton and and Corsini, 2009; Spalter and Tenneson, 2006). | students’
Fitzpatrick, 2007) and | Methods: Supervised lab activities, mathematics,

making the connection

Project-based learning.

problem-solving

between theory, Hybrid: Set up a systematic practice-based aqd 1981031.
programming, learning process for students consisting of thlpkmg skills
application and the concept validation, project design, and project | (Hitchner and

visual effects
(Stephenson and
Taube-Schock. 2009).

training (Schweitzer et al., 2011; Reina et al.,
2014). Methods: Specialised web-based 3D
graphics learning tools for self-study.

Sowizral, 2000).

Students have become
passive learners and
don’t interact much
with peers and teaching
staff (Peternier et al.,

Top-down: Pay attention to the relationship
between theory and application, and use practical
applications to promote communication between
students and teacher (Li et al., 2009; Raikar et al.,
2015). Methods: Case-based Teaching,

Students’
attention in their
learning activities
increased, and
students became

2010, Marti et al. 2006). | Specialised web-based 3D graphics learning autonomous
tools for self-study, Project-based learning. learners (Gousie,
Hybrid & Bottom-up: Motivating and guide 2000).
students to be active learners. (Yang and Sanver, | Teamwork and
2002; Taxén, 2004; Zhao et al., 2005). communication

Methods: Individual & pair class activities,
Supervised lab activities, Specialised web-based
3D graphics learning tools for self-study.

skills improved
(Tori et al., 2006).

3.2 Teaching Approach and Methodology

We identified three common approaches of teaching computer graphics. Of the 45 reviewed papers 34
described a top-down approach, seven a hybrid approach, and four a bottom-up approach.
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The bottom-up approach is regarded as most traditional (Sung and Shirley, 2004) and seems to be
favoured in text books for teaching computer graphics and is also most popular based on our personal
teaching experience. The approach presents first foundations such as transformations and rendering of
simple objects, before more complex topics are introduced (Taxén, 2004; Bouvier, 2002; Cunningham,
2000; Lowther and Shene, 2000; Shanshan et al., 2008; Sung and Shirley, 2004).

The top-down approach starts with a moderately complex problem or case study, e.g. a simple
game, and then breaks it down into simpler problems (functional modules) (Shirley et al., 2015; Sung
and Shirley, 2004, Talton and Fitzpatrick, 2007). This can help students absorbing the foundations and
structure of graphics applications while practising (visible rather than mathematical based)
application-level understanding and skills (Gousie, 2000; Santos, 2001; Seron et al., 2008; Song et al.,
2009; Sueyasu et al., 2010; Sung and Shirley, 2004; Tori et al., 2006; Yang and Sanver, 2002). The
top-down approach often involves using high-level tools and can promote self-learning and increase
students’ motivation and knowledge of fundamental computer graphics concepts (Nishino et al., 2011,
Song et al., 2009, Sueyasu et al., 2010). Using high-level development tools, such as game engines, can
enable students with insufficient mathematics skills to understand computer graphics concepts and
produce attractive results (Elyan, 2012; Nishino et al., 2011; Raikar et al., 2015; Shanshan et al., 2008;
Sueyasu et al., 2010; Tori et al., 2006).

Several researchers have combined the top-down and bottom-up approach into a hybrid approach
(Glvez et al., 2008; He and Zhao, 2012; Hitchner and Sowizral, 2000; Hui et al., 2012; Schweitzer et al.,
2011; Tori et al.,, 2006). The motivation is to support the learning of practical skills while
simultaneously improving the knowledge base. Teachers can combine theory with graphics
programming and use of graphics software to foster students’ abilities in solving practical problems
(Andujar and Vazquez, 2006; Reina et al., 2014; He and Zhao, 2012; Hui et al., 2012; Schweitzer et al.,
2011; Tori et al., 2006).

4. Discussion

Our research identified four key issues encountered when teaching computer graphics. Three of the
issues were related to insufficient skills and/or a difficulty of applying skills related to mathematics,
programming, and spatial reasoning. The fourth key issue was that students have become passive
learners. The results suggest that more care must be taken in defining appropriate prerequisites for
entering a computer graphics course, or that more emphasis needs to be placed on teaching fundamental
skills not necessarily directly related to computer graphics.

Our review suggests that a top-down or hybrid approach might be able to address some of these
issues by demonstrating the importance and usefulness of fundamental concepts, applying them in a
practical context, and giving students an increased motivation to study them (e.g. in order to create a
game or other fun application). However, it is unclear whether such a top-down approach will result in
the same breadth of knowledge of fundamental concepts as a bottom-up approach, and so far no
quantitative comparison of these approaches exists.

Another possibility might be to exploit that students have different skills. We haven’t found any
research paper suggesting this approach, but we are aware of many tertiary training institutes, e.g.
animation and design schools, combining students with an arts/design and programming background in
the same class, but offering different assessment tasks to them.

It is somehow surprising that the vast majority of papers suggest using a top-down or hybrid
approach, whereas the traditional bottom-up approach still seems to be most common in practice. One
issue might be the fact that a top-down approach is often project-based, e.g. developing a simple game
(Ganovelli and Corsini, 2009). This is likely to be attractive to students, but requires a large amount of
supervision and might be difficult to implement for very large classes or instances where students’
abilities differ substantially. None of the papers we reviewed was about teaching a large class (say, 200
or more students).

There seems to be a general consensus that increased interaction, e.g. via supervised labs, group
work or peer work is useful. This corresponds to suggestions made in the computing and general
education literature, e.g. the “blended learning” and “flipped classroom” concepts (Lage et al., 2000).
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5. Conclusion and Future Works

Our research had identified four key issues making teaching and learning of computer graphics
difficult. We discussed these issues and offered suggestions to address them. The most common
solution offered in the literature is to employ a top-down or hybrid approach and promote more practical
work and more interactions. While these suggestions are common in other educational fields as well, we
believe they are particularly important in computer graphics due to the wide variety of skills involved
and the fact that its output are images and models. Students can easily relate to visual output and often
have an intuitive understanding of it, as compared to, say, the underlying mathematical and physical
concepts such as transformation matrices and illumination equations. In future work, we would like to
analyse tools and technologies for teaching computer graphics and investigate more formally what type
of skills are predictors for success in computer graphics.
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