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ABSTRACT

Drawing is a highly useful skill that can make people better at solving problems, communi-

cating ideas to others, collaborating, and producing more creative and novel ideas. It can be a 

difficult skill to master for many people, however. Like any learned skill, it requires many hours of 

practice for noticeable improvement, and sufficient motivation is also necessary to keep practicing 

consistently over a period of time.

Utilizing sketch recognition and other forms of artificial i ntelligence t o a ssist i n l earning to 

draw may facilitate the necessary improvements in self-efficacy and motivation students need to 

improve their drawing ability. While similar tools have been explored, there has been little to 

no effort at designing a truly holistic approach for teaching drawing skills that includes the basic 

fundamentals and building blocks for drawing any 3-dimensional object.

This dissertation explored the potential of an intelligent tutoring system for teaching drawing 

skills called SketchTivity along with various other technology probes focused on drawing. We 

found evidence that individuals could build confidence, build m otivation, make measurable im-

provements to drawing ability, and reduce fixation w hen i deating c oncepts t hrough t he various 

studies we conducted. We developed a flexible perspective accuracy recognition algorithm that can 

help individuals learn perspective. In interviews with students and teachers who used SketchTivity 

we discovered benefits and l imitations of the s ystem. Students were engaged by the interactive 

lessons, motivated by the gameplay, and saw it as a great warm-up tool. Meanwhile instructors 

loved that the system could offload grading tasks for them.

We hope the nuances of this potential will inform the future development and promise of the 

approaches described in this dissertation along with similar approaches to impact education at 

large.
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DEDICATION

To everyone who has ever said "I can’t draw".

You can, and you will.
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1. INTRODUCTION

Drawing is a valuable skill for creativity, communication, collaboration, and problem-solving.

It is a practical skill that can benefit internal thought processes [1] while also reducing cognitive

load and facilitating perceptually-based reasoning [2]. It can elevate awareness of and attention to

details of surroundings [3], hone analytical skills [4], and stimulate both halves of the brain [5].

In academic settings, drawing can improve students’ general academic achievement and problem-

solving thinking [6], improve peripheral skills in writing, critical thinking, and brainstorming,

boost self-confidence in other academics from successful artistic pursuits [7] and even improve

three-dimensional spatial recognition skills [8].

In professional settings, drawing is widely used to explore and refine concepts and com-

municate them to others. Painters regularly use drawing as a means to explore compositions

and underlays before committing paint [9]. In disciplines like architecture and industrial design,

freehand sketching is considered essential in exploring design ideas in the early stages of the design

process [10, 11, 12]. Even in modern HCI disciplines such as user experience design and software

engineering, sketching is increasingly valued for many of the same reasons [13, 14, 15, 16].

Drawing is a difficult skill to master, however. The studio setting is the dominant approach

for drawing instruction in settings such as high schools or universities. In this setting students

receive direct feedback on their progress from an experienced instructor and fellow classmates.

However, valuable expert feedback from instructors is less available as classroom size increases

and difficult to access beyond classroom and instructor office hours [17]. An additional concern is

that for studio environments that involve students sharing their work to the rest of the class (which

is very common), those students who have low self-efficacy [18] are less motivated to participate

and complete tasks given when they are learning such as in the classroom [19]. Learning to draw

in general is significantly affected by self-efficacy such that students with low-efficacy are less

confident to improve, unmotivated to practice, and discouraged by more skilled peers with their

own drawings [20].
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This problem affects people of all ages and may be rooted in childhood as many children seem

to decline in spontaneous art from around age 7 [21] and this has been found to be caused by a

decrease in self-efficacy as it relates to sketching and artistic pursuits in general [22].

Intelligent Tutoring Systems (ITS) hold much promise for freeing the bandwidth of instructors,

allowing for more personalized feedback and support as well as building more self-efficacy and

motivation in learners. Students are increasingly seeing more intelligent tutoring systems that can

provide instant feedback, but most systems only tell the student if the student’s answer is right and

wrong. Providing personalized feedback on the process is incredibly valuable, but takes significant

instructor resources [23]. An additional growing concern among educators is that students are

losing both the critical skill of sketched diagrams and the ability to think through problems via

sketching [24].

We have built such an ITS for drawing fundamentals called Sketchtivity. We have also built

a series of technology probes centered around learning drawing which are the basis of various

studies in this dissertation.

By utilizing sketch recognition, game-based learning, data visualization, and real-time feed-

back it is possible to guide learners in drawing fundamentals and facilitate more confidence in

their drawing ability. This improved self-efficacy can in theory lead to more motivation, making

individuals more motivated to practice. Improvements in both self-efficacy and motivation form

additional feedback loops with drawing ability itself. Over time, drawing ability could begin to

effect creativity and creative self-efficacy, as the more capable and confident learner begins to use

drawing as an applied skill for ideation.

The model in Figure 1.1 forms the basis of the research questions surrounding this dissertation

and what is explored in it. The various studies described in this study are all centered around

helping individuals holistically improve their drawing ability. In order to do so we focus on

methods for building self-efficacy, motivation, and creativity, in addition to ability.

2



Figure 1.1: A high-level model of how the Sketchtivity system should facilitate improvements in
drawing ability and creativity. This dissertation explores this model and its efficacy.
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2. INTELLECTUAL MERIT

Raising global literacy has been a long and arduous multinational effort that has resulted in

86.3% of individuals aged 15 or higher in the world now being able to read and write as of 2019

[25]. In developed nations such as the United States it is closer to 99%. However, there has been

little to no effort to raise global drawing ability, despite the many benefits drawing has in terms

of communication, collaboration, and problem solving. As a picture can “speak 1000 words,”

drawing holds many benefits that when combined with literacy can make individuals far more

prepared for the highly creative and collaborative 21st century.

Unfortunately, the teaching of visualization skills, in the form of sketching and drawing in-

struction, was dropped from most US engineering curricula in the 1980s and 1990s [26, 27] and

replaced with CAD. Even in professions like architecture, sketching has become a “lost art” and

is no longer valued as much as it has been in the past [28] even if there is some light focus on the

discipline.

This may have unintended consequences regarding problem solving ability and possibly cre-

ativity, which can have career-long impacts on engineers, designers, and society at large. We

hypothesize that reintroducing free hand sketching, along with more innovative teaching methods,

can improve students’ problem solving skills, creativity, and their self-efficacy towards tasks that

involve visualization and the communication of ideas. Below are examples of the potential impact

of this research:

• This dissertation will impact (and is already impacting) hundreds of high school and univer-

sity students as well as instructors who will participate in studies and drive the technology

and research forward.

• A comprehensive set of lessons and exercises that teach the fundamentals of drawing and

visual communication will be built, in addition to creative challenges that encourage transfer

of knowledge. Users of the system will gain mastery of valuable skills that will benefit their
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careers as industry becomes increasingly collaborative and creative.

• The web-based educational platform is not device-dependent and can therefore be used

on a wide variety of devices including Cintiqs, iPads, Android tablets, Surface Pros, etc.

allowing for widespread accessibility independent of socio-economic status or access to

quality education.

• It will allow and encourage students to use their creativity, which may engage more reluctant

learners, making STEM content more engaging to a more diverse group of students.

• Sketch recognition algorithms created during this dissertation may be useful for other re-

searchers and may be used in related domains like creativity support.

• If the technology proves itself to be effective in improving learning outcomes and motivating

students, it may scale up to significantly impact primary and secondary education and society

at large.
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3. PRIOR WORK

It’s important to consider related work in other intelligent tutoring systems, sketch-based intel-

ligent tutoring systems, sketch-based tutorial-generation tools, and sketch-based games. We learn

lessons from these works and take note of where they are successful and not successful.

3.1 Intelligent Tutoring Systems

Intelligent Tutoring Systems (ITS) [29] are educational systems designed to replicate the one-

on-one tutoring experience. While they are a promising approach to delivering education efficiently

and even remotely, they can be difficult to evaluate [30].

Nevertheless, they have been shown to be effective and in certain cases even more effective

than human instructors [31, 32]. A meta-analysis conducted by Kulik and Fletcher found that

students who had access to ITSs outperformed students from conventional classes in 46 out of 50

controlled evaluations [33]. Some systems have become successful commercial products, such as

Duolingo. One study found that spending an average of 34 hours using Duolingo could yield the

same learning outcomes as an entire semester of Spanish at the university level [34].

Design recommendations for ITS from Sottilare et al. emphasize the importance of the “learner

model,” or the cognitive and motivational states of the individual that can be modeled and utilized

to guide automated tutoring. [35].

3.2 Sketch Recognition

Sketch recognition is the automated recognition of hand drawn diagrams by a computer [36],

and can be considered a subset of computer vision. A lot of early work in sketch recognition was

focused on automatic recognition of UML diagrams [37, 38]. Follow-up work has focused on

immediately turning hand drawn diagrams in to executable code [39, 40].

Some systems have been designed to be domain-independent, allowing for sketch recognition

to be used in any kind of educational context [41, 42, 43, 44]. There has also been frameworks for

robust recognition and beautification of basic shapes like circles, squares, stars, lines, spirals, etc.
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[45, 46, 47, 48], which can be used in a variety of different domains and contexts.

3.3 Sketch-based Intelligent Tutoring Systems

A sketch-based ITS utilizes a sketch-based user interface for users to provide hand-drawn

diagrams or symbols, and can provide real-time feedback on the drawings by utilizing sketch

recognition. Representative examples of sketch-based ITS applied to educational disciplines out-

side of drawing instruction include music [49], east asian languages [50, 51], statics problems in

mechanical engineering [52, 53, 54, 55, 56], geography [57], and mathematics [58].

Naturally, there have been explorations focused on drawing and sketching instruction, with

the majority having a focus on fine art styles of drawing. iCanDraw [59] and EyeCanDraw [60]

provide step-by-step guidance for drawing human faces and eyes, respectively. They utilize sketch

recognition to provide real-time feedback on accuracy, helping users correct drawings as they

progress. Since these domains are very specific, it is questionable how much general drawing skill

users can gain, and whether or not improvements can transfer to other domains.

CogSketch [61, 62, 63, 64, 65, 66, 67, 68] takes a more cognitive approach and is a platform

for both understanding the mental model behind sketches [69] as well as how to improve one’s

problem-solving ability through real-time feedback [70].

Aalto Drawing is a recent educational tool that shows promise for “fair and encouraging”

automatic accuracy feedback on a variety of basic forms [71]. While it is limited to a star rating,

and has yet to be formally evaluated, it hints at the possibility of the gamification of drawing

practice and its potential to motivate students.

Both Keshavabhotla et al. [72] and Kuribayashi et al. [73] developed systems for recognizing

the accuracy of cubes in perspective (an important skill in design sketching).

3.4 Sketch-based Tutorial Generation Tools

Some tools have focused on the automatic generation of tutorials. Tutorials, also commonly

called demos, are one of the main methods for conveying how to draw. In studios, the instructor

typically devotes time in each class to a tutorial, during which the students can follow along and
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replicate the drawing. Fernquist et al. explored how the actions of an artist could be recorded

in sketching software and then be converted in to full step-by-step tutorials with stroke-by-stroke

feedback and assistance for users[74]. Hennessey et al. explored converting 3D models of products

into step-by-step sketching tutorials [75]. However, the tutorials are not interactive, and provide

no feedback to assist the learning experience.

3.5 Digital Drawing Tools

Numerous tools have been developed which assist users in sketching in 3-dimensions. The

work of Schmidt et al. [76, 77] explores powerful interaction techniques for sketching in 3D

seamlessly, but the system itself is not mean to educate its users on how to sketch in 3D. Likewise,

EverybodyLovesSketch [78] is a novel system for sketching in 3D that has been shown to be useful

for novices but is not designed to be strictly educational.

ShadowDraw is a unique tool that provides an underlay for users as they draw, assisting

them with drawing recognized objects like bicycles [79]. Its educational benefit is questionable,

however, since the tool does not provide any instruction or convey any principles of how to draw.

3.6 Creativity Support Tools

Creativity Support tools (CST) bridge the gap between novice and expert ability in drawing

and painting by providing digitally-mediated assistance, so they are also worth considering as

relevant prior work. Some incorporate a wider set of figure drawing options (i.e., The Drawing

Assistant [80]), while others introduce more specialized features for assisting novices to improve

their drawings (i.e., PortraitSketch [81]), or provide greater creative expression from reference

models (i.e., Painting with Bob [82]). These systems for novice users are primarily assistive, rather

than educational, focusing more on improving drawings of specific objects or images in fine art

styles of drawing as opposed to conveying fundamental concepts of design sketching, however they

do provide valuable insights into successful sketch-based user interfaces and interaction design

practices which can help novices create.
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3.7 Co-Creative Systems

Computational co-creative systems are systems that facilitate the co-creation of artifacts be-

tween users and computers [83, 84, 85]. Also referred to as Mixed-Initiative Creative Interfaces

(MICIs) [86], such systems have been considered in a variety of domains such as public art

installations [87], music improvisation [88], poetry writing [89], dancing [90], etc.

A relevant example of such a system would be the Drawing Apprentice from Davis et al. [91,

92]. This system responds to user strokes with strokes of its own, resulting in abstract co-created

drawings. We draw inspiration from this work, however we focus more on formalized concept

sketching rather than making abstract art. In other words, we focus on a more practical use case of

sketching specific concepts or ideas.

Another relevant example in this domain is ShadowDraw from Lee et al. [79]. This system

responds to user strokes by recognizing what the user is trying to draw and providing underlays of

that object to assist the user. For example, a user can begin drawing a bicycle, and ShadowDraw

will generate underlays of bicycle drawings which the user can then trace, helping the user to

converge on a stronger bicycle drawing. We draw inspiration from the underlay aspect of this

work in particular, however our approach is oriented more towards divergent thinking rather than

convergent thinking.

3.8 Sketch-based Games

Sketch-based games are by no means a new concept. Casual classics like Tic-Tac-Toe and

Hangman can be played with readily accessible pen and paper. Pictionary [93], a charades-

inspired word guessing game that involves drawing, remains a popular board game decades after

its creation.

With digital games now a prevailing medium, new sketch-based games have been created which

utilize either finger swiping or the use of a digital stylus. DrawSomething [94], a mobile game that

is very similiar to Pictionary is worth noting for how it promotes communication skill through

sketching.
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Other sketch-based games have been more oriented towards education. Many have been geared

towards children, e.g., the work of Paulson et al. in encouraging learning through more tactile and

kinesthetic approaches [95]. EasySketch2 was developed to assess and improve fine motor skills

ion children in order to see how prepared they are for school [96]. TAYouKi [97, 98] was oriented

towards teaching young children to draw basic shapes. A system developed by Truong et al. [99]

helps children learn new concepts through sketch-based interaction. Wasson et al. [100] showed

games can be utilized to learn art history and other general pictures.

Some games have been more oriented towards research and collecting data. PicturePhone and

StellaSketch are collaborative sketch-based games that utilize human computation [101] to collect

and classify sketch data [102]. Google released a game called QuickDraw that could guess what

users were drawing using machine learning, and was meant to build a massive dataset of over 50

million doodles. These games offer fun play experiences for users while also fulfilling secondary

research motives.

3.9 Differentiation

Our systems are designed to be more general, focusing on design sketching fundamentals,

and incorporating gameplay and gamification to motivate students. The systems are general in

the sense that it conveys sketching fundamentals that can be used in any domain. The goal for

many disciplines like industrial design, architecture, and engineering is often to be able to sketch

from one’s imagination, and produce interesting and novel forms. We utilize both gamification

[103, 104] and “serious” games [105] in an effort to motivate students, since our earlier research

showed how low motivation to practice sketching was a major concern for students.

In terms of how Van Lehn defines intelligent tutoring systems [106], the inner loop of Sketchtiv-

ity gives real-time feedback on accuracy for each and every basic primitive sketch in the form of

red deviation lines, while the outer loop provides summative feedback after each task. Based on

performance and the student model, the outer loop allows access to more advanced lessons which

the student can then choose from.
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4. SENSITIZING CONCEPTS

4.1 Educational Psychology

The design of the systems described in this dissertation is heavily influenced by concepts

in educational psychology. Decades of research in how humans learn has provided a wealth of

information about the optimal ways to cultivate a healthy psychology around learning.

4.1.1 Self-Efficacy

Self-efficacy can be defined as a self-assessed judgment of “how well one can execute courses

of action required to deal with prospective situations” [18]. Self-efficacy in various subcategories

such as creative self-efficacy can be studied, and Albert Bandura, the psychologist behind the term,

wrote a guide for developing self-efficacy scales in 2006 [107].

Self-efficacy is closely tied to confidence and is an important aspect of an individual being

self-motivated to learn. When an individual gains self-efficacy they are much more likely to have

sustained motivation to keep practicing and improving a skill [108, 109].

4.1.2 Self-Regulated Learning

This work is also heavily influenced by the concept of self-regulated learning [110] which is

related to self-efficacy. It describes an ideal form of learning in which a learner is self-motivated

to learn, regularly reflects on what they’ve learned (metacognition) [111], and is actively engaged

in taking control of what they are learning.

Educational technology is a promising way to promote self-regulated learning as it can make

the learning more process more transparent [112, 113, 114, 115]. An intelligent tutoring system

that tracks progress on learning various concepts can provide that information to the user, helping

them to self-regulate their learning. That can come in the form of real-time feedback on what to

improve upon next or through “profiles” with data visualization on performance over time.

Studies have shown that when students feel that their schoolwork is meaningful and interesting,

and the classroom environment is supportive, they are more likely to engage in self-regulated
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learning [116].

4.1.3 Self Determination Theory

Since this work is focused on motivating individuals, it’s worth mentioning some sensitizing

concepts in motivation theory that are relevant. Self-Determination Theory (SDT) [117] is one

of the prevailing paradigms in psychology, as it describes people’s innate psychological needs for

competence, autonomy, and relatedness. When learning a new skill, individuals tend to be more

extrinsically motivated at first, looking for outside rewards such as positive feedback or monetary

gain. However through the natural process of self-determination, motivations are internalized and

the individual starts to become more intrinsically motivated to learn the skill.

4.1.4 Mastery Learning

Another concept from education theory that is influential in the design of Sketchtivity and the

various other technology probes in this dissertation is mastery learning [118]. First proposed by

Benjamin Bloom in 1968, it suggests that the optimal way to learn is to always master concepts in

a step-by-step manner, only moving on to more advanced concepts when the prerequisite concepts

have been mastered. By always staying in the “proximal of development” [119], individuals can

master concepts at their own pace, ensuring they truly understand the material as they progress.

This contrasts with much of how education is delivered in public education in the US and

abroad. Typically, courses must cover a certain set of material and students are dragged along

independently of their mastery of the concepts. This tends to create a stratification between stu-

dents who quickly understand the concepts and those who struggle or take more time to understand

them. There is no exception in studio environments, as many students learning to draw struggle to

master fundamentals, but are nevertheless forced to move on to more advanced topics to cover the

material of the course.

4.2 Gamification Research

In recent years, research around games and gamification has been on the rise. Games hold much

promise for engaging and motivating people, and can be utilized for far more than entertainment.
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Games can be utilized for education, relaxation, creativity, productivity, etc. and researchers and

technologists are just scratching the surface in terms of the potential.

4.2.1 Motivating with Games

Motivation in games has been widely studied and remains an interesting area of research since

games have the potential to be very immersive and engaging. Richard Bartle [120] created a

taxonomy of player types for massively-multiplayer online (MMO) games that describes their

motivations. We draw inspiration from this 2-axis approach to motivations.

The work of Phillips et al. [121] explored how different in-game rewards motivate people.

They found little difference between individual isolated rewards, but found that a greater variety

of rewards has a positive impact on interest and enjoyment. This is an important insight in to the

design of serious games to motivate students in educational contexts.

4.2.2 Game-based Learning

Serious games have been shown to be more effective than traditional educational methods in

terms of learning and retention, [105] but not necessarily motivation. Ongoing research in game-

based learning is exploring the degree to which games can motivate students more [103, 122, 104].

One approach is to utilize “stealth learning” [123, 124]. Stealth learning disguises the learn-

ing within the gameplay and game mechanics. Caution is advised when using stealth learning,

however, as

4.3 Drawing Pedagogy

Drawing is a broad skill with many different approaches and styles, as well as many pro-

fessional disciplines centered around those various approaches. These approaches include de-

sign sketching, representational (fine art) drawing, cartooning, drafting, etc. We touch on two

approaches that heavily influence our various prototypes—design sketching and representational

drawing.
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4.3.1 Design Sketching Pedagogy

Design sketching is a practical form of drawing that is typically taught to industrial designers,

architects, and in some cases engineers. In design sketching, a mastery learning [118] approach

is utilized in which students practice basic two-dimensional and three-dimensional “primitives”

before moving on to combining primitives in to actual objects and forms in perspective. One

advantage of this approach is it teaches the individual how to draw in a general sense, eventually

giving them the ability to sketch from their imagination [125, 126].

Design sketching emphasizes precision, smooth fluid line work, and speed [127]. While this is

a certain style of drawing focused on rapid idea generation, it doesn’t have to be a rigid limitation

and individuals can still utilize more traditional fine art drawing skills in their repertoire.

4.3.2 Representational Drawing Pedagogy

Representational, or fine art drawing, is the form of drawing most people are familiar with. This

is the form of drawing that is typically taught in art courses in K-12 education as well as in more

specialized art programs. This form of drawing emphasizes realism and capturing details of the

real world. Students will typically practice portraits, still life, landscapes, etc. and be encouraged

to have accurate line work, shading, and detail.

Betty Edwards is a famous art teacher best known for her book Drawing From the Right Side

of the Brain [128, 129]. In her workshops she emphasized techniques for helping everyday people

learn to draw with particular emphasis on perception. Indeed, drawing as a skill is closely tied

to perception, and the better one is able to perceive details of the world, the better they are at

replicating those details in a drawing.

Numerous other books have focused on guiding beginners in learning fundamental drawing

skills [130, 131, 132] including skills like perspective [133], which beginners tend to struggle the

most with. Perspective is the focus of one of the research questions and studies in this dissertation

(see Chapter 8).

This form of drawing is particularly influential for one of our prototypes DrawMyPhoto, which
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will be discussed in more detail in a later chapter.

4.3.3 A Holistic Approach

This dissertation focuses on a holistic approach to improving drawing ability. This means

that the overall goal is not to focus on a specific style of drawing such as design sketching or

representational drawing, but rather to focus on a general ability to draw along with a healthy

psychology around learning to draw. Individuals need to want to learn to draw in order to learn to

draw.

Drawing utilizes a fairly complex set of abilities including fine motor skills, perception, visual

memory, and spatial reasoning [8, 134]. In order to improve one’s drawing ability, one must

practice and put in the necessary time to cultivate these various abilities. In order to do so,

individuals must be self-motivated and have some degree of self-efficacy. We identified four key

aspects to learning to draw that should be cultivated in order to see the most improvement.

Skill Most obviously, skill is one of the key aspects of learning to draw. Skill includes fine

motor control, perception, understanding of perspective, and so on.

Confidence As mentioned in previous sections, self-efficacy is closely tied to confidence and

self-regulating one’s learning. In other words, when an individual is more confident in their ability,

they are more likely to be motivated to keep practicing and improving.

Motivation Naturally, motivation and confidence are closely tied to each other. Drawing, like

any other skill, requires practice, and individuals must be motivated to practice.

Creativity Lastly, when one has gained sufficient ability, creativity becomes an important aspect

of drawing. Tapping in to one’s own creativity is where an individual can truly reap the benefits of

the ability to draw.

All of these aspects work together and should be cultivated simultaneously.
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5. RESEARCH QUESTIONS

5.1 R1. Can Intelligent Real-time Feedback from Sketch Recognition Help Improve Per-

spective Drawing Ability?

H1. By utilizing a novel sketch recognition algorithm for detecting accuracy of rectilinear

sketches as a form of scaffolding, novices should be able to improve their understanding of per-

spective and demonstrate that through subsequent sketches.

5.2 R2. What is the Effect of Real-time Feedback Driven by Sketch Recognition on Drawing

Ability and Drawing Self-efficacy?

H2. The relevant education theory suggests this will help students internalize and self-regulate

their learning [110]. We would also expect to see correlated improvements in their self-efficacy

and ability.

5.3 R3. What Motivates Students to Practice Sketching? What is the Effect of Game-based

Learning and Gamification on Motivation to Practice Sketching?

H3. Game-based learning should have the most powerful effect on motivation to practice [135],

but the nuances of this motivation will differ from student to student. Some students will be

motivated more by gamification or different styles of games [120], and it will be on a spectrum

from extrinsic to intrinsic motivation. We would expect to see correlated improvements in ability

and self-efficacy as well.

5.4 R4. What is the Effect of Co-created Provocative Stimuli on Creativity?

H4. By providing provocative stimuli based on what students have sketched so far, it can serve

as a form of scaffolding, and students should be able to avoid design fixation and produce more

novel ideas than those without this stimuli.
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5.5 R5. What are the Benefits and Limitations of Using an ITS for Sketching Fundamentals

in Existing Courses?

H5. We would expect the system to be useful for drawing instructors for a number of reasons

such as:

• Quickly getting students up to speed on basics and fundamentals of drawing.

• Seeing their activity and performance over time so that teaching can be more personalized.

• Engaging students more and making them more excited about learning drawing.
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6. IMPROVING DRAWING CONFIDENCE

6.1 ZenSketch: A Novel Sketch-based Game for Practicing Line Work

This chapter contains previously published work1.

6.1.1 Motivation

It is not difficult to find people who not only believe they can’t draw, they believe they “can’t

even draw a straight line.” As line work is fundamental for almost all drawings, it stands as a

fundamental skill for anyone pursuing improvement in their drawing ability. We believe it may

also be a confidence-booster, allowing learners to have more self-efficacy [18] with respect to

drawing and be more motivated to learn more advanced drawing techniques.

In disciplines such as Industrial Design, a form of drawing known as design sketching (often

shortened to just sketching) is taught to students. A typical introduction to sketching course in

an Industrial Design program may allocate an entire week or two to line work [136]. A typical

exercise involves connecting dots with straight lines in an effort to improve accuracy, line quality,

and speed (Figure 6.2). This exercise builds the necessary motor function for more advanced

sketching techniques, and allows for the learners to sketch at a level that approaches professionals.

With tablet devices and particularly stylus-based tablets that enable digital sketching becoming

more ubiquitous, there is an opportunity to translate this crucial exercise in to the digital medium.

While our previous work has explored this [137, 72, 138], there has been no attempt at introducing

gaming mechanics to the exercise in an effort to make the exercise more fun and engaging for

learners.

We have developed a game called ZenSketch that translates features of lines in to engaging

game mechanics (see Figure 6.1). Our goal was to make an educational game that could improve

freehand sketching line work while also being entertaining and motivating to learners. The game

1Reprinted with permission from: ZenSketch: A Novel Sketch-based Game for Practicing Line Work. Blake
Williford, Adil Hamid Malla, Matthew Runyon, Wayne Li, Julie Linsey, and Tracy Hammond. Extended Abstracts
Publication of th eAnnual Symposium on Computer-Human Interaction in Play, pp. 591–598, ACM, 2017
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Figure 6.1: The game’s title screen.

Figure 6.2: A student’s homework assignment to practice lines by connecting dots. This exercise
is very common and typically the first exercise in a sketching course. The student received a 4.5
out of 5 because many of the lines had an unintended arc. This is common among novices and is
the result of using the wrist too much
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relies on sketch recognition to extract features of the lines which include deviation from the

“perfect” line (accuracy), speed, and smoothness (line quality). It then translates those features

in to game play by encouraging each line to be as close to ideal as possible. The better the line

work of the player, the longer they can continue playing and the higher score they can achieve.

6.1.2 Game Design

6.1.2.1 Pedagogical Basis

We have consulted with many domain experts including eight sketching instructors at three

different universities, and have referenced the most widely used textbooks [125, 127] for learning

sketching to determine what constitutes quality line work. In general, quality line work is accurate,

smooth, and fast. These metrics often form the basis for grades that are given to students in

an Industrial Design sketching course. They can be evaluated by an experienced instructor but

are subject to human interpretation. As we will discuss later, sketch recognition can allow for

objectivity in this domain and more precise determination of these metrics.

6.1.2.2 Accuracy

Every line in a sketch should have an intention behind it. The degree to which the person has

achieved that intention could be described as accuracy, and it may be with respect to perspective,

or with respect to an intended form or part of a form. A perfectly accurate line between two points

will be the shortest path between those two points.

6.1.2.3 Smoothness

Koncelik describes a good quality line as having a clear beginning, a middle, and an end [127].

A novice may approach each line with a series of short choppy strokes which is often referred to as

“chicken-scratching.” This is discouraged in sketching because it results in sketches that are either

unclear or too messy for further details to be added. Instead, smooth, fluid strokes are encouraged,

which lead to more legible and easily interpreted sketches.
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6.1.2.4 Speed

Speed is of lesser importance, however it is still encouraged in sketching because it allows for

rapid ideation, and it can naturally produce more precise, smooth, and controlled lines. “Control

does not come from slow, careful line production, it comes from fast, rapid movement of the

drawing media on the paper surface” [127]. In this way sketching is similar to cursive writing.

It is important to note that these “rules” can be broken in certain circumstances. In fine

art drawing, lines may intentionally be broken up or messy so as to render textures or suggest

ambiguity. For the purposes of the game, and the exercise in general, we are focused on quality

line work as described by domain experts in design sketching. This type of drawing is focused

on rapid ideation, the construction of three-dimensional forms, and the clarity of those forms,

therefore these rules should not be broken in general when sketching.

6.1.2.5 Game Mechanics

Translating these features in to game mechanics which encourage high values was an interest-

ing challenge. Games with good flow have been shown to improve user performance [139] as well

as keep users engaged [140]. As good game design requires immersion and clear goals [141], we

decided the premise of the game was for the user to connect bridges for a fictional monk character

named Maxus. By “bridging” the widely used connect the dots exercise with the digital medium,

we could make the act of drawing a single line a goal within itself. This is important because when

learning sketching, one must learn that every line is important and should have an intention behind

it.

Maxus is a monk in training, and the player’s goal is to help him with his training. He begins

with three lives and a full balance meter. He must reach as far as he can while remaining balanced.

The following game mechanics were implemented and can also be seen in the game’s initial

instructions screen. They are described below.
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6.1.2.6 Precision

We decided to call accuracy precision in the game as it is more apt. Precision is encouraged

through a game mechanic in which Maxus loses balance if the line deviates too much. He only has

so much balance before losing a life. Additionally, more precise lines result in a higher score for

each line.

6.1.2.7 Finesse

We decided to call smoothness finesse in the game, as sketching smooth lines does require

some finesse and fine motor control.

6.1.2.8 Speed

Speed is encouraged through the collection of randomly generated power-ups that disappear

after a few seconds. Zen orbs (25% chance) restore balance and add a multiplier to line scores.

Hearts (5% chance) add a new life unless the player already has the max of three lives.

6.1.2.9 Stealth Assessment of Learning

Stealth assessment has been shown to help reduce user anxiety and increase performance [123].

The objective in designing the game was to at least partially hide assessment behind the game

mechanics. This allows the user to be engaged with less fear of “grading” and learn better overall.

We hide direct assessment behind game scores and bonuses. This encourages the users to focus

more on getting a better score instead of directly focusing on their line quality. Since the users

can only get better scores through better lines, we hypothesized that the line quality will increase

naturally as users aim for higher scores in the game.

6.1.3 Evaluation

In addition to iterative informal testing which helped balance the game, we conducted a formal

evaluation and data analysis in order to determine the effectiveness of the game in improving

student’s line work. This involved formally testing 14 university students. Students ranged from

the undergraduate to graduate levels and had self-assessed sketching ability ranging from novice
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Figure 6.3: Study participant playing the game on a Microsoft Surface Pro 3 in different device
orientations.

to intermediate.

Each participant played the game on a Microsoft Surface Pro 3, and was encouraged to use the

device in whichever orientation they pleased (Figure 6.3). Each participant was asked to play the

game repetitively for 20 minutes, aiming for the high score each time they completed a game. We

collected accuracy, smoothness, and speed data for each and every line in each game.

6.1.4 Results

Figures 6.4, 6.5, and 6.6 show performance of the 14 users for their first 100 lines (typically

5–7 games). Because the data was quite noisy, we chose to present average trends to better observe

any subtle improvements.

We then performed a paired t-test comparing the average accuracy, smoothness, and speed

for the first 10% and last 10% of the lines drawn by each participant to see if playing the game

increased line sketching ability. From this, we were able to determine that playing ZenSketch
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Figure 6.4: It can be seen that for most participants, accuracy trended upward or stayed stable.

statistically improved line sketching smoothness (p < 0.02), but not accuracy (p < 0.15) nor

absolute speed (p < 0.06). When speed was standardized for each user (from 0% to 100% of their

max speed), the increase in normalized speed was significant (p < 0.03).

The full short paper for this work was published at CHI Play 2017 [142].

6.2 DrawMyPhoto: Automatic Generation of Drawing Tutorials from Photos

This chapter contains previously published work2.

6.2.1 Motivation

Photographs are ubiquitous in modern society and nearly everyone has treasured photos of their

pets, friends, family, and travels. While many applications make it easy to use image processing to

give photos a “sketched” or rendered look (e.g., [143, 144]), this bypasses a learning opportunity

and may not give the person the same sense of pride or sense of value in the ensuing result. Previous

work has shown that when people invest time and effort in to something they build or create, it

holds significantly more value to them, such as the “Ikea Effect” explored by Norton et al. [145]

2Reprinted with permission from: DrawMyPhoto: A Novel Sketch-based Game for Practicing Line Work. Blake
Williford, Abhay Doke, Michel Pahud, Ken Hinckley, and Tracy Hammond. Proceedings of the 2019 Conference on
Creativity and Cognition, 198-209
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Figure 6.5: It can be seen that for most participants, smoothness also trended upward.

Figure 6.6: It can be seen that for most participants, speed trended upward or stayed stable.
Interestingly, the average speed varied considerably between participants.
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and the notion of “digital possessions” from Belk [146].

The goal of this work was to develop a system for converting a photo in to a set of steps that

guide a user in drawing the photo in a way that approaches how professional artists draw [128,

130, 125]. In doing so, we believed that the user could gain a strong boost in drawing self-efficacy,

which is an important factor when learning drawing.

To accomplish this, we used image processing to automatically generate a line work step,

three shading steps, and a final details step from the original photograph along with novel real-

time feedback on pressure and tilt, and pen grip suggestions. We also provide grids inspired by a

popular grid-based approach common in art education, along with an underlay feature which can

assist novices who prefer to trace.

Our contributions include:

• A description of the system, detailing how readily-available image processing techniques

can be used in a unique way to provide the automatic generation of step-by-step guidance in

drawing a photo. This approach mirrors the order and manner in which many professional

artists draw.

• The design rationale behind novel real-time feedback mechanisms for pressure and tilt which

guide users in proper shading technique. Such feedback can be expanded upon by other

designers and researchers for similar applications.

• Evidence that the system was a rewarding experience for novices and allowed them to

produce quality drawings. Expert ratings were significantly higher (p < 0.01) for the group

with full assistance with respect to overall quality, accuracy, shading, and details. Many

of the participants who used the system also self-reported they had learned proper shading

techniques and the order in which to approach drawings.

Together, these contributions illustrate how DrawMyPhoto offers a promising and rewarding expe-

rience for novices to learn how to draw using their own photos—photos they already have a strong

emotional investment in.
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Figure 6.7: The DrawMyPhoto system generates an interactive drawing tutorial from a photograph
by utilizing image processing. It generates five distinct steps and offers novel real-time feedback
on pressure and tilt, allowing even novices to produce quality drawings as well as learn how stylus
pressure and tilt affects shading.

6.2.2 System Design

DrawMyPhoto is a progressive web app (PWA) built primarily in Javascript and utilizing

Windows Ink API for rendering strokes based on applied pressure and tilt. The image processing

component is built in Python using the OpenCV library. We will describe in more detail our goals

for the system, as well as the nuances of its implementation.

G1—Scaffolded—Instructional scaffolding is a technique used in education to keep learners

in their proximal zone of development [119]. This technique ensures the learner is adequately

challenged for where their skill level is, but not so challenged that they are prone to giving up.

Placing training wheels on a bicycle while learning to ride one is a classic example of scaffolding.

Forms of scaffolding for the system include the grid as well as the underlay feature (Figure 6.8).

Through piloting the system we found that many novices were still uncomfortable with the grid

approach, and so the underlay was introduced as a means to scaffold it further. When the user gains

more confidence they can turn off the underlay feature or use it less.

G2—Easy to use—We wanted novices to be able to focus on their drawing without too many

tools and power getting in the way. We accomplished this through a very minimal user interface.

Differing stroke darkness and width is achieved through pressure and tilt of the stylus rather than

complex menus and on-screen interactions. The tutorial itself is very linear, with five very clear

steps.

G3—Intelligent feedback in real-time—We wanted the system to be able to detect performance
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of the user as they produce the line work and shading in a way such that real-time feedback can be

provided that is similar to what a human could provide (Figure 6.9). This is accomplished through

detecting pressure and tilt of the stylus and is described in more detail later in this section.

G4–Preservation of personal style—Among the goals of many previously designed systems is

allowing the preservation of personal style [81, 82]. This system was no exception, as we wanted

the users to produce more accurate drawings with better shading, but not in a manner that restricted

their style.

G5—Higher quality drawings—Our overall goal was to allow novices to quickly produce a

reasonably high-quality drawing independently of their experience and expertise in drawing. In

doing so, we believed the system could provide a strong boost to their drawing self-efficacy.

6.2.2.1 Pedagogical Basis

We consulted with a domain expert in drawing as well as referenced the leading literature in art

education [128, 125, 130, 147] while designing the system. When many professional artists draw

in pencil, they begin with line work, ensuring proper proportion and alignment of the drawing,

as well as composition. Artists lightly add strokes, building darker shades over time, generally

beginning from light values and working towards darker values as they fill in the details of the

drawing. This ensures they can recover from mistakes. Our goal was to process photographs and

produce guidance images from them that mirror this process.

One exception is that we do not provide proportion guidelines, which many artists utilize when

drawing the human face and human body particularly. This is in part because it is unnecessary

with the underlay hint feature which we describe later in this section.

6.2.2.2 Image Processing

Figures 6.7 and 6.12 can be referenced for the five distinct steps the system automatically

generates. For a photograph a user uploads, the system converts the image to grayscale and

then increases the contrast and brightness by 50% which pushes white values forward. This

is an important step, because without doing so the entire image may be gray values, meaning
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the user will shade the entire image. This often results in poor drawings and is not generally

how trained artists draw (they will typically leave plenty of white negative space for areas not in

shadow [128]). This initial pre-processing of the image results in the final “details” step which the

user can reference to fill in any details they may have missed as they were shading in the individual

steps. In order to produce the preceding line work and shading steps, we perform some additional

operations on the image.

For the initial line work step we use Canny edge detection [148]. This suffices to produce a

strong template for the line work of the drawing. The low threshold is the median of the single

channel pixel intensities (a value between 0 and 255) multiplied by 0.66, while the upper threshold

is the median of the single channel pixel intensities multiplied by 1.33. These thresholds allow

for strong results on most photos, however some photos with poor lighting conditions or complex

backgrounds can have unwanted noise.

For the shading steps we use k-means clustering [149] with k = 4 to find four clusters based

on value. One of the clusters is inevitably the white values, which we discard. The remaining

clusters are the light, medium, and dark gray value regions of the image. These correspond to the

light, medium, and dark shading steps respectively. We can increase this number and produce more

shading steps if needed, but we found three to be a reasonable number for a drawing tutorial for

novices. While this technique works well for most photographs, naturally, some photographs with

poor lighting, poor distinction between edges, etc. do not produce perfect results. Edge detection

and segmentation are ongoing problems in computer vision and some photographs may not have

clear boundaries between foreground and background, or may have noisy backgrounds which

influence the results. Likewise, some photos may be heavier in certain values, making certain

shading steps either negligible or completely blank.

In terms of performance, the total computation time for a 400x400 pixel image which is

adequate resolution for the tutorial is less than one second. Canny edge detection via OpenCV

has already been shown to be very efficient with a computation time of 22 milliseconds for even a

2000x2000 pixel image [150]. For k-means clustering, we timed the computation for a variety of
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images and averaged the values on a consumer PC with an Intel i7-7660U 2.55 GHz CPU. It ranges

from 236 milliseconds on average for a 400x400 pixel image to 1036 milliseconds on average for

a 1000x1000 pixel image.

It is important to emphasize that our goal was not to advance the state-of-the-art in image

processing or computer vision, but rather advance a novel application of existing algorithms and

explore novel interactions and feedback associated with the educational goals of the system.

6.2.2.3 User Interface

The DrawMyPhoto user interface supports both right-handed and left-handed users by adjust-

ing the canvas to be on the side of the dominant hand. A continuously visible reference image

along with step instructions is always visible in a sidebar (Figure 6.8). The sidebar also includes

a toolbar, giving the ability to undo strokes, as well as toggle a grid on and off and adjust a hint

underlay. It was designed for bimanual input (e.g., “Pen + Thumb” work of Pfueffer et al. [151]),

so that the user’s dominant hand can be drawing while they adjust the grid or underlay with their

non-dominant hand.

We chose to not give options for stroke width and color in an effort to keep the experience

as simple as possible for novices. Stroke width and darkness can also change dynamically with

pressure and tilt which is what is encouraged in this system.

Both the reference image and the canvas have a 3x3 grid. This is inspired by a popular grid-

based method for drawing that has been used by artists for many years and was popularized by art

educators like Betty Edwards [128]. It reduces cognitive load by allowing for the person drawing

to only focus on each piece of the grid at a time. This can allow them to produce drawings that are

more accurate and have proper proportions.

We also built a hint underlay feature which allows the users to trace for each step. We found

from piloting the system that many novices were still intimidated by the grid approach. We decided

to add this as a form of scaffolding, since our primary goal was to help novices produce high

quality drawings and build up their confidence. The underlays mirror the reference images but are

rendered in a light blue color so that the user can see a difference between where they have drawn
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Figure 6.8: (A) is the sidebar with reference image for each step of the tutorial. It also includes
some basic instructions for each step. (B) is a toolbar designed for bimanual interaction that
allows user to adjust underlay feature, undo, as well as toggle the grid on and off by using the
non-dominant hand. (C) is the drawing canvas itself which is always on the side of the dominant
hand (in this case the right hand). Lastly (D) is where the real-time intelligent feedback appears to
guide the user.

and where they need to draw. “Non-photo blue” has been a popular underlay color in disciplines

like architectural drafting and industrial design for many years.

6.2.2.4 Real-time Pressure and Tilt Feedback

Many modern devices and styluses detect both pressure and tilt, which not only allows for

more realistic digital rendering, but can be used as raw input data towards novel interactions and

feedback. The work of Xin et al. explored novel interactions using tilt [152, 153], however this

data has never been used for help in a drawing application. This data is particularly useful in an

educational drawing application because both pressure and tilt are important for various drawing

techniques, particularly when using a versatile medium like pencil.

We designed a novel feedback system for pressure and tilt that gives appropriate feedback to

the user depending on their performance and the step they are on (Figures 6.9 and 6.10). For

example, in the initial line work step, low pressure is encouraged so that the line work is light and

not overpowering the drawing. In the shading steps, varying levels of pressure are encouraged for
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Figure 6.9: Examples of pressure and tilt feedback, along with grip suggestions. After piloting
with users we found it was better to only show the feedback when necessary so that users would
take notice. Constantly persistent feedback was often ignored. The “meters” and the associated
ideal ranges in green were quickly grasped by most users. The values chosen allow for red-green
colorblind people to still detect a difference.

the light, medium, and dark values. Additionally, low tilt is encouraged for a more realistic shading

effect. The range of threshold values was determined through iterative testing and feedback from

both users and domain experts. The ranges are generous and allow for enough flexibility so as to

be useful to the user, but not constantly disruptive.

The pressure data is used raw and is a value from 0 to 1, with 1 being the highest detectable

pressure. The “tilt” is actually an altitude value computed from tiltX and tiltY raw values, which are

the angle of the stylus in relation to the screen in the X and Y planes respectively. This computed

altitude value is the angle of the stylus in relation to the screen regardless of its orientation in the

X and Y planes. We still label it “Tilt” for the user because it is a more easily understandable term.

Initially we had pressure and tilt feedback continuously visible, however through iterative

testing and piloting we found that many users did not notice it as they focused on drawing. We

discovered it was best for the feedback to appear only when the user was performing poorly and

32



Figure 6.10: This shows how the feedback and ideal ranges change from step to step, and includes
threshold values. Note that for Step 5 (Details) no feedback is given to the user because at that
point they may use any range of pressure or tilt to finish the drawing, along with any grip they
choose.
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Figure 6.11: The control group experienced a minimal interface with just the grid (barely visible
in this image) and the unprocessed reference photo to help. The experimental group experienced
the full interface with grid, generated steps, underlay feature, and real-time feedback on pressure,
tilt, and grip. We set up the study this way to avoid learning and history effects.

then to fade out. In this way, the user can notice the feedback, adjust accordingly, and then

resume drawing. In addition to the dial and message, the stroke that was poorly executed turns

red temporarily, provoking the user to be aware of which stroke and erase it if they choose to.

Additionally, as the user progresses steps, a feedback message depicting how to grip the stylus

appears. This is important for the shading steps as it can be easier to tilt the stylus properly with an

overhand grip, and this grip is often used by professional artists when they are shading [128, 130].

6.2.3 Evaluation

We conducted a user study with novices to evaluate the efficacy of DrawMyPhoto in achieving

its design goals, as well as to answer the following research questions related to those goals:

R1—Can the system allow novices to produce high quality drawings with respect to accuracy,

value (shading), and detail?

R2—What are novices able to learn from using the system?

R3—Does the assistance provided by the system affect the number of strokes, average pressure

/ tilt of the user, or time spent drawing?
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6.2.3.1 Methodology

We chose to conduct a between-subjects study design in order to see the effects of the full

DrawMyPhoto system in relation to a minimally-assisted drawing experience (Figure 6.11). We

designed the study this way to compare the grid-based reference approach traditionally used in

art education to this more modern technology-assisted approach. We hypothesized that the fully

assistive system would result in much higher quality drawings, particularly with respect to accuracy

and shading.

We recruited 20 participants of different ages and gender (18 to 59, average age 38; 14 males,

6 females) and assigned them to two equally sized quasi-random groups, ensuring they were

demographically balanced for gender, handedness, and novice ability. Each group had at least

one left-handed user and at least two female users. All participants were drawing novices. The

average self-rated drawing ability in the control group and the DrawMyPhoto group was 1.7 (±

0.64) out of 5, and 1.8 (± 0.64) out of 5, respectively. 16 of the 20 participants expressed an

interest in getting better at drawing, citing reasons ranging from personal enjoyment, e.g., “peace

of mind,” to more practical reasons, e.g., “It would be useful to convey ideas.”

All participants used the software on a Surface Pro device with the latest Surface Pen which

has 4,096 points of pressure and tilt sensing from 90◦ (vertical) to approximately 26◦. They were

encouraged to use the device in a naturalistic manner, since the variable being tested was the

assistive and educational experience, not how they use the device. Each participant answered some

initial demographic questions, were given a brief tutorial of the interface, and were encouraged to

draw the reference photo for up to 20 minutes. Subsequently, each participant answered some

follow-up questions and a semi-structured interview was conducted to gain qualitative data on

their experience.

We chose a portrait (see Figure 6.12) as the reference photo because many people want to learn

to draw portraits [81], there is a lot of attention on portraits in the educational literature [128], and

many previous research projects described earlier utilize portraits for their studies [81, 59]. This

may allow for easier comparison to previous systems in the future, although that was not the main
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Figure 6.12: It can be readily seen that the assisted group which used the full application produced
drawings that are not only more accurate, but have more consistent shading and attention to value,
as well as attention to detail. This was confirmed by the expert ratings (See Figure 6.13). Note
the common novice mistakes from the control group including improper proportioning, lack of
attention to value, and drawing details that aren’t there. However, also note that many of the
novices put more effort in the texture of the hair

focus of this research. The picture we chose has distinct light, medium, and dark values, allowing

for distinct shading steps. Also, the portrait being a female with long hair allowed us to observe

how participants approach adding the hair texture, which yielded interesting results.

6.2.3.2 Expert Ratings

We pursued expert ratings primarily to answer R1. We used an approach similar to Consen-

sual Assessment Technique [154, 155], but more focused on ratings of quality versus creativity.
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We found two domain experts and qualified drawing instructors who have taught drawing and

sketching for more than ten years at the university level. We had them rate the 20 drawings from

the 20 participants blindly. They had no knowledge of which group the drawings belonged to,

and could reference the original photo which all participants referenced when drawing. They rated

each drawing on a 1 to 5 scale (1 being very poor, 5 being excellent) with respect to four different

categories—overall quality, accuracy, shading (value), and details. As an additional set of data,

they also ranked all 20 drawings in overall quality from 1 to 20.

6.2.3.3 Questionnaire and Interviews

In order to answer R2, the questionnaire and semi-structured interview questions were targeted

at the quality and nuances of the learning experience, and the overall effect of the experience with

regards to their drawing ability and confidence in drawing. We also encouraged participants to

offer thoughts and suggestions for improvements to the system, particularly with respect to the

real-time feedback.

6.2.3.4 Log Analysis

For R3, we hypothesized that the experimental group might produce more strokes and spend

more time on the drawing because they feel less “stuck,” as well as strokes of lower pressure on

average because of the guidance to vary the pressure. Novices tend to give up on a drawing very

quickly [128], and we expected to see this behavior less in the experimental group which had full

assistance. To test this, we logged all stroke data for all participants, capturing information such

as total number of strokes, average pressure, average tilt, and the total time spent to complete their

drawings.

6.2.4 Results

The drawings that resulted from the study can be seen in Figure 6.12. In this section we will

discuss and analyze the results and how they relate to our design goals and research questions.
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6.2.4.1 Expert Ratings

The expert blind ratings are shown in Figure 6.13. We conducted a Wilcoxon Signed-Rank Test

between the ratings of each group for each category and found that the experts gave statistically

significant higher ratings to the drawings in the experimental group in every category (p < 0.001

for overall quality, accuracy, shading, and details). This suggests design goal G5 (higher quality

drawings) was reached, confirms our hypothesis of R1, and suggests the system was very effective

at helping the novices produce high quality drawings.

While the higher accuracy can likely be attributed to the underlay feature that most novices

in the experimental group used, the higher shading and details ratings are what we find most

interesting. It can be readily seen from Figure 6.12 that many of the drawings in the experimental

group have value that much more closely resembles the reference photo. This can especially be

seen beneath the chin, where medium values were encouraged in step 3 of the tutorial, as well as

in the hair, where dark values were encouraged in step 4 of the tutorial. Regarding details, one

may notice much more attention to the nuances of the eyes and mouth in the experimental group

drawings, while the control group tended to gloss over details or otherwise depict noses and mouths

incorrectly.

It’s worth noting one possible negative effect of the fully assisted experience is that some

participants neglected detail in the textures of the hair, instead quickly shading it all in with dark

value. Meanwhile in the control group, many participants attempted to replicate the texture of the

hair, while neglecting the actual value of the hair, which is encouraged in step 4 of the tutorial they

did not have access to. This suggests a potential failure to achieve the design goal G4 (preservation

of personal style) because the system neglects to give feedback on depicting specific textures.

6.2.4.2 Questionnaire and Interviews

Participants rated their own drawings, the learning experience, and their own ability again

as part of the post-study questions (See Figure 6.14). We conducted a Wilcoxon Signed-Rank

test between the groups and found statistical significance for both ratings of their own drawings
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Figure 6.13: The experts gave statistically significant higher ratings to the experimental group in
every category (p < 0.003 for overall quality, p < 0.003 for accuracy, p < 0.005 for shading, and
p < 0.006 for details).

(p < 0.02), and for the learning experience (p < 0.01), but not self-rated ability (p > 0.16). We

certainly did not expect to see an effect on self-rated ability after just one drawing, but we found it

interesting that both groups rated their ability higher on average after the study.

Since the DrawMyPhoto group was exposed to the full educational and assistive experience, the

qualitative data gained from this group was more rich, and is the primary focus of this section. A

content analysis found that the most common comments participants made regarding the learning

experience itself (R2) related to the proper order in which techniques should be used in drawing as

well as shading techniques.

“I learned something about the order you draw lines, a better sense of shading”—P6

“Maintaining certain pressures when shading, the order in which drawing techniques

should be applied”—P7

“The order of things, I really didn’t know the process of drawing”—P9
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“The different levels of shading. How to look for different shades in a picture”—P11

“To see shadow more than I did and address with varying pressure”—P13

Many of the participants grasped the feedback quickly and expressed that they liked it suggest-

ing G2 (easy to use) G3 (intelligent feedback in real-time) were reached, but some suggested it

had diminishing returns, and offered ways to improve it such as combining the notifications with

persistent visibility (instead of one or the other) or providing the feedback in a less frequent but

more impactful manner.

“I really liked the tilt feedback. It was really fluid and cool”—P1

“I liked the highlighting in red, that makes it clear where the feedback is, what we’re

talking about”—P13

“Feedback was valuable at first but its value tapered and became less meaningful.

Sometimes it was trying to nag me in a way that wasn’t appropriate”—P13

Some of the participants surprised themselves, producing drawings that were beyond what they

expected they were capable of. Most notably, P4 had a self-rated drawing ability of 1 out of 5, but

produced the highest ranked drawing (average ranking of 1.5 ±0.71) as well as one of the highest

rated drawings (average overall quality 4.5 ±0.71, average accuracy 4.5 ±0.71, average shading

4.5 ±0.71, and average details 4 ±0.00). P13, who had a self-rated drawing ability of 2 out of 5,

was also impressed with his drawing, noting that it helped with his confidence.

“I really did pretty well there, I’m pleased with the result of that. It certainly helped

with the confidence. The different layers, the shading, the lines, breaking it down like

that, that really helps immensely”—P13

Meanwhile, participants in the control condition were more likely to express how difficult it

was to draw, even with the grid provided.
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Table 6.1: Log Analysis

Measurement Control DrawMyPhoto

Avg. # of Strokes 520 (± 294) 488 (± 296)
Avg. Pressure 0.46 (± 0.10) 0.41 (± 0.09)

Avg. Tilt 45.87◦ (± 25.89) 51.24◦ (± 6.26)
Avg. Time Spent 16:20 (± 4:15) 15:45 (± 2:40)

“Even with a grid drawing is hard”—P3

“Drawing is difficult when I get to shading and details”—P12

For this reason, we believe the tool can provide a strong boost in confidence and drawing self-

efficacy [18] for users. This is important with respect to motivation to practice and continuing to

improve drawing skills.

6.2.4.3 Log Analysis

There was large variance in the number of strokes participants drew in both groups, and very

little variance between the groups (See Table 6.1). There was no statistical evidence that the fully

assisted experience changed the average number of strokes, average pressure, average tilt, or time

spent drawing (p > 0.05 in all cases).

As an example, P13 shaded with lots of short choppy strokes, resulting in 1245 total strokes

while P7 produced more deliberate continuous strokes, resulting in only 216 total strokes. Both

of those participants were in the DrawMyPhoto group and produced quality drawings. This is

reflected in the very high standard deviations for Avg. Number of Strokes for both groups in

Table 6.1. While the Avg. Pressure and Avg. Tilt are lower in the DrawMyPhoto group, as we

hypothesized, their is marginal difference and it is not statistically significant. Surprisingly, the

control group spent more time on their drawings on average, but again with a marginal difference.

This nullifies our hypothesis for R3, but we find it to be an interesting discovery. It suggests that

the average number of strokes, average pressure and tilt, and drawing completion time by people

is more related to personal style of drawing and approach to drawing. It is known that different
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Figure 6.14: Participants in the fully assisted group rated their drawings higher, considered the
learning experience better, and rated their drawing ability slightly higher than the control group.

people develop different, and sometimes very unique grips and approaches to handwriting and

drawing [156]. It is not unlikely that they also develop very different ways of applying strokes

in terms of speed, pressure, finesse, etc. This also suggests that the application, at least in some

capacity, allows users to preserve some of their own personal style, which was one of our design

goals (G4). Granted, personal style is subjective and there are many more factors that contribute

to it than what we were able to measure. As was discussed previously, the novices in the control

group seemed to focus more on replicating textures than those in the DrawMyPhoto group.

6.2.5 Observations

All participants were able to complete the tutorial within 20 minutes with very little confusion,

suggesting G2 (easy to use) was reached. While participants were encouraged to use the device in

a naturalistic manner, most opted to keep the tablet at a low angle. In fact, only three participants

(P2, P11, and P14) adjusted the angle of the tablet at any point during their drawing, all three of

whom laid the tablet down flat (like a piece of paper). Only two of the participants laid the tablet

down flat to begin with.

We also observed how often participants adjusted the hint underlay feature. 8 of the 10

participants adjusted the underlay at least once, generally to see if the drawing was turning out well.
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Two of the participants, P2 and P11, adjusted the underlay frequently (10 and 8 times respectively)

as they checked their drawings for any details they had missed. None of the participants turned it

off completely, suggesting it was a very helpful form of scaffolding (G1), but could perhaps be a

crutch in the long-term if they really want to improve their perception skills.

6.2.6 Discussion and Future Work

The following sections acknowledge the promising aspects of this work, as well as the limita-

tions, and future directions are considered.

6.2.6.1 Lowering the Barrier to Artistic Creation

We believe the results of this study suggest DrawMyPhoto may offer a promising way to

lower people’s barrier to artistic creation. Shneiderman described the grand challenge of creativity

support as enabling “more people to be more creative more of the time” [157]. The fact that experts

rated the DrawMyPhoto drawings higher, and the participants in that group themselves rated their

own drawings higher, suggests that the system has an advantage over the traditional grid-reference

approach, particularly for novices. A system that can immediately allow a novice to produce a

very high-quality drawing in just 15–20 minutes can go a long way in cultivating self-efficacy and

motivation with respect to drawing.

We also saw that the system preserves at least certain aspects of personal style (G4) like average

number of strokes drawn, and average pressure and tilt applied. However it is important to note

that these factors are only a fraction of what constitutes personal style, and more continued creative

practice is needed to really cultivate a distinct style. The system also constrains creativity to some

extent, due to its scaffolded and step-by-step structure. That said, it does not micromanage users

with stroke-by-stroke instructions, leaving some room for creativity and stylistic choices.

6.2.6.2 Improving the Educational Aspect

We believe the results showed preliminary evidence that we were successful in achieving our

design goals, however there is always room for improvement.

We want to emphasize that an important aspect of learning to draw is improving percep-
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tion [128, 130]. We believe it would be important to fade the scaffolding away in the application

over time [158], such that users wouldn’t continue to rely on tracing the underlay. While the

feature helps improve the quality of their drawings, likely boosting confidence for many users, the

grid will help them more to actually improve their perception in the long-term.

Many participants grasped the pressure and tilt feedback quickly and adjusted their strokes

accordingly, but the feedback had diminishing returns and could become more of a nuisance once

users understood how to shade properly. Our approach was one of many possible ways to provide

feedback to influence user behavior and transfer knowledge in this domain. Other approaches

could include summative feedback between steps, more positive and encouraging feedback, audio

feedback, or different symbolic representations such as bars instead of meters.

6.2.6.3 Improving the Image Processing

We would like to reiterate that cutting-edge image processing and computer vision was not the

main focus of this research, but with the overall user experience now defined, the techniques used

could be improved. For example, while Canny edge detection sufficed to produce the line work step

for most general photos, we could build on the work of Son et al. [159] and use similar techniques

to produce line work that is much more human-like, with tapering lines of various thicknesses

and reduction of noise. Granted, this might reduce preservation of personal style by influencing

users to have a specific style. Additionally, the most state-of-the-art segmentation approaches (e.g.,

[160, 161]) could allow noisy backgrounds to be automatically parsed out of a photograph if a user

is only interested in drawing the foreground.

It’s worth noting that these more advanced techniques could result in the tutorial taking much

longer to generate, therefore a balance between sophistication and computation time must be found.

6.2.6.4 Future Evaluations

We acknowledge that this was a pilot study and more rigorous evaluations could determine just

how effective DrawMyPhoto is as an educational tool, as well as a tool for promoting drawing

self-efficacy in novices.
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An interesting avenue of future research would be to conduct a study involving participants

own photographs. We avoided this initially due to privacy concerns and more focus on the general

efficacy of the system, however using one’s own photographs could produce even more of a sense

of achievement and pride in one’s drawings.

We would also like to determine if the learning experience provided by the system can transfer

to traditional media like pencil and paper in which the same pressure and tilt adjustments are ideal

for producing shading of different value and quality. This would confirm that the participants

are indeed learning from the experience and can transfer that knowledge in to their own future

drawings. Such an evaluation would require a more in-depth study with multiple drawings.

The full paper for this work was published at Creativity and Cognition 2019 [162].
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7. IMPROVING MOTIVATION TO PRACTICE DRAWING1

7.1 A Framework for Motivating Sketching Practice with Sketch-based Gameplay

This chapter contains previously published work.

7.1.1 Motivation

Sketching has traditionally been considered a valuable skill for professions such as industrial 

design, architecture, and engineering as it has been shown to benefit problem solving ability [1] 

and improve communication skills [4]. It is also increasingly valued in the multidisciplinary field 

of human-computer interaction (HCI) as a means to rapidly generate ideas for user experiences 

[14, 16, 15]. However, the skill relies on many different fine m otor s kills a nd c ognitive skills 

working together [134, 163] and it can take an individual years of practice to make improvements.

Figure 7.1: Sketch-based gameplay can help motivate practice of sketching fundamentals. We
developed a theoretical framework for motivating individuals of varying skill levels, and explored
two different gameplay approaches to a popular connect-the-dots exercise for practicing line work.
The left image shows the traditional exercise with pen and paper, while the right image shows one
of our gameplay approaches ZenSketch.

It is not uncommon to find people who lack confidence in their sketching ability, and a common

1Reprinted with permission from: A Framework for Motivating Sketching Practice with Sketch-based Gameplay.
Blake Williford, Matthew Runyon, Josh Cherian, Wayne Li, Julie Linsey, and Tracy Hammond. Proceedings of the
Annual Symposium on Computer-Human Interaction in Play 2019
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remark one might hear is “I can’t even draw a straight line!” This form of low self-efficacy [18]

and learned helplessness is common in many people and often begins in childhood [21] as many

children abandon artistic and creative activities. This low self-efficacy naturally makes it difficult

to be motivated to practice. Even students studying industrial design and learning to sketch at a

professional level struggle with motivation and can view practicing fundamentals as a “chore” [72].

Gamification, game-based learning, and serious games are promising areas of research which

may help to motivate students in educational contexts. Serious games have shown to be more

effective than traditional educational methods [105], but not necessarily more motivating. On-

going research in these areas is exploring the degree to which games can motivate people and

in what manner [103, 122, 104, 164]. There has even been exploration in to a comprehensive

design framework for gamification in order to push the emerging field towards “inspiring and

empowering” gameplay versus the more sinister “manipulative and obsessive” gameplay [165].

Our goal with this research was driven by two main research questions:

R1—What motivates individuals to practice sketching and how do those motivations change

with skill level?

R2—How are our current approaches to sketch-based gameplay motivating students?

To answer R1, we conducted a grounded theory study with eighteen participants, including

four professionals. To answer R2, we conducted a semester-long implementation of two previously

designed approaches to motivating line work practice with sketch-based gameplay in a university

sketching course as well as a high school art course.

Our contributions in this work include:

• An analysis of how motivations of individuals with different sketching skill levels change

and evolve. This analysis may be useful for other researchers, educators, and technologists

involved in design education and/or art education.

• A framework for how various approaches to sketch-based gameplay can target these motiva-

tions and encourage sketching practice for individuals with different skill levels.
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• The results of a semester-long case study of two sketch-based gameplay implementations in

a university sketching course and a high school art course. We gathered interesting insights

about how students engaged with our approaches and how they were motivated.

7.1.1.1 Motivation Study

In an effort to understand what motivates students to practice their sketching ability, we initially

conducted a grounded theory study [166] with eighteen participants, including fourteen undergrad-

uate and graduate industrial design students and four established industrial design professionals.

Seven of the students were male, while seven were female. Figure 7.2 is a table that provides more

detail on the participants.

Semi-structured interviews were conducted with these individuals with a primary focus on

understanding what motivates them to practice sketching, and what factors hinder their motivation

or discourage them. Interviews lasted approximately 20–30 minutes. Theoretical sampling [167]

was used to ensure a variety of skill levels were represented as well as both males and females.

The constant comparative method [168] was used to continuously update codes and categories as

interviews were conducted.

Participants were asked to self-identify as being either Novice, Intermediate, or Advanced at

sketching. Descriptions of these categories are below:

Novice—I am still learning fundamentals and have much to improve on. I am not very confident

in my sketching ability.

Intermediate—I have mastered some fundamentals, but am still improving and learning. I am

somewhat confident in my sketching ability.

Advanced—I have mastered fundamentals and advanced methods and am very experienced

and confident in my sketching ability.

Ultimately, four categories emerged which encompass what motivates students to practice

their sketching ability: Achievement, Competition, Communication, and Creativity. A high level

overview of the categories can be seen in Figure 7.3. More detail about these categories is described

in the following sections.
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Figure 7.2: A Table showing participants interviewed during our grounded theory study.

7.1.1.2 Achievement

Particularly prominent among the most novice students interviewed, a sense of achievement

was a strong motivator for practicing sketching. This was the most extrinsic and ego-driven

motivator. Some students wanted to just “feel” better at sketching, while others were looking for

external praise from their instructor or peers. Some were simply driven to avoid negative criticism

from their instructor or peers.

“I’ve never felt too motivated because I never get any praise from my teacher.”—S10
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Figure 7.3: The four categories that emerged from our grounded theory analysis, along with high-
level codes that contributed to the categories.

“I’m afraid of my instructor criticizing me. I want to do well.”—S1

7.1.1.3 Competition

Some students expressed a desire to be the best in the class, or to have their sketches highlighted

during critiques. Others simply wanted to avoid being the worst in the class. Such motivations

fall under the category of competition. There was also a consensus that if there was going to be

competition, everyone should be around the same level.

“Competition can definitely motivate me, but only if they are around my skill level.”—

S3

“Some friendly competition and seeing my friend’s sketches was always a motivator

for me when I was a student.”—P1

7.1.1.4 Communication

Some students were focused on the practical reasons for learning sketching such as collaborat-

ing and communicating ideas. These students tended to be more intermediate or advanced and were

focused on their careers and finding jobs. From that perspective, the students were motivated by

producing higher quality drawings that communicated ideas better and could be better understood

by their peers.
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“If you have an idea and you can’t put it on paper, it doesn’t count.”—S6

“I’m always inspired to practice by seeing work from the pros like Syd Mead and Joe

Johnston.”—P1

7.1.1.5 Creativity

Some of the most advanced students and the professionals we interviewed were motivated by

novelty and a desire to make the most creative ideas with sketching. The students who were most

motivated by this were also approaching graduation and were focused on their careers. Since

sketching and the rapid generation of ideas is a key part of the discipline of industrial design, it’s

no surprise that these individuals were motivated by creativity.

Interestingly, we found that the most advanced individuals also rejected competition as a

motivator, with some even suggesting it can be a negative. This suggests a shift towards intrinsic

mastery-driven motivation versus extrinsic ego-driven motivation. This is an ideal evolution of

motivation from the standpoint of SDT [117].

“Competition is not what sketching should be about.”—P4

“I’ve been in a position where others are discouraged because of my sketching ability,

so I think it should be more about personal mastery.”—S2

7.1.2 Motivation Framework

A fundamental insight of the grounded theory study was the realization that individual’s mo-

tivations evolve based on skill level and confidence. Figure 7.4 shows an approximation of how

individual’s motivations change with skill level in a radar chart inspired by the gameplay motiva-

tion work of Richard Bartle [120], among others. We produced the charts by coding instances of

each category for each participant and averaging them. While not a rigorous approach, it provides

a general sense of these changes in motivation.

This insight influences a key component of our motivation framework—To employ different

motivators based on an individual’s self-efficacy and skill level, be it self-evaluated or determined
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Figure 7.4: These radar charts depict an approximation of how motivations evolve as one’s skill
level increases in sketching. Naturally, not all individuals follow this exact evolution, but it was the
general trend we found. Novices are primarily in need of a sense of achievement. As they become
intermediate, their motivations can expand to competition and communication. Eventually, as they
master sketching and become professionals, they see sketching as a useful tool, and are more
motivated by creativity and communication, while being less interested in ego-driven motivations
like achievement and competition. This follows self-determination theory.

by an intelligent system based on performance. The following sections explain this approach for

novice, intermediate, and advanced individuals.

7.1.2.1 Novice

It is important for many novices to have a sense of achievement, providing a boost in self-

efficacy and motivation that can carry over in to more time spent practicing. Achievement in

the context of sketch-based gameplay can include high scores, RPG-influenced stat and skill

improvements, improvements in performance metrics, and completed artifacts that evoke a sense

of pride. Previous work has shown that when individuals invest time and effort in to creating

something, it holds more value to them [145]. We believe it is best for novices to compete with

themselves initially, rather than competing with peers, since many individuals expressed being

discouraged when compared to peers.

Recommended motivators for Novice skill level:

• Single-player gameplay
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• High scores

• Achievements / badges

• RPG-inspired leveling / stats

• Assistance in producing quality artifacts

7.1.2.2 Intermediate

At the intermediate level, motivators can expand to include competition and communication.

At this point, individuals may have developed enough sketching self-efficacy to no longer be

discouraged by comparison to peers.

Friendly competition can bring out strong motivation in individuals, particularly those who

already identify as being competitive. Some individuals may not identify as being competitive

at all, so we believe competition should always be an option rather than a requirement. Compe-

tition in the context of sketch-based gameplay can include leaderboards and thematic sketching

competitions.

Communication can also be a strong motivator at this stage because individuals may be starting

to understand that sketching is a useful and practical “tool.” Pictionary and DrawSomething are

examples of how gameplay can foster communication skills and possibly motivate someone to

improve their sketching ability, although the games are not explicitly designed for that purpose.

Nevertheless, the more clearly an individual can communicate an idea, the better they can perform

in such games.

We recommended introducing these motivators for Intermediate skill level:

• Multiplayer gameplay

• Themed sketching competitions

• Collaborative gameplay

• Leaderboards
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• Communication game mechanics

7.1.2.3 Advanced

As individuals become more advanced at sketching, they begin to tap in to their creativity and

be highly motivated by producing truly novel ideas and forms. At this point it can be advantageous

to use creativity as a motivator. Creativity in the context of sketch-based gameplay can include

idea generation game mechanics, puzzles that require divergent thinking, etc.

It’s also important to consider that at an advanced level, individuals can inspire others with

their sketches and those that we interviewed expressed they were motivated to do so. It may be

beneficial to bring in community aspects, and give these individuals the opportunity to both share

their sketches and teach others concepts.

We recommended introducing these motivators for the Advanced skill level:

• Idea generation game mechanics

• Opportunities to share sketches

• Opportunities to teach others

7.1.2.4 Limitations

We recognize that the proposed four-component motivation model and Figure 7.4 are based

on an exploratory qualitative analysis with students from one university industrial design program

along with some associated professionals, and should be validated in future work using quantitative

methodologies. We believe that the model does provide a general sense of the motivations of indi-

viduals with different skill levels learning sketching, however it could be improved and expanded

upon with more quantitative methods such as as motivation scales [169] and more rigorous studies.

7.1.3 Case Study

We conducted a study with students who were all novice to intermediate skill levels with respect

to sketching, and explored two of the core motivators of our motivation framework: Achievement
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and competition. We focused mostly on understanding how these motivators influenced the stu-

dents, and how much they encouraged more practice. We also wanted to compare two different

approaches to sketch-based gameplay for basic line work—A gamified line lesson and a serious

game for practicing line work called ZenSketch. Both are web-based prototypes that can be used

on any device with an internet connection, and are described in more detail below as well as in the

companion video.

7.1.3.1 Gamified Line Lessons

The gamified line lesson is based on a popular exercise in design sketching pedagogy which

involves connecting dots to improve freehand line work [125, 127, 170]. This exercise promotes

accurate and fluid freehand line work and is common warm-up and practice exercise in the first

few weeks of a design sketching course.

We “gamified” the exercise by providing real-time feedback in the form of deviation lines in

red. Feedback is important in gamification and serious games, particularly to help players self-

regulate their learning and achieve the desired learning outcomes [171, 172]. We also include a 5-

star score after 8 lines have been sketched and provide feedback on average precision, smoothness,

and speed, all important aspects of design sketching [125, 127, 170]. See Figure 7.5 for more detail

on the gamified line lessons.

7.1.3.2 ZenSketch

ZenSketch is an approach to the same connect-the-dots exercise influenced by game-based

learning and serious games [142]. The feedback and game mechanics are influenced by stealth

learning since it has been shown to help reduce user anxiety and increase performance [123].

Rather than sketching “lines,” the player is actually focused on sketching bridges for the character.

The feedback comes in the form of bonuses and individual line scores, which communicate what

the player is doing correctly (see Figure 7.6). The summative feedback is in the form of a gameover

screen which shows average performance in precision, smoothness, and speed as well as providing

some tips based on these values e.g., “Sketch faster to have smoother lines!”
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Figure 7.5: Screenshot of the gamified line lesson. The lesson provides some basic feedback on
accuracy and a summative feedback screen, but is otherwise just a digital version of the classic
connect-the-dots exercise.

ZenSketch also adds a leaderboard component (see Figure 7.9) to motivate individuals who are

competitive. Utilizing high scores and leaderboards as a motivator in games has been utilized for

decades [173], particularly in arcade games where players compete for “bragging rights.”

7.1.3.3 Methodology

We implemented the gamified line lessons and ZenSketch in two courses for a semester-long

study in Fall 2017. One course was an art course at a Giddings High School in Texas, and the other

was ID1418, an introductory Industrial Design sketching course at Georgia Institute of Technology.

All participants had access to both the game and the line lessons in a system called Sketchtivity

[138]. They had freedom to use one or the other approach, or both.

There were a total of 150 students that engaged with the systems, including 58 students from

the Texas high school, and 92 students from the Georgia Tech sketching course.

We allowed the instructors to implement Sketchtivity in their classes as they deemed suitable

so as to not interfere with their teaching methodology. This encouraged more naturalistic gaming

and resulted in data which could be described as organic. The students had access to the game and
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Figure 7.6: Screenshot of ZenSketch. The game provides real-time line feedback and bonuses
during gameplay. The game also provides summative feedback and a high score, allowing for
more competitive gameplay.

line lessons and could play them at their own leisure instead of being strictly required to play it

at certain times, although the university students were encouraged by their instructors to practice

periodically. The importance of this methodology was to be able to make observations on how

well the approaches motivated the students.

In an effort to understand which approach students seemed to prefer, we logged lines practiced,

time stamps, games played, scores, and metrics for each line including precision, smoothness, and

speed data. We also conducted semi-structured interviews with three Georgia Tech students who

played ZenSketch extensively for more specific insights on the experiences they had while playing

the game over the semester. It is important to note that we did not look at overall improvement

trends because this data was very asymmetrical, however we did investigate the performance of

the students who played the game extensively.

7.1.4 Results

In general, both approaches were engaging and motivating to students with 72,842 lines prac-

ticed overall and the average student practicing 243 lines (± 425.12) over the semester.
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Collectively, nearly twice as many lines were practiced with the gamified line lessons (47,842)

versus ZenSketch (25,002). This is a statistically significant difference (p = 0.0001) when compar-

ing data from the two systems with a paired t-test.

The students who were highly engaged by ZenSketch were a minority. The students that played

the game 10 or more times comprised only 26 of the 150 students, but accounted for nearly 64%

of the 25,002 lines practiced in ZenSketch. In later sections we further investigate three of these

participants.

The following results are organized in themes we found for the semester study based on

analysis of the data. We did not focus on comparing activity between the two courses since the data

was asymmetrical (both prototypes were used much more in the Georgia Tech sketching course

where it was a requirement to practice for at least 15 minutes each week).

7.1.4.1 Overall Engagement

Figure 7.7: A histogram showing lines practiced over time for both ZenSketch and the gamified
line lessons. There was a natural drop-off over time in both cases, but in October there was more
lines practiced with ZenSketch. This happens to coincide with when the high school students used
the system the most.
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Figure 7.8: Game plays of all 150 users over the semester study. Each horizontal line in the chart
corresponds to a user. If multiple lines were practiced in a day (sessions) we encoded that in to
bubble size. It can be observed that players tended to practice lines in “bursts,” likely in an effort
to attain a better star rating (achievement) or a better rank on the leaderboard (competition).

As one might expect, there was clearly initial excitement, but some natural loss of interest over

the course of the semester. Figure 7.7 shows lines practiced from when they created an account

and had access to the system.

Figure 7.8 shows lines practiced over the course of the semester in a bubble chart. It can be

observed that participants tended to practice lines in sessions or “bursts.” This is likely due to

motivations to improve on their score and/or the competitive aspect of the game which is discussed

in the following sections.

7.1.4.2 Competition as a Positive

We found that the high score leaderboard component of the game (Figure 7.9) was a strong

factor in encouraging repeated plays, particularly for participants who identified as being compet-

itive.
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Figure 7.9: The leaderboard was found to be a highly motivating factor for some students,
including participant CS1 who played the game 58 times in an effort to achieve the top score.

Participant CS1 was an undergraduate student at Georgia Tech studying industrial design who

was noteworthy for having played the game the most of any student—58 game plays in a period

less than two months, practicing 1,711 lines, also the most of any student. We found that she was

primarily motivated to play the game as much as she did because she found it “addictive” and was

aiming for the high score in her class of 92 students.

“I found it was a pretty addictive game.” “There was one particular score at the top.

They had a top score and I was in 2nd place or something. I was wanting to try to beat

it. I could never beat it!”—CS1

Participant CS2 was another undergraduate student at Georgia Tech studying industrial design

who played the game 14 times in her own effort to get the top score.

“...also having the scoreboard at the end where you can see oh this person in my class

got like a million points, it gives you a goal—I have to beat them. I got more in to it

when I was trying to beat other people’s scores.”—CS2

CS1 found the game to be much more appealing than the traditional connect-the-dots exercise

common in the first few weeks of a design sketching course. She also found it more appealing than

the gamified line lessons.
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“I was doing a lot of the exercises but honestly was just getting kind of bored with it...

And the game was just a lot of fun.”—CS1

CS2 felt similarly, noting that the game made her feel more accomplished.

“Having the game definitely makes motivation easier. It makes you feel like you’re

actually accomplishing something instead of just like doing practice for nothing.”—

CS2

7.1.4.3 Competition as a Negative

One participant, an undergraduate Mechanical Engineering student from Georgia Tech whom

we will identify as O1, admitted to using a laptop with a track pad instead of a stylus to achieve the

highest score of all participants in both studies. The study was relatively informal and encouraged

the use of any number of devices, therefore we could not account for this. We had been suspicious

that this participant utilized a bug in the game to achieve her score, but she openly admitted to

using her track pad in the interview.

This data was thrown out, however we believed it was important to mention as an example of

how extrinsic motivators such as competing with others for a high score can sometimes lead to

unintended and unwanted behavior in serious games. O1 was so motivated to achieve the highest

score in her class that she bypassed the intention of the game and did not cultivate improvements

in her line work through using a stylus.

7.1.4.4 Self-Perceived Improvement and Actual Improvement

Both CS1 and CS2 believed that they improved their line work by playing the game over the

course of the semester.

“It could still be a little tedious at times since it was just lines. But I did feel like I was

a lot more confident at drawing straight lines after that.”—CS2

We analyzed their data and found that CS1 kept precision and smoothness high while trending

better in speed over time (Figure 7.10). CS2 improved in precision, but sacrificed smoothness and
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Figure 7.10: CS1 performance over 58 ZenSketch games

Figure 7.11: CS2 performance over 14 ZenSketch games

speed (Figure 7.11). This is consistent with a common “trade-off” that is made between precision

and speed in motor control tasks in general [174, 175] and specifically in sketching [176]. People

tend to sacrifice some precision in favor of speed and rapid idea generation when sketching.

This also suggests that significant ZenSketch gameplay does not necessarily correlate to a

correspondingly significant improvement in line work. This may mean that only a moderate

amount of gameplay can result in the desired improvement in line work that the game is designed

for and further plays may have diminishing returns.
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7.1.4.5 Translation to Paper and Traditional Media

When asked if she felt like playing ZenSketch on a tablet translated to better line work on paper,

CS1 responded that she believed it did.

“Oh yeah, yeah it definitely did—At least for lines.”—CS1

Other work in this area has shown it to be a very promising approach [96, 95, 177]. Independent

of drawing on a tablet or paper, the user is cultivating the same fine motor skills, namely holding a

precision instrument and moving it with increased confidence, precision, and fluidity.

7.1.5 Discussion and Future Work

This section includes lessons we’ve learned from this work, and general principles that could

be useful for other researchers, educators, and technologists exploring how serious games, game-

based learning, and gamification can motivate students.

7.1.5.1 Diving Deeper into Motivation

Because of the intentionally open nature of the implementation and the organic use of our

systems, it is difficult to more deeply understand student engagement and motivation from this

data. Some things worth noting that influence these results:

• A greater number of lines can be practiced in a shorter time frame with the gamified line

lessons. This may contribute to the overall trend that more lines were practiced with the line

lessons.

• The university students were required to practice at least 15 minutes a week as part of a

participation grade during the entire semester, whereas the high school students had more

freedom to use or not use the system over a shorter period. This may have influenced them

to use the tools quite differently.

• Students may have had limited access to quality devices that allow for stylus input, influ-

encing how they engaged with the system. This has been a concern with previous studies

[72].
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A more controlled study in the future, and motivation scales [169] along with more interviews

could determine more nuances of how these approaches are engaging and motivating students.

7.1.5.2 Consistency with Our Motivation Framework

From the lens of our motivation framework and SDT [117], the results of the case study make

sense. Most of the participants were novices with little to no exposure to sketching, so many of

them may have been deterred by the competitive aspect of ZenSketch. While the participants we

highlighted loved the game and were very motivated by it, they were a minority among the partic-

ipants from the university course. They did self-identify as being fairly confident and intermediate

at sketching, so this is consistent with them being open to the competitive aspects of the game and

its leaderboard, where comparison to peers is inevitable.

This does not mean the competitive aspects of ZenSketch were a poor design choice, rather that

they only engaged a certain subset of people who were likely competitive by nature and/or more

confident in their sketching skill. This is why we suggest that competition be used as an option for

gameplay, but not as a requirement. Variety is key, and some individuals may never be drawn to

competition regardless of their skill level.

7.1.5.3 Utilizing Variety in Motivators

It is well known that motivations differ greatly from student to student. Even within a medium

like video games, there is a spectrum of preferences from individual to individual. Based on

the results of our study, as well as recent research on rewards in games [121], we recommend

researchers and game designers consider as much variety as possible when creating gamified or

game-based learning solutions to motivate students. This could include adaptive systems that

give the ability for students to self-select what motivates them, or select whether or not they are

competitive. It could also include games that offer many different motivators within the same

experience such as high scores, collectible items, cooperation with others, character growth and

development, etc. It’s worth noting that there is no “one-size fits all” approach and that it is highly

dependent on the domain and context.
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7.1.5.4 Advancing Sketching Education

In order to reap the many benefits of sketching, students must practice, and educators must con-

sider all tools available to them to motivate their students. We believe this motivation framework

can be one such tool.

We want to emphasize that this framework does not have to be limited to digital gameplay.

Indeed, gameplay has been utilized in educational contexts long before the digital era. As was

discussed earlier, sketch-based gameplay can include traditional pen-and-paper games like Tic-

tac-toe and Hangman. Even modern educational approaches such as “sketch aerobics” utilize

traditional media. The most important objective it to use sketch-based gameplay to motivate

individuals of different skill levels to practice sketching, regardless of the particular medium used.

Granted, digital media does not allow for certain advantages such as real-time feedback, more

immersive experiences, and opportunities for remote gameplay.

We also want to emphasize that although this framework is oriented towards sketching in

industrial design, many of the same principles are likely to hold true in other drawing contexts

including fine art drawing [128], sketching in HCI [16], concept sketching [125], cartooning, etc.

In all of these domains, students will struggle with motivation from time to time. Sketch-based

gameplay can be a way to bring joy in to the learning experience while also sparking motivation.

We encourage educators to experiment and researchers to share their findings.
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8. IMPROVING DRAWING ABILITY1

8.1 Recognizing Perspective Accuracy: An Algorithm and Intelligent Interface to Assist

Novices

This chapter contains previously published work.

8.1.1 Motivation

Drawing is valuable skill to learn for a wide variety of reasons. It can benefit internal cognition 

and problem solving ability [1]. It can improve peripheral skills like writing, brainstorming, and 

visual communication [4]. It can even promote better overall academic achievement in some 

students [6]. In this work we focus on a practical form of drawing commonly known as design 

sketching or just sketching, and specifically on perspective sketching.

Sketching in perspective is a core skill that artists, designers, and engineers should learn in 

order to depict objects in a manner that closely resembles how reality is seen by the human eye. 

It tends to be a skill that novices struggle grasping however, and as a result there is much focus 

on it in the educational literature [125, 127], as well as in curricula that emphasize sketching 

skills [178, 179]. Our discussions with domain experts with teaching experience also confirmed
1Reprinted with permission from: Recognizing Perspective Accuracy: An Intelligent Interface for Assisting 

Novices. Blake Williford, Matthew Runyon, Josh Cherian, Wayne Li, Julie Linsey, and Tracy Hammond. Proceedings 
of Intelligent User Interfaces Conference 2020

Figure 8.1: Our algorithm and intelligent interface can provide real-time assistance to novices
trying to sketch in perspective. In the example above, incorrect convergence is happening in the
roofs of the buildings above the horizon, and in the sidewalk lines (both common novice mistakes).
Awareness of the mistakes during the sketch can help novices learn perspective and produce more
accurate sketches.
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that perspective tends to be the skill that beginners struggle with the most.

Our goal with this research was to develop an intelligent user interface that could help novices

grasp the concepts rectilinear perspective more readily with their own digital sketches and in real-

time. We accomplished this via a perspective accuracy recognition algorithm and technology

probes which explore different ways of giving real-time feedback to users. The algorithm can

classify perspective strokes versus non-perspective strokes, as well as classify which perspective

strokes are accurate and which are not. The algorithm does this on a stroke-by-stroke basis. Our

contributions include:

• A general-purpose rectilinear perspective accuracy sketch recognition algorithm with strong

performance and novel sketch recognition features.

• The promising results of a user study and exploration of providing intelligent real-time

feedback to novices using the algorithm. On average, participants could improve their

perspective accuracy by a statistically significant amount by using the intelligent feedback,

and this improvement carried over when the feedback was removed.

• Insights about the optimal way to utilize the different forms of feedback for faded scaffolding

to best help novices learn perspective sketching skills.

8.1.2 Pedagogical Influence

In an effort to fully understand this problem space, we consulted two sketching experts with

more than ten years of experience teaching sketching at the university level. We also referenced

some of the leading literature in drawing education [128, 125, 127].

Our discussions with experts revealed that one of the biggest obstacles for novices is learning

how to sketch in perspective, particularly two-point perspective. In one-point perspective, their

is only convergence to one vanishing point, so it is much easier to grasp, however in two-point

perspective, there are multiple convergences. This often confuses novices as they have to make

decisions about where lines should converge to properly depict the object in perspective.
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Figure 8.2: A freehand two-point perspective sketch of a city corner generated by an expert during
an educational demonstration.

Typically, perspective is taught through demonstrations, where the instructor produces a per-

spective drawing in front of the students and relays concepts such as vanishing points, the horizon,

convergence, and foreshortening. A very common exercise for both understanding and practicing

perspective is to think of city streets and corners. One-point perspective is analogous to a city

street, in which all lines parallel to the street are converging at the single vanishing point. Two-

point perspective is analogous to a city corner, in which the same convergence is happening but for

two streets perpendicular to each other. One of the other reasons why city streets and corners are a

great way to practice perspective is because buildings are generally rectilinear forms, meaning they

are cuboid shapes which are far easier to sketch in perspective than curvilinear shapes. Figure 8.2

shows a two-point perspective drawing of a city street.

These insights drive our focus on two-point perspective for both the algorithm, and for the user

study, however it’s important to note that it is not difficult to adjust the algorithm and intelligent

interface to assess one-point perspective, or even three-point perspective.
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8.1.3 Algorithm

There are up to four steps in the perspective recognition algorithm: pre-processing, perspective

identification, convergence identification, and perspective accuracy.

Pre-processing helps remove noise from the sketch data. A stroke is represented by a series

of x, y, and time values for each sampled point from pen down to pen up in a format based

on SketchML [180]. Since a user can draw multiple segments in a single stroke, each stroke

must be segmented into substrokes. The corners of a stroke are found via an algorithm called

ShortStraw [181], and these corners are used to segment the original stroke into its substroke

components. After this pre-processing step, we can extract features for every substroke in the

sketch.

The extracted features are then used to determine if a substroke should be considered a per-

spective stroke or a non-perspective stroke. If the substroke is deemed to be perspective, then

we determine which point the stroke is converging towards: left (VP1), right (VP2), or vertical.

Finally, we determine if the substroke was drawn accurately converging towards the point from the

previous step.

8.1.3.1 Features

We chose 26 features that we believed would be highly relevant for the algorithm. In general,

these features are in one of two categories: gestural features and contextual features.

Our gestural features are extracted from the stroke itself and are influenced primarily by Ru-

bine’s seminal work in gesture recognition [182]. These features were primarily aimed at classify-

ing whether or not a stroke was a perspective stroke or a non-perspective stroke.

The contextual features are more novel and explore relationships between the stroke and the

provided perspective grid. For example, we believed the angle between the stroke’s angle and the

“perfect” convergence to each vanishing point as well as perfect vertical and horizontal lines would

be highly relevant for both convergence classification and accuracy classification. Therefore, most

of the contextual features are different ways of measuring that angle including cosine, sin, and
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degrees. Table 8.1 reveals all of the features we explored and which subset of features were most

relevant for at least one stage of the algorithm (in bold).

8.1.3.2 Feature Selection

We performed a best-first forward subset selection to determine the most important set of

features for each stage of the algorithm. These features were then used in training the random

forest classifier used in this section.

For determining if a stroke was a perspective or non-perspective stroke, the most important

features were the length of the bounding box diagonal, angle of bounding box diagonal, distance

between first and last point, sum of squared values of angles, line similarity ratio, and substroke

siblings (3, 4, 5, 11, 12, 13 in Table 8.1). These features make sense because the sum of squared

angle values and line similarity ratio can determine the roundness of a substroke which helps

classify non-perspective strokes. In addition, the substroke siblings feature was intended to classify

non-perspective strokes that occur from embellishments drawn with a single stroke such as a bush

that would result in multiple substroke siblings.

For determining which point the stroke was converging towards if it was perspective, the most

important features were the angle of the bounding box diagonal, cosine between first and last point,

sine between first and last point, cosine made with vanishing points 1 and 2, and the angle made

with vanishing points 1 and 2 (4, 6, 7, 15, 16, 23, 24 in Table 8.1). These features all deal with the

direction the stroke is point as a whole as well as the relative difference between an ideal line to

each of the respective points that the stroke may converge.

For determining the accuracy of the perspective line, the most important features were the angle

of the bounding box diagonal, cosine between first and last point, sine between first and last point,

and the cosine, sine, and angle with respect to the vanishing point determined in the previous step

(4, 6, 7, 15, 16, 17, 19, 20, 23, 24 in Table 8.1). These features closely correlate to similarity

with a perfect line drawn to the vanishing point and thus act as thresholds for accuracy within the

classifier.
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Table 8.1: Features Used to Classify Perspective Strokes, their Convergence, and their Accuracy

Gestural Feature Novel?

1. Cos of Initial Angle No [182]
2. Sin of Initial Angle No [182]
3. Length of Bounding Box Diagonal No [182]
4. Angle of Bounding Box Diagonal No [182]
5. Dist Between First and Last Point No [182]
6. Cos of Angle Between First and Last Point No [182]
7. Sin of Angle Between First and Last Point No [182]
8. Total Stroke Length No [182]
9. Total Angle Traversed No [182]
10. Sum of Absolute Values of Angles No [182]
11. Sum of Squared Values of Angles No [182]
12. Line Similarity Ratio (#8 / #5) No [183]
13. # of Substroke Siblings Yes

Contextual Feature Novel?

14. Above Horizon? Yes
15. Cos to VP1 Yes
16. Cos to VP2 Yes
17. Cos to Vertical Yes
18. Cos to Horizontal Yes
19. Sin to VP1 Yes
20. Sin to VP2 Yes
21. Sin to Vertical Yes
22. Sin to Horizontal Yes
23. Degrees to VP1 Yes
24. Degrees to VP2 Yes
25. Degrees to Vertical Yes
26. Degrees to Horizontal Yes
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Table 8.2: Classification Performance

Classification Precision Recall F-Score

Perspective Stroke? 0.892 0.892 0.892
Convergence 0.957 0.958 0.957
Convergence Accuracy 0.884 0.885 0.883

8.1.3.3 Performance

In order to evaluate the performance of the algorithm we compiled a set of 22 digital perspective

drawings from seven individuals with varying skill levels. These individuals were given the city

corner template as shown in Figure 8.4 but with no assistance. The drawings ranged from having

very accurate perspective to having very poor perspective and many mistakes. This provided a rich

and varied set of data for training.

One of the authors who is a sketching domain expert manually labeled 2026 strokes across the

22 drawings. The drawings were labeled in three different ways:

• Is it a perspective stroke or not? (Binary)

• If so, where is it converging? (VP1, VP2, Vertical)

• Is it accurate or not? (Binary)

After labeling the data we trialed a variety of classifying algorithms and found random for-

est [184] to perform best. The performance can be seen in Table 8.2.

While this performance could improve, it’s important to note that this domain is highly sub-

jective and perfection is not realistic. In particular, the scrutiny with which a perspective stroke

can be considered “accurate” does not have a strong answer. A computer can demand a perfectly

converging line, however a threshold this demanding would be frustrating to a human sketching

freehand. A line directly below a vanishing point could be considered converging to the vanishing

point or a vertical line, depending on context.
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Since the training data was labeled by a human domain expert, the binary accuracy classifi-

cation of this algorithm can be considered “good enough” to the human eye. In other words, the

algorithm is forgiving if a stroke is reasonably accurate enough. We believe this is very appropriate

for freehand sketching, in which some minor inaccuracies are to be expected. We considered also

use a continuous floating point value instead of a binary value for perspective accuracy, however

that would demand a more arbitrary threshold. The manually trained binary value serves as that

threshold.

8.1.3.4 Flexibility

It is important to describe the flexibility of the algorithm and the ways it can be generalized.

Because of the way the features are extracted contextually, vanishing points can move anywhere

in the 2D euclidean space of the sketching canvas and this will be embedded in the features. This

can allow the user to adjust vanishing points in the interface itself with no detriment to algorithm

performance. Vanishing points can also be added or removed, allowing for 1-point and 3-point

perspective accuracy to be recognized. This flexibility allows the algorithm to be used for almost

any rectilinear perspective drawing. The algorithm can also be useful when there are curvilinear

forms in perspective such as cylinders, spheres, or ovoids. In these cases, the algorithm can help

the individual to establish the rectilinear “scaffolding” for those forms. For example, cylinders are

based in a cube or cuboid scaffolding. If the cube or cuboid is in accurate perspective, the cylinder

will be in accurate perspective (see Figure 8.3).

8.1.4 User Interface

We designed a web-based interface which can be accessed with any device that has an internet

connection. We provide the user with a basic set of drawing tools and some scaffolding in the

form of a city corner sidewalk and horizon (see Figure 8.4). This establishes the perspective of the

sketch for the user. For purposes of the study, we intentionally do not provide more power to the

user such as the ability to adjust the perspective grid or a wide variety of drawing options. These

features can be added in the future.
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Figure 8.3: An example of a sketch with a curvilinear form (cylinder). The algorithm is still
helpful for these forms because they are typically constructed within a rectilinear scaffolding (see
blue construction lines). The more accurate the scaffolding, the more accurate the curvilinear form
will be.

We provide the horizon at two-thirds the height of the screen of the device, and the vanishing

points a short distance from the edges of the screen so that they can be seen by the user. Depending

on the device resolution, this can translate to different X and Y coordinates which are captured dur-

ing feature extraction. While this “forces” the perspective and makes it quite dramatic, we believed

this was the best approach for novices. Our discussions with sketching instructors informed us that

forcing the perspective this way and keeping the vanishing points visible can be very helpful for

novices.

In an effort to answer one of our research questions and understand the best way to provide

feedback to the user, we designed three technology probes using this interface; an unassisted probe,

a real-time feedback probe, and a summative feedback probe. The details of each are described

below.

8.1.4.1 Unassisted Probe

The unassisted probe was designed to assess baseline performance of participants and does

not provide any feedback on the accuracy of the perspective. It is little more than a sketching

canvas. However, the algorithm is still running in the background, allowing us to gain perspective
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Figure 8.4: (A) The sketching canvas, which provides two vanishing points and a sidewalk. (B)
Pen and Eraser. (C) Undo and Save sketch. (D) 5-minute timer. (E) Real-time probe only—Text
feedback on most recent stroke. (F)(G) Summative probe only—An evaluate button and “remove
bad strokes” button for removing incorrect strokes.

accuracy data. As will be discussed in the methodology, the control group uses a slight variation of

this probe that adds a static perspective grid in the background (without any intelligent feedback).

8.1.4.2 Real-time Feedback Probe

The real-time feedback probe provides feedback after each and every stroke sketched by the

user. This comes in the form of turning the stroke green or red for three seconds, along with

all of the previously sketched strokes. If a stroke turns red, the user would know that it is an

inaccurate perspective stroke, and can either erase or undo that stroke. Additionally, text feedback

either provides positive encouragement “Great job so far!” or constructive feedback “This stroke

appears to converge to a vanishing point but it is inaccurate.” If the stroke is labeled incorrect, the

perspective grid also appears for three seconds (see Figure 8.5).

It’s important to note that for users who may be red-green color blind, we use a light green

color that has noticeable contrast between the dark red color used for incorrect strokes.
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Figure 8.5: The perspective grid is a form of scaffolding in a light blue color commonly associated
with construction lines in design sketching. It appears briefly when an incorrect perspective stroke
is sketched in the real-time feedback probe, and is always present when the evaluation mode is
toggled in the summative feedback probe.

8.1.4.3 Summative Feedback Probe

The summative feedback probe places the power with the user and gives them the ability to

evaluate the whole sketch at any time. For example, the user can sketch for a few minutes, then

press the “Evaluate” button to see if any strokes were found to be inaccurate by the system. This

variation also gives the user the useful ability to remove all inaccurate strokes in the sketch in one

fell swoop. The evaluation mode also provides the perspective grid (see Figure 8.5) and the user

can leave it on for as long as they like while they grasp what could be wrong with their sketch.

It’s worth noting that while these probes could provide automatic correction to perspective

strokes such as what is available in some commercial tools like Sketchbook Pro, we believed

there would be more educational value in letting users make mistakes. This is supported by the

educational literature [185]. When individuals are free to make their own mistakes, and then are

corrected, it makes them more aware of the mistakes. This awareness can translate into learning

more readily.
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8.1.5 Methodology

We conducted a user study to answer our two main research questions associated with this

work:

R1—Can novices improve their sketching perspective accuracy from exposure to intelligent

feedback driven by the algorithm? Can it transfer to subsequent sketches?

R2—What are the advantages and disadvantages of real-time versus summative feedback in

this context, and which form of feedback is most useful to novices?

We conducted a between-subjects user study with 40 participants. Participants were under-

graduate and graduate students from a variety of majors who were recruited primarily through

convenience sampling. The group included 26 males and 14 females. The participants were

predominantly novices at sketching with an average self-rated drawing ability of 2.50 (± 0.88)

out of 5, and an average self-rated ability to draw specifically in perspective of 2.17 (± 0.87) out

of 5.

After the initial questions on drawing ability, participants were asked to make four perspective

sketches of city street corners. Each sketch was given a time limit of five minutes and participants

were encouraged to be creative with the sketches, but draw them in 2-point perspective to the best

of their ability. In order to ensure that any improvements in perspective accuracy were truly caused

by the intelligent real-time feedback and not just practicing with a grid, half of our participants

(20) were in a control condition in which they still produced four drawings, but with just a static

perspective grid (see Figure 8.6).

8.1.5.1 Sketch 1 - Pre Test

Initially, all participants were asked to sketch with the unassisted probe, which served as a

pre-test and baseline of sketching performance.

8.1.5.2 Sketches 2 + 3

Participants in the experimental group were exposed to the two feedback probes. For each of

those participants, we alternated between exposing one feedback probe first versus the other to
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Figure 8.6: The study involved all participants producing four sketches. The first and last sketch
were unassisted and served as pre and post tests. The second and third sketches differed for the
two groups. The experimental group (n = 20) used the feedback probes while the control group (n
= 20) were only assisted with a static perspective grid.

avoid learning effects from one specific probe being more pronounced.

Meanwhile participants in the control group continued to use the unassisted probe, albeit with

a static perspective grid in the background added. A perspective grid is something that students

can practice drawing in perspective with readily, without using any technology. However, this may

not be enough for novices to truly grasp the rules of perspective and we hypothesized that practice

with the grid would not lead to any significant improvement in perspective accuracy afterwards.

8.1.5.3 Sketch 4 - Post Test

Lastly, all participants were asked to sketch with the unassisted probe one more time, which

served as a post-test.

8.1.5.4 Data Analysis

For each sketch, we logged the number of strokes drawn, perspective strokes classified, accu-

rate perspective strokes classified, and any corrections that were made (including “undo,” “erase,”

and the unique “remove bad strokes” for the summative feedback probe). To mitigate imperfection
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in the algorithm, a sketching expert reviewed the sketches and the logs to ensure the numbers were

as accurate as possible.

Between each sketch, participants answered survey questions centered around self-rating their

sketch, and self-rating their confidence during the sketch. For the experimental group specifically

we asked what they thought about the intelligent feedback provided by the feedback probes. Addi-

tionally, think aloud protocol [186] was used to elicit rich qualitative data from those participants

about the intelligent feedback during the sketches.

8.1.6 Results

During the course of the study the 40 participants produced 160 perspective sketches. The

average sketch in the experimental group contained around 87 strokes (± 34.59) of which an

average of 44.45% (± 16.04%) were classified as perspective strokes. Individuals varied quite a

bit with regards to how much non-perspective detail they chose to include in their sketches, with

some focusing mostly on the main rectilinear buildings in perspective and others choosing to add

people, signage, cars, etc. Unless otherwise noted, the following analysis is focused only on the

perspective strokes generated by participants and how accurate they are. All p-values reported are

from paired t-tests.

8.1.6.1 R1 Improvements in Perspective Accuracy

Not surprisingly, the real-time feedback provoked participants in the experimental group to

make nearly twice as many corrections on average, a statistically significant increase (p < 0.001).

This resulted in sketches that were much more accurate, also a statistically significant increase

(p < 0.0001). Since the real-time feedback immediately showed participants any perspective error

they made, it was easy for them to erase or undo that stroke and make a correct one. 17 of the 20

participants produced 100% accurate perspective sketches with this probe.

The summative feedback resulted in similar statistically significant increases in corrections

and accuracy (p < 0.05 and p < 0.0001, respectively), though slightly less dramatic. Participants

used this feedback in varying ways, and they did not always make all corrections suggested by
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Table 8.3: Average Performance In Control Group

Condition Perspective Acc. Corrections

Unassisted (Pre) 56.91% (± 15.87%) 7.55 (± 11.51)
Static Grid 72.74% (± 17.51%) 8.00 (± 11.93)
Static Grid 63.70% (± 16.69%) 9.50 (± 13.13)
Unassisted (Post) 56.64% (± 15.30%) 11.59 (± 13.38)

Table 8.4: Average Performance In Experimental Group

Condition Perspective Acc. Corrections

Unassisted (Pre) 64.43% (± 18.12%) 11.95 (± 11.79)
Real-time 99.27% (± 1.80%) 22.45 (± 6.86)
Summative 93.36% (± 11.31%) 19.15 (± 10.53)
Unassisted (Post) 78.94% (± 11.58%) 17.85 (± 12.58)

the feedback. Since the feedback in this probe was suggesting multiple corrections, they would

sometimes forego the “remove bad strokes” feature and only correct certain mistakes. 11 of the 20

participants produced 100% accurate perspective sketches with this probe (see Table 8.4).

What is perhaps most promising is that when the feedback was taken away and the participants

returned to the unassisted probe, there was still a statistically significant increase in corrections

(p < 0.05), and improvement in perspective accuracy (p < 0.0005) compared to the initial unas-

sisted sketch. This suggests that there was a mild learning effect from exposure to the intelligent

feedback for many participants, with some transfer of knowledge happening in the final unassisted

sketch. 16 of the 20 participants in the experimental group improved their perspective accuracy in

the final sketch (see Figure 8.9 for two examples). This is supported by the qualitative data which

included participants sharing what they thought they learned about perspective.

“I understood that basically all vertical strokes need to go straight, perpendicular

to the horizon, while horizontal strokes need to be drawn at angles with perspective

from your drawing to the horizon. Also you can’t see the tops of objects above your
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Figure 8.7: Accuracy improved with both feedback conditions, particularly real-time feedback.
More importantly, when feedback was removed in the final sketch, participants retained some
improvement in perspective accuracy on average (p < 0.0005), suggesting a learning effect and
transfer of knowledge. Error bars are 1 standard deviation.

perspective to the horizon.”—P2

“It really helped in understanding how the perspective changes depending on how far

away from the vanishing point I get.”—P8

Another result that is very promising is the improvement in self-rated sketching confidence

in the experimental group (see Table 8.4). After each sketch participants were asked to rate their

sketching confidence during the sketch on a scale from 1 to 5 (5 being very confident). The average

rating after the initial unassisted sketch was 2.10 (± 0.79) out of 5, and the average rating after the

final unassisted sketch was 3.45 (± 0.51) out of 5, a statistically significant increase (p < 0.0001).

This suggests the tool could be very useful for improving sketching self-efficacy [18], an important

factor when learning sketching and staying motivated to practice.

Meanwhile, participants in the control group showed signs of improvement in their perspective

accuracy on average by using the static grid (p < 0.0005 for second sketch, statistically signif-

icant; p = 0.072 for third sketch, not statistically significant). However, they did not show any

improvement at all in the subsequent unassisted final sketch (p = 0.36). This can be readily seen
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Figure 8.8: When comparing the pre and post sketch performance between the two groups, it can be
readily seen that participants in the control group showed no improvement in perspective accuracy
on average (p = 0.36), suggesting no learning effect. Meanwhile participants who were exposed
to the real-time feedback improved by a statistically significant amount (p < 0.0005). Error bars
are 1 standard deviation.

in Figure 8.8. This suggests that practice with a perspective grid alone does not help individuals

fundamentally improve their understanding of perspective, but the intelligent real-time feedback

provided by our system can have that effect.

8.1.6.2 R2 Both Forms of Feedback Considered Useful

A content analysis of feedback given from both surveys and think aloud protocol revealed in-

sights on how useful participants in the experimental group found the intelligent feedback provided

by the probes.

In general, participants found both approaches to feedback useful, but for different reasons.

When asked how useful they found the feedback on a scale from 1 to 5 (5 being very useful),

participants rated the real-time feedback 4.25 (± 0.64) on average, and the summative feedback

4.20 (± 0.77) on average. The following sections reveal more nuances of how the participants felt

about the different forms of feedback.
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8.1.6.3 Advantages and Disadvantages of Real-time Feedback

Many participants appreciated that the real-time feedback allowed them to maintain a constant

flow in their sketching, correcting individual mistakes as they progressed.

“It’s easier to stay on task with what you are drawing. The feedback rate is consistent,

you’re getting feedback after every step.”—P2

“Since the feedback is real-time I am less worried about making mistakes and having

to check them later. This improves my workflow significantly.”—P14

However, some participants found that the feedback could be distracting, since it appears after

every single stroke. Some got concerned when they were making many mistakes in a row, and not

fully grasping why the lines were inaccurate.

“The feedback is somewhat distracting while sketching.”—P12

“Its easy to get flustered and want to start over completely.”—P13

8.1.6.4 Advantages and Disadvantages of Summative Feedback

Many participants appreciated that the summative feedback gave them the power to choose

when to get help.

“More ‘freedom’ to draw without getting immediately notified at if you do something

wrong”—P3

“Receiving Feedback when I asked for it allowed me to work at my own pace without

having to stop and retrace every line”—P5

“I got to choose when I wanted to receive feedback, meaning I could just check when

I wasn’t confident in a line”—P7
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Figure 8.9: These participants improved noticeably from the initial unassisted sketch to the final
unassisted sketch. Note that in the initial sketches both participants make mistakes with the roofs
of the buildings (you should not be able to see the roof of a building above the horizon). In their
final sketches they have properly depicted the buildings and their roofs.

However, some participants did not like the idea of making many mistakes only to later find

out that much of their drawing was incorrect. In a few cases, this was an overwhelming amount of

mistakes that was difficult to correct all at once.

“If you had a lot of bad lines, then the program would suggest removing a large portion

of the image. Sometimes causing you to change what you are drawing completely.”—

P1

“You might end up drawing the whole thing out of perspective and not check until it’s

too late.”—P3

There was also a consensus among many participants that the real-time feedback was more

appropriate for absolute beginners, and the summative feedback was better for when one is more

intermediate to advanced.
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“This type of feedback would be for those who already had some understanding of

drawing in perspective and made minor mistakes. I like being able to draw larger

items and then check how ‘good’ it was at one time.”—P1

“This type of feedback seems good for intermediate level.”—P9

8.1.7 Discussion and Future Work

We gained insights from this work which are worth discussing and sharing with other re-

searchers and technologists working in the areas of creativity-support, intelligent tutoring systems,

and sketch recognition.

8.1.7.1 Fading Scaffolding and Changing Feedback Based on Skill Level

Faded scaffolding [158] is a technique used in educational contexts to ease beginners in to a

subject area while keeping them in their proximal zone of development [187]. It involves giving a

beginner extra support until they improve their ability and confidence, at which point the support

can begin to fade away. Adding, then removing training wheels on a bicycle is a classic example

of faded scaffolding.

We believe the insights gained from the user study reveal an ideal way to utilize faded scaf-

folding in the context of helping novices learn perspective sketching with intelligent software.

Initially, a persistent perspective grid can help novices to essentially trace perspective gridlines,

and make accurate perspective sketches immediately. This would be used in combination with

real-time feedback for every stroke to catch any mistakes from the individual immediately. Then,

the persistent perspective grid can be removed, and only shown when mistakes are made. When

the individual has reached a more intermediate to advanced level, the real-time feedback can be

replaced with summative feedback, bringing them the power to receive help only when desired,

and giving them more freedom to sketch without scaffolding. Lastly, when the individual has

shown mastery of perspective, all forms of feedback can be removed and the individual can have

full freedom to sketch anything they desire on any medium (digital or traditional).
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Figure 8.10: (A) shows a common novice mistake which is to miss convergence in sidewalks. The
algorithm assumes these are “correct” vertical strokes because it has no context of knowing that it
is meant to depict a sidewalk. (B) shows the correct convergence.

8.1.7.2 Algorithm Limitations

It’s important to emphasize that this algorithm is limited to rectilinear perspective accuracy

recognition. Recognizing perspective accuracy of curvilinear forms is significantly more complex,

and can be subjective even for human sketching experts. Such recognition would likely have to

involve more robust and nuanced perspective stroke classification, since the current algorithm does

not classify curves as being perspective strokes. It would also need many more contextual features

which describe the relationship between strokes in the sketch and what they are trying to depict.

The systems built by Xie et al. in automatically completing sketches and paintings [188, 189] use

contextual features and could be a source of inspired improvement.

Edge cases can also detriment the potential educational benefit of such an algorithm. For

example, a common novice mistake was to draw sidewalk lines as a series of vertical strokes, even

though they should converge to the vanishing points (see Figure 8.10). More contextual features

could help with these edge cases and it may be possible to subdivide provided templates into

sections where specific perspective convergences are expected.

8.1.7.3 Supplementing Existing Pedagogy

For reasons mentioned in the previous section, we believe this user interface would be best used

in combination with traditional pedagogy. In a traditional studio environment where sketching is

typically taught, a qualified instructor may perform demonstrations, show videos, and thoroughly
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explain the concepts behind perspective. An interface such as what we’ve presented in this work

can allow the students to practice, ensuring they at least grasp the concept of rectilinear two-point

perspective before moving on to other advanced topics. The real-time feedback provided by the

tool could allow students to self-regulate their learning [190].

Additionally, the instructor could offload the task of grading to such a tool, significantly reduc-

ing the time needed for grading. They can then observe the performance of individual students,

and better personalize their instruction for the students that need it most.
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9. IMPROVING DRAWING CREATIVITY

9.1 Ambiguous Stimuli: Exploring Creativity Support for Form Ideation

9.1.1 Motivation

Ambiguity, by definition, is the quality of being open to more than one interpretation. Since

multiple interpretations by a single individual or across several individuals can lead to multiple

solutions [191], ambiguity has long been considered a useful tool in the creative process for

designers, artists, and other creative professionals. Renowned concept artist and art educator Scott

Robertson regularly uses and encourages ambiguous underlay drawings in his approach to concept

art [125]. Gaver et al. support ambiguity as be a wonderful resource for design [192].

Sketching is a domain where ambiguity can be utilized readily. In addition to facilitating

one’s internal thought processes [1] and problem-solving ability [6], sketching can be considered

a “dialectic” thinking exercise [193]. Sketches form a dialogue between the brain and the external

artifact that is constantly evolving and changing. When the artifact is ambiguous, it holds potential

for many different interpretations and new directions.

In creative professions like concept art, animation, and game design, creativity and original

ideas are highly valued and sought after. Our curiosity in this research centered around the role

technology can play in promoting ambiguity and thus creativity in the creative process while

sketching. We primarily wanted to understand the effects of ambiguous stimuli on novice and

intermediate creators who would likely benefit the most from assistance from such technology.

We recruited 20 university students from a Visualization major at ****, most of whom are

aspiring concept artists, animators, and game designers, and conducted a study that involved

sketching twelve alien creature concepts. For half of the concepts the students sketched in a normal

manner on a digital tablet, and for the other half they were exposed to a technology probe that

generates ambiguous stimuli underlays based on the user’s strokes.

We make the following contributions in this work:
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Figure 9.1: Examples of ambiguous stimuli co-created by the user and the system and the resulting
creature concepts after further development.

• A discovery that using ambiguous stimuli in the beginning of the ideation process resulted in

less fixation on humanoid forms and provoked more unusual forms. Other effects included

cultivating holistic thinking, stimulating exploration, enjoyment, resistance to a loss of con-

trol and freedom, and a consensus that the stimuli are most useful in the earliest stages of the

creative process.

• Implications for further research in utilizing ambiguous stimuli to augment human creativity

and provoke more exploration, along with design implications for related co-creative systems

and creativity support tools.

9.1.2 Technology Probes

We built two web-based drawing technology probes, each with a basic set of drawing tools and

limited options. We were not focused on providing the users with power and features; rather, we

wanted to ensure they could quickly sketch ideas and be focused on those ideas rather than the user
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Figure 9.2: The control probe is a basic sketching interface with options of three stroke thicknesses
(including a “blue pencil” for underlays) and 6 gray value “markers” for adding value to a sketch.
The probe was intentionally designed to be simple and mirror the basic tools commonly used by
concept artists in analog sketching.

interface (see Figure 9.2).

One of the tools has the additional capability of allowing the user to co-create ambiguous

stimuli with the system (see Figure 9.3). It does this by converting the user’s stroke input into

shapes of semi-transparent light gray value and mirroring those shapes. The probe allows this

allows for a simple series of strokes to yield fairly complex, layered, and symmetrical ambiguous

stimuli which can then serve as an underlay for normal line work. While symmetry could be

optional in a more feature-rich co-creative system, we did not make turning off symmetry possible

for the study. The symmetry can lead to unexpected and stimulating forms which we considered

an important aspect of our exploration on ambiguous stimuli.

9.1.3 Methodology

We conducted a study primarily aimed at answering our research question: How do these

ambiguous stimuli affect an individual’s creativity and form ideation? We chose a within-subjects

experiment design where all participants used the ambiguous stimuli probe as well as a basic
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Figure 9.3: The ambiguous stimuli probe adds an additional capability of producing ambiguous
stimuli underlays. For purposes of our study design, the system switches to a normal sketching
mode (line work) automatically after two minutes.

sketching interface as a control condition. For each participant, we alternated between which

condition they were exposed to first, as we were also interested in learning if ambiguous stimuli

could have lingering effects on their ideation process.

9.1.3.1 Recruitment

We recruited 20 university students for the study, most of whom were pursuing a degree in

Visualization. These students are working towards careers in concept art, animation, game design,

and other fields related to entertainment. We chose from this pool because we wanted participants

who had a stake in creativity and who could potentially benefit the most from creativity support

for form ideation. We expected more rich sketch data and qualitative data from these participants.

The participants included 10 males and 10 females at the undergraduate and graduate level

ranging from 19 to 32 years old. In general, participants ranged from novice to intermediate with

respect to their confidence in their drawing ability and creativity. Their average self-rating for

drawing ability was 3.55 (± 1 ) out of 5 while their average self-rating for creativity with respect
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Figure 9.4: Example of how the ambiguous stimuli probe converts user input strokes (left) to an
abstract underlay. Each stroke is turned in to a closed shape via the shortest path possible, then
duplicated and mirrored. Each shape was black with 10% opacity, allowing for layering to occur,
and more nuanced and detailed forms to emerge.

to drawing was 3.85 (± 0.59) out of 5.

9.1.3.2 Protocol

After answering some demographic questions and self-assessing their ability, participants were

prompted with the following task:

An animation studio has recruited you to design an alien creature which will star in their

upcoming animated film. Your task is to generate 12 early-stage concepts for this creature.

Each participant was asked to draw 12 creatures, each having a time limit of four minutes.

Drawing inspiration from Shah’s C-Sketch [191] study, we chose a four minute time limit because it

gave students enough time to fully flesh out a concept. For six of the creatures, the participants used

the control probe (basic sketching interface), and for the remaining six they used the ambiguous

stimuli probe (experimental condition). For the ambiguous stimuli probe, the four minutes was

split between two minutes of creating the ambiguous stimuli underlay and two minutes of normal

sketching. This was timed automatically by the system.

We alternated between participants being exposed to the control condition first or the experi-

mental condition first as we were interested in observing if that had any lingering effects on their
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Figure 9.5: A participant sketching a creature using the ambiguous stimuli probe on a Surface Pro
device. Participants were encouraged to sketch in a naturalistic manner and orient the device in a
way that was comfortable for them.

creativity or fixation. Participants were encouraged to think aloud [186] and discuss their creative

process as they sketched, including narratives around their creatures, yielding rich qualitative data.

9.1.3.3 Analysis

For the sketch data, we saved static PNG images of each creature sketch as well as time-

stamped vector stroke data in JSON format to a MySQL database. A total of 240 sketches were

collected. We analyzed the sketch data by randomizing the images and coding them visually

[194, 195] based on themes and patterns seen in the images. We also took inspiration from previous

creativity research in which sketches were coded visually, such as Ward’s studies on structured

imagination [196]. Our visual analysis resulted in six types of creatures, four “novelty factors”,

and the emergence of four key findings.

We used grounded theory [166] and the constant comparative method [168] to analyze the

qualitative data. In the initial coding phase, we analyzed 362 codes from transcripts and notes

gained from the studies. After focused coding and theoretical coding, six categories emerged
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Figure 9.6: Categories that emerged from the visual analysis.

which are described in the results. Theoretical saturation was reached when data from the last

several participants did not add any new categories or dimensions to the existing categories.

9.1.4 Visual Analysis Results

Our visual analysis resulted in the categories described in Figure 9.6. Note that creature types

alone was not enough to sufficiently measure the creativity or novelty of the creature concepts, so

novelty factors was an additional metric we introduced to quantify unique features of the creatures

that the participants explored.

9.1.4.1 Overall Fixation on Humanoid Forms

43.8% of all creatures sketched were categorized as humanoid, suggesting a fixation on hu-

manoid forms across most participants. This is consistent with similar prior research and is very

reminiscent of Ward’s “structured imagination” work in which most creatures had human-like traits

like limbs and sensory organs [196]. Participants may have been attempting to anthropomorphize

their creatures and make them relatable due to the prompt. This can be observed in Figures 9.7 and
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Figure 9.7: A heatmap visualization of creature types across all participants and both conditions.
Note that participants who were exposed to the ambiguous stimuli condition first produced
significantly less humanoid forms and produced more abstract and inorganic forms.

9.8.

9.1.4.2 Ambiguous Stimuli First Caused Less Overall Fixation on Humanoid Forms

The participants who were exposed to the ambiguous stimuli first had had 41% less humanoid

forms, 42% more abstract forms, and nearly four times as many inorganic forms, e.g., robots and

inanimate objects (see Figure 9.9). We acknowledge that one participant P12 was clearly fixated

on robots. A Pearson’s chi-squared test revealed that the effect of beginning with the ambiguous

stimuli first was statistically significant (p < 0.01) in influencing different creature varieties.

9.1.4.3 Ambiguous Stimuli Provoked Particular Forms More Than Others

When isolating the sketches from the ambiguous stimuli condition, we found that particular

forms were provoked. For example, there was significantly more (12 to 1) insectoid forms. Mean-
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Figure 9.8: The overall frequency of creature types independently of condition. Most participants
were fixated on humanoid forms.

while, the control condition resulted in much more inorganic forms such as robots and inanimate

objects, as well as more aquatic forms like octopi and squids. This finding is very consistent with

the qualitative data and we will touch on it again in that section. A Pearson’s chi-squared test

revealed that there was statistical significance (p < 0.01) in the effect of ambiguous stimuli on

creature varieties.

9.1.4.4 Ambiguous Stimuli Don’t Impede Exploration of Novelties

The stimuli resulted in the exploration of slightly more novelties including proportions, limbs,

and sensory organs, but less of clothing and accessories. A Pearson’s chi-squared test revealed that

there was statistical significance (p < 0.02) in the effect of ambiguous stimuli on exploring more

novel features.

We recognize that the coding of novelties is highly subjective, so the key finding we are
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Figure 9.9: Participants who were exposed to the ambiguous stimuli condition first produced
significantly less humanoid forms and instead produced more abstract or inorganic forms.

claiming is that ambiguous stimuli do not impede an individual’s creativity or inclination for

exploring novel features. The average participant explored around two novelties (1.98 ± 0.82)

per creature concept regardless of condition.

9.1.5 Qualitative Analysis Results

9.1.5.1 Holistic Thinking Cultivated

The ambiguous stimuli seemed to cultivate many participants’ focus on the “big-picture” and

overall form rather than being caught up in details. This was likely due to the combination of

symmetry and value allowing for a full form to emerge very quickly. Some participants expressed

that they normally begin by drawing silhouettes, suggesting that the ambiguous stimuli meshed

well with their creative process.

“I do like how it made me think in generalities”—P9

“It was forcing me to figure out the shape of the character before the details”—P4
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Figure 9.10: Examples of creature sketches generated by participants with the ambiguous stimuli
probe.

“You can get stuck in the details so it prevents you from that”—P3

9.1.5.2 Exploration Was Stimulated

Many of the participants found that the stimuli cultivated more exploration and led to less

fixation on what they normally are accustomed to drawing. Some participants felt that it loosened

them up and expressed that it caused them to approach the sketching with less of a preconceived

idea.

This is consistent with the finding that the participants who were exposed to the ambiguous

stimuli first had less fixation on humanoid forms despite the overall trend of humanoid forms

across both conditions. It is also consistent with the finding that the ambiguous stimuli condition

resulted in different forms and slightly more exploration of novelties.

“It’s freeing me up a bit”—P3

“The really expressive shapes keep your mind going. It makes you think of something

else”—P4

“After you get used to using it, it gives you an interesting way to think of ideas”—P10

9.1.5.3 Interesting and Enjoyable

Most of the participants found it interesting and enjoyable to generate the ambiguous stimuli.

Most of them had never used symmetry tools or sketched in such a way before. Some found it

relaxing while others found it humorous or pleasantly surprising.
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“It’s weird, but not in a bad way”—P9

“It feels very satisfying. It’s super fun to make creature on this”—P2

“This is cool, I’ve never tried drawing like this before”—P7

9.1.5.4 Particular Forms Provoked

Many of the participants expressed that the stimuli pushed them towards certain specific forms.

The most common themes were “insects” and “bugs,” including “butterflies” and “moths.” Some

participants also mentioned clothing including “robes” and “tuxedos.” A few participants ex-

pressed that the stimuli encouraged “organic” forms as opposed to more angular and inorganic

forms. This was not seen as a negative by most participants, although some did feel constrained

by it.

This is very consistent with the finding from our visual analysis discussed earlier. The ambigu-

ous stimuli did result in significantly more insectoid forms and significantly less inorganic forms

such as robots and inanimate objects. This may have been influenced by the particular way we

designed the ambiguous stimuli probe.

“It makes me think of insect shapes”—P3

“It’s definitely easier to think of organic forms”—P5

“I felt constrained by bugs”—P9

9.1.5.5 Loss of Control and Freedom

Some participants were initially jarred by the loss of control in their creative process. The

ambiguous stimuli forced symmetry and areas of values which could sometimes be surprising and

not what was originally intended. Many expressed that they prefer asymmetry when sketching for

a variety of reasons.

“This is not the typical way I draw”—P11

“I definitely feel like the symmetry is constraining me”—P20

“Sometimes you need asymmetry for a character to stand out”—P1
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9.1.5.6 Benefit to Creative Process

Still, most participants acknowledged they could see the benefit of giving up some power and

freedom for what the ambiguous stimuli allow for. Participants acknowledged their usefulness in

speed, forcing reconsideration, and adding beneficial “chaos” to the creative process. There was

also a nearly universal consensus from participants that the ambiguous stimuli would be useful

in the earliest stages of ideation but not in any other part of their creative process. This includes

“thumbnailing” and the initial effort of generating a variety of ideas from which to later narrow

down the best ones. This is consistent with our intention for ambiguous stimuli.

“This would help with production speed. I feel like I can make a lot of silhouettes this

way”—P2

“It kind of forces chaos in to your design work flow”—P12

“I’d use it only for thumbnailing and early concepts for characters”—P9

9.1.6 Discussion

We believe the results show preliminary evidence that ambiguous stimuli can offer a variety

of benefits for creatives in their ideation process, however we acknowledge the limitations of the

study. This work opens up new avenues of research to further investigate and holds implications

for how co-creative systems can be designed to augment creativity.

9.1.6.1 Limitations

We acknowledge that this study focused only on university students within one major at one

university. The study is also focused on one particular subject (creatures). The claims made on the

effects of creativity are therefore preliminary, and should be validated and expanded upon in further

research. It would be interesting to investigate other subjects (such as vehicles or environments),

other participants (professional concept artists and illustrators, novices with low creative self-

efficacy), and other technology probes that can facilitate ambiguous stimuli co-creation.
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9.1.6.2 Furthering Creativity Research

The results showed that being exposed to the ambiguous stimuli first resulted in less fixation on

humanoid forms in subsequent sketches, however the participants were overall still largely fixated

on these forms. This is consistent with previous creativity research which suggests that humans rely

on categorical knowledge when ideating and that creativity is little different than normal cognition

[197, 196].

An interesting further inquiry is how can these stimuli further push people towards less ex-

pected results and help them overcome the limitations of “structured imagination.” Adding more

chaos such as no symmetry, randomization, altering user strokes more drastically, and giving the

system more influence could do so. If the current system can provoke particular forms such as

insects, an adjustment to the system could provoke other forms. This could be parametric and

controlled by the user. More influence from the system could add constraints, however it has been

repeatedly shown that specificity and constraints can benefit creativity [198, 199].

9.1.6.3 Balance Between User, System, and Control

These results lead to an interesting question: How much control should the user and the system

each have when generating ambiguous stimuli? Some participants resisted the forced symmetry

aspect of the ambiguous stimuli. Allowing them the flexibility to turn this feature off and on

is simple to implement and would give them more control and freedom, however it would push

the system more towards a standard sketching program. Adding adjustable parameters may give

users more flexibility and power and make the ambiguous stimuli more useful and provocative.

We purposely avoided making the system in this study too sophisticated and feature-rich, as we

wanted to isolate the ambiguous stimuli as a variable.

Perhaps allowing the system to automatically adapt to a users sketching style or preferences

may be a promising future direction [200]. These “adaptable interfaces” are a promising way of

using machine learning to automatically personalize the experience to the user. Building on the

“enactive” model of creativity from Davis et al. [83], the interactions should be designed “like
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a conversation where each party tries to make sense of contributions and respond appropriately

given the history of interaction.” As artificial intelligence will allow for increasingly sophisticated

models of users, this should theoretically allow for that “conversation” to be richer, pushing ideas

farther and making the co-creative process more fluid.

9.1.6.4 Benefits at Various Skill Levels

We believe ambiguous stimuli can be helpful to individuals with a variety of skill levels.

We chose to conduct the study with students in creative majors because we sought feedback

from people who had a stake in creativity and would benefit the most from co-creative tools.

The participant pool was more intermediate in terms of drawing ability on average. However,

we believe there is also potential for ambiguous stimuli to help absolute novices overcome a

phenomenon described by many drawing instructors and their students as “Fear of the Blank

Page” [198]. By quickly gaining momentum through generating ambiguous stimuli, novices could

potentially improve their creative self-efficacy [201].

Meanwhile, creative professionals with advanced skill level may also benefit from ambiguous

stimuli. Under pressure and time constraints to generate novel concepts in industry jobs, profes-

sional concept artists and illustrators demand tools that can stimulate their creativity and provoke

them to think of their next big idea.
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10. IMPROVING THE STUDIO EXPERIENCE1

10.1 Exploring the Potential of an Intelligent Tutoring System for Sketching Fundamentals

This chapter contains previously published work.

10.1.1 Motivation

Sketching is a powerful skill that can be used to explore ideas, communicate ideas, and work 

through problems. As a form of drawing, it has been shown to benefit student’s internal thought 

processes [1], boost self-confidence [7], p romote g eneral a cademic a chievement a nd problem-

solving [6], improve peripheral skills such as writing and brainstorming [4], and even improve 

spatial recognition skills [8].

However, sketching can be a difficult skill to learn that requires many hours of practice. Sketch-

ing is often taught in dedicated "studio" courses at the high school and university level [136]. 

Sometimes it is also integrated as a component in engineering courses, with several weeks ded-

icated to it [178]. Students often struggle with low self-efficacy [18] with respect to sketching, 

which in turn effects their motivation to practice [19]. The inevitable comparisons to others which 

is part of studio environments doesn’t help, as students can easily get discouraged by more skilled 

peers [20].

Sketching teachers have their own struggles as class sizes can become quite large, reducing 

their ability to personalize their instruction for individual students who need feedback and making 

grading overwhelming [17]. This reduces their overall efficacy a nd c an l ead t o p oor learning 

outcomes. There is a critical need to reconsider how we are teaching sketching to students. Since 

sketching is a skill that requires many hours of practice, students need to be engaged, confident, 

and motivated to practice. Teachers need to be effective and able to provide personalized feedback.

Intelligent Tutoring Systems (ITS) [29] are an interesting approach to educating students with-

1Reprinted with permission from: Exploring the Potential of an Intelligent Tutoring System for Sketching
Fundamentals. Blake Williford, Matthew Runyon, Wayne Li, Julie Linsey, and Tracy Hammond. Proceedings of
the annual ACM Conference on Computer-Human Interaction (CHI) 2020

103



out human instructors. They are designed to replicate the benefits of one-to-one personalized

tutoring in contexts where it is either difficult or impossible. While challenging to evaluate [30],

they have been shown to be effective in various domains and in certain cases even more effective

than human instructors [31, 32].

We built an ITS for sketching fundamentals called Sketchtivity. We designed the system not to

replace human instructors but rather to augment the educational experience of learning sketching

with technology. The system includes lessons on the basic “primitives” of design sketching includ-

ing forms like ellipses, planes, cubes, and cylinders. To convey these concepts the system provides

real-time feedback to students driven by sketch recognition, a form of artificial intelligence focused

on recognizing hand-drawn sketches.

A previous study showed that the majority of students who used the system throughout the

semester could improve their accuracy and speed with regards to sketching primitives [72]. How-

ever, very little qualitative data was gained on the actual experiences of students and teachers.

This motivated us to dive deeper in to their subjective experiences in order to understand how the

software was affecting them. We deployed the system in to six existing courses at the high school

and university level during the 2017-2018 school year. We then conducted a grounded theory

[166] study which involved six semi-structured interviews with the teachers who implemented

the software, as well as a focus group with six students from a course where the tool was used

extensively. Our primary research questions in this study were:

R1—What are the advantages and disadvantages of the system for teachers?

R2—What are the advantages and disadvantages of the system for students?

Ten categories emerged (five for teachers and five for students) which are described below:

Teachers

Offloads grading work

Validates insights about students

Cultivates exploration and community

Easy to deploy
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Limited access to quality devices

Students

Real-time feedback insightful but limited

Gameplay motivates in different ways

Considered a strong warm-up tool

Digital practice seen as an advantage

Not engaged by creative challenges

These findings describe the potential of an ITS for sketching fundamentals to improve the

educational experience for both teachers and students.

It’s worthwhile to discuss the design of the system itself to provide better context to the results

and analysis. First, we discuss the pedagogical influence on the system, including the challenges

we discovered from interviewing two experienced sketching instructors. We then detail the various

features and components of the system which we believe accomplishes the goal of providing

students a strong learning experience independent of their instructor.

10.1.2 Pedagogical Basis

The system is heavily influenced by design sketching pedagogy [125, 127, 202]. Design

sketching, or conceptual sketching, is a form of drawing that is commonly taught to industrial

designers, concept artists, architects, and engineers. It is heavily focused on rapid ideation and

the development of concepts rather than producing finished works of art. There is a large focus

on perspective sketching and sketching in 3-dimensions as well. The way in which industrial

designers are taught is heavily influenced by mastery learning [118] such that beginners ideally

master basics of 2-dimensional and 3-dimensional primitives like ellipses, cubes, cylinders, before

moving on to more advanced topics like combining primitives and sketching actual objects.

In addition to referencing the leading educational literature [125, 127, 202], we interviewed

two domain experts whom we will label as E1 and E2 for anonymization purposes. E1 and

E2 both have more than ten years of experience teaching sketching at the university level. We

interviewed them to find out challenges they faced when teaching sketching. Our main research
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questions centered around how our system could help with these challenges and most benefit their

instruction practices. A content analysis revealed the following principles which we used as a

guide for designing the ITS:

10.1.2.1 Every Student is Different

E1 emphasized that every student is different and has different motivations, and for this reason

there is no "one-size fits all" approach. He mentioned flexibility as an important factor for the

system to have, with different gameplay motivators for different students. As an example, E2

utilized friendly competition in his classes and mentioned that it could be a great motivator for

many students. He also mentioned that personal style was important. He emphasized that software

should not discourage students from developing their own personal style and approach to sketching.

10.1.2.2 Time is Limited

A strong theme from the interviews that is also supported by relevant literature [17], is that

the time instructors have for teaching can be very limited. From this standpoint, it is difficult to

personalize instruction to each student and ensure each student is advancing at a reasonable pace.

This tends to result in a stratification of student skill levels in which many students lag behind

others. A negative externality of this stratification is that the students who lag behind tend to get

discouraged and have lower drawing self-efficacy than their more advanced peers.

"I really wish I had the time to give every student more feedback”—E1

10.1.2.3 Providing Personalized Feedback is Difficult

Also related to the aforementioned time constraints, providing personalized feedback to each

student can be difficult. Instructors may have classes as large as 60 or more students and may or

may not have teaching assistants to assist with grading. While some real-time feedback can be

given to a small set of students during class time, much of the class is reserved for lecturing and

conveying new concepts. The remaining feedback has to come in the form of grading assignments

which can take weeks to complete. These weeks without feedback are missed opportunities for the

students to correct themselves, cultivate good habits, and improve their overall ability quickly.
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10.1.2.4 Encouraging Practice is Difficult

Both instructors emphasized the crucial importance of practice and doing many hours of it. E1

mentioned that he would often assign very large quantities of sketches for practice knowing that

many students would not even complete the quantity assigned.

"Putting in the mileage and practice is key. It doesn’t happen overnight”—E1

10.1.3 System Features

The following sections describe various features of the ITS which were designed to support

both instructors and students and their various needs.

10.1.3.1 Lessons

Sketchtivity’s lessons follow a mastery learning approach [118] that closely mirrors how per-

spective sketching is taught traditionally in industrial design curricula. Users can begin with the

basics including lines and basic 2D primitive shapes like circles and squares. They can then

move on to learning perspective and 3D primitives such as cubes, cylinders, and spheres. Each

lesson allows the user to practice eight examples of the given shape (see Figure 10.1) and provides

feedback on the accuracy, line quality (smoothness), and speed of the sketches submitted (see

Figure 10.2). Some of the lessons, such as the cube lesson, employ faded scaffolding [158] to keep

users in their proximal zone of development [187] and support them as they learn the fundamentals

of sketching.

10.1.3.2 Creative Challenges

The creative challenges give users an opportunity to flex their creativity in exercises that are

more open-ended. Templates are provided which serve as scaffolding and a starting point from

which they can sketch anything from their imagination. 2-dimensional exercises include subjects

like creatures, cars, spaceships, while 3-dimensional exercises include city streets (see Figure

10.3), a very common exercise when learning perspective. In the creative challenges, users are
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Figure 10.1: The interactive lesson for cubes. Students can practice cubes in various perspective
orientations and receive real-time feedback on accuracy.

given more power and flexibility with regards to stroke width, and value in the form of gray

“markers”.

10.1.3.3 Arcade

The arcade contains a sketch-based game called ZenSketch [142] which allows users to practice

basic line work (see Figure 10.4). The game utilizes the concept of “stealth learning” [123] to make

practicing line work more fun and feel like less of a chore. The feedback given is similar to the line

lesson, however ZenSketch also includes gameplay elements such as a high score and leaderboard,

which are designed to motivate students who enjoy competition.

10.1.3.4 Profile

The profile gives users an opportunity to view progress and stats regarding their sketching

skills (Figure 10.5). This includes “levels” for accuracy, smoothness, and speed based on their

performance in the lessons. It also includes ZenSketch high scores and stats on how many of each

basic shape have been practiced. The profile is designed to give students a broad sense of their

progress and improvement and help them self-regulate their learning [203].
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Figure 10.2: Summative feedback after completing a lesson. Students receive feedback on average
accuracy, line quality (smoothness), and speed, along with text feedback on what they can work on
to achieve the highest score.

The profile also provides teachers the ability to view student engagement— specifically the

number of each basic form students have practiced (Figure 10.6). This can be helpful to gauge

engagement with the system and for grading purposes.

10.1.4 Methodology

Sketchtivity was deployed in three different courses at three different Texas high schools, and

at Georgia Institute of Technology in two different courses (one of the courses had two sections).

Figure 10.8 shows the instructors we interviewed and details on which course they taught and what

semesters they implemented the software.

It’s important to emphasize that teachers were given flexibility and were encouraged to use the

software in a way that was appropriate for their course. This encouraged naturalistic and realistic

use of the software. For example, T2 covered sketching for three weeks in her Introduction to

Engineering Design course, so she had her students use the software during just those three weeks.

Meanwhile T5 and T6 were teaching a course entirely focused on sketching, so they asked their

students to use the software every week for the entire school year.
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Figure 10.3: An example of one of the creative challenges the system offers. The city street allows
a student to practice perspective and demonstrate understanding of 1-point and 2-point perspective.

Upon completion of their deployment, semi-structured interviews were conducted with each of

the teachers to gain data on their experiences using the tool in their class. The interviews lasted

about 30 minutes on average. Interview questions focused on how they were using the system in

their classroom and their perspective on its advantages and disadvantages.

To understand the student perspective, we conducted semi-structured interviews with students

from the university Introduction to Sketching course (section taught by T5 and T6) who used

the system extensively. On average, students in these sections practiced over 1000 sketches of

basic primitives during the school year. We did not interview high school students because they

were a more difficult to access population (under 18), and because they did not use the system as

extensively as the university students (see Figure 10.9).

Grounded theory [166] was used to analyze the data, and the constant comparative method

[168] was utilized to improve our interview questions and dive deeper into the experiences of

the teachers and their students. In alignment with Charmaz, we viewed the data from a social

constructivist [204] viewpoint.

A strong degree of theoretical saturation was reached when the final instructor and student

interviews did not add any new codes or categories. Ultimately, ten categories emerged from the
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Figure 10.4: ZenSketch, a game for practicing basic line work.

data, including five categories from teacher experiences, and five from student experiences. These

are discussed in more detail in the following section.

10.1.5 Results (Teacher Experiences)

10.1.5.1 Offloads Grading Work

One of the things that instructors spoke most enthusiastically about was the advantage of the

platform in allowing them to offload grading work, making grading much easier and faster. This

was especially useful for T5 and T6, who deployed the system for the entire school year and

made using it part of a participation grade. The instructor profile allowed them to quickly and

easily view individual student engagement at the end of the semester and grade accordingly. T5

especially appreciated that he didn’t have to look through overwhelming quantities of basic forms

and grade them.

“Yeah, so the profile feature is very useful to know how much time students are spend-

ing on it.”—T4

“Data is instantaneous and I don’t have to do anything. From a time standpoint there’s

a pain factor for analyzing 500 sheets of ellipses. But hey it can do that, there’s no

reason for me as a professor go through 500 sheets of that. That’s really menial.”—T5
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Figure 10.5: The profile view for students, showing “levels” for accuracy, smoothness, and speed
based on their performance in the lessons.

10.1.5.2 Validates Insights about Students

Some of the teachers found that the performance data validated insights they had about stu-

dents. They believed it could help them personalize their instruction.

“It kind of validates some things that I’ve already learned about the students. So one

was general effort. It correlates back to attempts. There’d be a group of students

who are more or less in the middle. If you just look at say total number of attempts,

you’ll see that it kind of tiers out. The middle section, better section, the best, the

slightly worse, the worst. You have kids who didn’t even bother. They were either

being neglectful or they just totally forgot. But I liked that there was this correlation

between the amount of effort they put in to Sketchtivity and the grade they would get

in other assignments.”—T6

10.1.5.3 Cultivates Exploration and Community

The teachers mentioned how their students explored aspects of the platform and discovered its

features organically. In this way the learning experience did not feel prescriptive but rather new

and exciting. The high school teachers (T1, T2, T3) in particular appreciated this aspect.
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Figure 10.6: The profile view for instructors, showing total lessons completed by the class along
with more detailed information on each student.

Many students also shared their scores and performance with their peers, cultivating friendly

competition and a community around sketching practice. T5 appreciated this, as he had found in

previous years of teaching sketching that community really helps to engage students and keep them

motivated to practice.

“They did some exploration, and got through the basic front stuff. And then they

discovered the game, and the game became the all-consuming thing.”—T1

“Some students got in to it because they saw their section as a team. I saw also some

of them thinking it was a competition of their section against another section. So I did

notice hearing conversations between students over the course of the semester. ‘Hey

let’s draw together.’ ‘Hey did you get your accuracy up?’ So four or five times over

the semester I noticed this kind of thing.”—T5

10.1.5.4 Easy to Deploy

In general, the teachers found Sketchtivity easy to implement into their curriculum. Teachers

were provided a course code that allows students to register themselves. The system was accessible

via the web and the teachers appreciate how simple it was to get up and running. Because of the
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Figure 10.7: A university student using the system to practice cubes in perspective on a Wacom
Cintiq device.

Figure 10.8: Teachers interviewed and details on which course they taught and what semesters they
implemented the software. Sketches is the total number of primitive shapes practiced (ellipses,
cubes, etc.) in the course. Note the substantial amount of sketches practiced from the Introduction
to Sketching course sections (T5 and T6). This course ran the entire school year and was entirely
focused on sketching.

naturalistic deployments of the system, teachers could use the system as little or as much as they

wanted in their curriculum.

“Signing up was easy.”—T2

10.1.5.5 Limited Access to Quality Devices

In all courses there was not a 1:1 ratio of quality sketching devices to student. Georgia Tech

teachers mentioned use of “drawing labs” with Wacom Cintiqs, where up to 20 students could use
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Figure 10.9: Students interviewed along with how many sketches they practiced and how many
times they played ZenSketch.

the software at any time. High school teachers used a limited supply of chromebooks or iPads. In

many cases, students were either left out completely or had to take turns using the devices.

“Section was split, because we only had 20 monitors. Half the class got to use the

software. That half went to the industrial design department to use those devices.”—

T4

“In general, they have to be highly reliable systems. They have to work whenever

students feel like using them. Students get frustrated by buggy systems, and students

throw up their hands.”—T4

10.1.6 Results (Student Experiences)

10.1.6.1 Real-time Feedback Insightful but Limited

Students appreciated the real-time feedback provided by the system on accuracy, smoothness,

and speed but expressed that it was limited and desired more nuanced feedback. They also

recognized that the feedback should be taken somewhat lightly. For example, students liked that

the system could measure the speed of their sketches, but knew that speed wasn’t necessarily the

most important factor in sketching.
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“I like seeing the error.”—S2

“I like how it records experience and progress.”—S1

“It does help, but then the sketches that are better aren’t necessarily faster.”—S4

10.1.6.2 Gameplay Motivates in Different Ways

Students felt motivated to improve their score by both the gamified lessons and the game

ZenSketch. However, some students who identified as not being competitive were more motivated

by the gamified lessons. This speaks to individual differences between students and the value of

offering multiple ways of motivating students through sketch-based gameplay. S1, S4, and S7 all

self-identified as being competitive and were very motivated by ZenSketch due to its high score

feature.

“I know [S4] and I are super competitive. We like being able to look at the smoothness

rating, I think it’s fun.”—S1

“I like it because I can give it a few. You can keep trying to be as precise and smooth

as possible, and I can just do it.”—S4

“There was one particular score at the top. They had a top score and I was in 2nd

place or something. I was wanting to try to beat it. I could never beat it!”—S7

Meanwhile S5 admitted that she was not very competitive and was more drawn to the lessons

where she could compete with herself and only improve her own score.

“I’m not [competitive]. I’m not very good at it so I just do the lessons because the

game doesn’t really help.”—S5
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10.1.6.3 Considered a Strong Warm-up Tool

Many of the students thought that the system was great for “warming-up” since it provides a

way of practicing all the basic primitives.

It’s worth noting that even professionals warm up with basic primitives and it is encouraged in

the educational literature [125, 127]. Warming up allows professionals to loosen up their sketching

arm and prepare for a sketching session.

“I could see it being a really great warm-up activity. Even in your professional career.

Just crank out a bunch of lines. Even if you had an endless mode on it where you just

crank out a bunch of straight lines in a row. Or a bunch of circles in a row.”—S1

10.1.6.4 Digital Practice Seen as an Advantage

Students appreciated that the platform allowed them to practice without as many construction

lines and that they didn’t have to go through lots of paper. This is consistent with previous studies,

where students expressed that they liked this aspect of digital practice and the scaffolding the

system provided [72].

“The part I like best is that you don’t have to set up a drawing template. You don’t

have to make the lines and then draw ellipses inside of them. It just sets it up for you.

You’d spend half the time just drawing a template on the paper.”—S6

“Yeah it’s better than worrying about having paper and bringing paper around.”—S1

10.1.6.5 Not Engaged by Creative Challenges

Students were not engaged by the creative challenges. They expressed that if they wanted to do

a full drawing they would rather use a different tool (e.g., Sketchbook Pro, Procreate) or traditional

pen and paper. This is understandable considering the limitations of a web-based sketching tool to

replicate the look and feel of sketches that professional commercial software can provide.

They also expressed that the challenges were too open-ended. In creativity research specificity

has been shown to aid creative process [197].
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“I have no motivation to do anything that isn’t a lesson or a game”—S1

“I feel like I know what I need to practice, and it’s more than just ellipses. I don’t want

to spend 10 minutes on one sketch”—S2

“I feel like actual drawings is for your sketchbook where you can have the feel of pen

and paper”—S4

10.1.7 Discussion

This study was grounded in the actual experiences of students and teachers. It showed us that

Sketchtivity is providing the kind of experience it was designed for and, despite some limitations,

can provide many benefits for both instructors and students. The following sections summarize our

findings and discuss future research directions such as ways to better quantify student motivation,

confidence, sketching ability, etc. which can lead to an improved learner model [35].

10.1.7.1 Limitations of the Study

We acknowledge that there was some variance among the classes that deployed the tool. This

was the intention, as we wanted instructors to implement the software in a way that was naturalistic

and supported their preexisting curriculum and instruction practices. In this way, it allowed us

as researchers to better understand the viability of a tool like Sketchtivity to help improve the

educational experience of learning sketching in these various settings.

Future studies could dive deeper in the nuances of how the tool is effecting student confidence

and motivation. However, to do so, we believe the studies need to be longitudinal and potentially

last years making it a difficult undertaking. Sketching skills can take years for noticeable improve-

ments to be made, and the changes in motivation and confidence are very nuanced and subjective.

For measuring motivation, scales such as the MSLQ can be used, however they are not focused

specifically on sketching [169]. For measuring confidence, scales such as Bandura’s self-efficacy

scale [18], or a self-efficacy scale designed specifically for sketching [107] could be utilized. We

did not use scales in this study because the ITS was not a fully isolated variable. All of the teachers
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utilized a mix of the ITS and traditional sketching practice in their curricula, so any improvements

in confidence and motivation could be attributed to just practice in general, not using the ITS

specifically.

10.1.7.2 Benefits of an ITS for Sketching Fundamentals

The teachers primarily appreciated the ITS for its capability to automatically “grade” student

sketches and track engagement, while also fostering a community around sketching practice.

Meanwhile the students found it to be a great warm-up tool and more motivating way to practice.

10.1.7.3 Automatic Grading

The teachers were most enthusiastic about the automatic feedback the system offers. This

is particularly important in dedicated drawing or sketching courses where several weeks may be

devoted to fundamentals and primitive forms. Potentially hundreds of these basic forms must be

graded or at least checked by the teacher and or teaching assistants.

10.1.7.4 Fostering Community

Although the current system does not offer a message board, private messaging, or other

ways for students to interact with each other remotely, the teachers found that it still fostered a

community around sketching practice in the classroom itself. They noted overhearing students

sharing their scores and accomplishments while using the system and that it motivated some

“friendly competition” among some of the students. We believe this is another critical benefit

an ITS for sketching fundamentals can offer. In the future more community features can be

implemented such that students can interact with each other remotely, paving the way towards

MOOCs (Massive Open Online Courses) that can utilize the ITS. Such features could also allow

for the more advanced students to better teach and motivate each other.

10.1.7.5 Warming Up

Even though many students remarked that they would rather use other tools for more complex

and time-consuming sketches, they loved “warming up” with the ITS. Indeed, this may be one of
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the core benefits for students as sketching primitives is an important part of sketching in much the

same way stretching is an important part of playing sports. In both cases, the relevant muscles

are engaged, preparing the body for action. In the case of sketching, warming up can help the

individual more readily access the “flow” state [205] that is highly associated with deep focus and

creativity. An interesting avenue of future research would be to explore the effects of warming up

with the system on subsequent sketches in terms of quality and creativity.

10.1.7.6 Motivating Practice

It was clear from the interviews that both competitive and non-competitive students could

find benefit in the tool, since the non-competitive students could avoid competitive features and

“leaderboards” and just compete with themselves for their own best scores. We believe this is an

important aspect of utilizing gaming and gameplay in education in general. Special care should be

taken to ensure that non-competitive students aren’t forced to compare their work with each other

unless they are ready to. Otherwise, these students who are often more modest can be discouraged.

Also, a wide variety of rewards should be used since motivations among individuals can vary

greatly [121].

10.1.7.7 Limitations of an ITS for Sketching Fundamentals

It is important to acknowledge the limitations of our system and the the future challenges in

making an ITS for sketching viable for widespread use.

10.1.7.8 Technological Limitations

Providing useful feedback on sketches is a difficult task to automate. Even if it is depicting

a real object, a sketch is an abstraction of the real world. Even state-of-the-art computer vision

classification and segmentation techniques may fail as sketches become increasingly complex.

As was mentioned earlier, the students appreciated the real-time feedback on accuracy and line

smoothness, but were not convinced that it was the only feedback they needed to improve. Indeed,

there are many nuances to sketching well that human instructors can communicate readily, but

intelligent systems are not currently capable of providing.
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However, the technology is always improving. Future data-driven approaches may allow for

more nuanced feedback on details like shading [162], and eventually feedback on more sophisti-

cated and complex perspective sketches that combine many primitives together. There have also

been attempts at finding a holistic “score” which encompasses how a student is improving overall

[176]. As systems can build more sophisticated learner models, the feedback they can provide will

also become increasingly powerful and useful.

10.1.7.9 Challenges of Digital Sketching

There is evidence that skills gained with digital sketching transfer to analog sketching readily

as an individual is essentially training the same fine motor skills [206]. However, that does not

change the fact that digital sketching has different affordances and “feel.” Sketches on paper can

be pinned up on a wall and shared easily. They have a tangible quality that is ideal for ideation

and the creative process. Students expressed that while they saw advantage in digital practice for

basic forms, they did not want to invest time in more complex sketches using the ITS. For more

complex sketches they wanted to use either more fully-featured digital tools or traditional paper.

An important design decision for the future is to determine the overall scope of the ITS and if it

should go beyond just fundamentals. At a certain point, students will want to use media they prefer

and are used to using.

There are also ongoing challenges with devices. As was mentioned in the results, several of

the teachers who implemented the software mentioned challenges with getting enough devices

for their students as well as ensuring they were of sufficient quality. While tablets have become

increasingly ubiquitous, tablets that also allow for stylus input and quality sketching experiences

have only started to become widely available and affordable for everyday consumers in the last

few years. As these devices continue to become available and the price point lowers, an ITS for

sketching will become much more viable for a wider variety of classrooms.
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10.1.7.10 Challenges of Different Settings

In this study, we deployed the software in various domains (high school and university), as

well as different curricula (art, industrial design, mechanical engineering). Each domain comes

with unique needs and challenges and so does specific curricula. With the exception of the

Introduction to Sketching course which was completely focused on sketching (T5, T6), the other

courses included digital sketching as a minor component. In the case of our deployments, it was up

to each teacher how much time they wanted to devote to teaching sketching skills in their curricula,

and their deployment of the ITS was based on that decision.

We have yet to fully understand how much use of the ITS leads to the ideal benefits in improv-

ing sketching skills and motivating practice of sketching skills. This makes it challenging to make

specific recommendations for deploying in the various domains. Presently, we believe the approach

used by the Introduction to Sketching course is adequate. T5 and T6 asked their students to use

the system at least 30 minutes per week over the semester as part of a “participation” grade. The

students found this a reasonable request, and a previous study showed they could make measurable

improvements in accuracy and speed over the course of the semester with that same approach [72].

Using the system more than that might even have diminishing returns, as another prior study has

shown improvements in the accuracy of basic forms can be made in just 15 minutes [142].

Independently of how little or how much the system is utilized, and in what domain, we believe

teachers can immediately extract the benefits of a tool like Sketchtivity as it can be deployed with

very little burden on them while making it easy to grade and gauge class participation.
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11. SUMMARY

11.1 Answers to Research Questions

11.1.1 R1. Can Intelligent Real-time Feedback from Sketch Recognition Help Improve

Perspective Drawing Ability?

A1. Yes. The perspective accuracy recognition algorithm described in chapter 8 was developed

to answer this research question. We found that the 20 participants in the experimental group who

received real-time feedback driven by the algorithm on their perspective sketches improved the

accuracy of their sketches by a statistically significant amount (p < 0.0005) on average afterwards.

Meanwhile the 20 participants in the control condition who did not receive real-time feedback and

merely sketched with a perspective grid did not improve by a statistically significant amount (p =

0.34) on average. This implies the real-time feedback driven by sketch recognition helped them

understand how 2-point perspective works and that their was a mild learning effect and transfer of

knowledge.

Additionally, the comments from the participants confirmed that the feedback was helpful to

them in understanding perspective. The comments also helped us to better understand the best way

to use the real-time feedback to guide learners. Based on our findings, we believe the best way to

utilize the algorithm is to pair it with traditional teaching methods.

11.1.2 R2. What is the Effect of Real-time Feedback Driven by Sketch Recognition on

Drawing Ability and Drawing Self-efficacy?

A2. Through various studies we found that real-time feedback driven by sketch recognition

can help individuals make measurable and statistically significant improvements to accuracy, line

quality (smoothness), and speed of basic primitive forms [72, 142].

We also found through qualitative data and self-reported ratings of confidence that the feedback

could be beneficial for self-efficacy. The real-time feedback on shading in DrawMyPhoto led to

very high quality drawings that pleasantly surprised many participants [162] and their self-rated
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confidence on those drawings was much higher than those in the control group (p < 0.02).

As for Sketchtivity, the students interviewed said that the feedback along with the scores and

profile helped them with confidence, suggesting improvement in self-efficacy. Further evaluations

may determine more nuances of how the system is effecting their self-efficacy.

11.1.3 R3. What Motivates Students to Practice Sketching? What is The Effect of Game-

based Learning and Gamification on Motivation to Practice Sketching?

A3. As was discussed in Chapter 7, both the game-based learning approach (ZenSketch) and the

gamification approach were motivating to students and helped them improve their basic line work.

However, only a minority of participants who identified as being competitive played ZenSketch

many times. We discovered that the game-based learning approach is not necessarily better than

gamification in this context because it can lead to individuals trying to “game” the system and miss

the point of the game—which is to help them learn something. We also found that the game could

have diminishing returns. Initially individuals will improve their basic line work in a measurable

way, but after many repeated plays they will no longer keep improving.

Further research would involve applying gamification and game-based learning to other draw-

ing fundamentals.

11.1.4 R4. What is the Effect of Co-created Provocative Stimuli on Creativity?

A4. As was discussed in Chapter 9, we discovered that using ambiguous stimuli in the be-

ginning of the ideation process resulted in less fixation on humanoid forms and provoked more

unusual forms. Other effects included cultivating holistic thinking, stimulating exploration, and

enjoyment. There was also a consensus that the stimuli are most useful in the earliest stages of the

creative process.

Based on this finding we believe provocative stimuli could be utilized in a variety of ways

to help individuals generate more creative drawings and be less fixated on obvious solutions. In

particular, novices can benefit from provocative stimuli to help them overcome the widely known

“fear of the blank page” concern [198].
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11.1.5 R5. What are the Benefits and Limitations of Using an ITS for Sketching Funda-

mentals in Existing Courses?

A5. This was answered through the deployment and grounded theory study conducted during

the 2017–2018 school year described in Chapter 10. The categories that emerged for teachers and

students respectively were:

Teachers

Offloads grading work

Validates insights about students

Cultivates exploration and community

Easy to deploy

Limited access to quality devices

Students

Real-time feedback insightful but limited

Gameplay motivates in different ways

Considered a strong warm-up tool

Digital practice seen as an advantage

Not engaged by creative challenges

11.2 List of Contributions

• A novel sketch-based game called ZenSketch and a study which showed participants could

improve basic line work in a measurable way in just 15 minutes.

• A description of the DrawMyPhoto system, detailing how readily-available image processing

techniques can be used in a unique way to provide the automatic generation of step-by-step

guidance in drawing a photo. This approach mirrors the order and manner in which many

professional artists draw.

• The design rationale behind novel real-time feedback mechanisms for pressure and tilt which

guide users in proper shading technique. Such feedback can be expanded upon by other
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designers and researchers for similar applications.

• Evidence that the system was a rewarding experience for novices and allowed them to

produce quality drawings. Expert ratings were significantly higher (p < 0.01) for the group

with full assistance with respect to overall quality, accuracy, shading, and details. Many

of the participants who used the system also self-reported they had learned proper shading

techniques and the order in which to approach drawings.

• An analysis of how motivations of individuals with different sketching skill levels change

and evolve. This analysis may be useful for other researchers, educators, and technologists

involved in design education and/or art education.

• A framework for how various approaches to sketch-based gameplay can target these motiva-

tions and encourage sketching practice for individuals with different skill levels.

• The results of a semester-long case study of two sketch-based gameplay implementations in

a university sketching course and a high school art course. We gathered interesting insights

about how students engaged with our approaches and how they were motivated.

• A general-purpose rectilinear perspective accuracy sketch recognition algorithm with strong

performance and novel sketch recognition features.

• The promising results of a user study and exploration of providing intelligent real-time

feedback to novices using the algorithm. On average, participants could improve their

perspective accuracy by a statistically significant amount by using the intelligent feedback,

and this improvement carried over when the feedback was removed.

• Insights about the optimal way to utilize the different forms of feedback for faded scaffolding

to best help novices learn perspective sketching skills.

• A discovery that using ambiguous stimuli in the beginning of the ideation process resulted in

less fixation on humanoid forms and provoked more unusual forms. Other effects included
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cultivating holistic thinking, stimulating exploration, enjoyment, resistance to a loss of con-

trol and freedom, and a consensus that the stimuli are most useful in the earliest stages of the

creative process.

• Implications for further research in utilizing ambiguous stimuli to augment human creativity

and provoke more exploration, along with design implications for related co-creative systems

and creativity support tools.

• A stronger understanding of the potential of an ITS for sketching fundamentals to improve

the educational experience in the studio for both teachers and students.
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12. FUTURE WORK

The methods described in this dissertation, while promising, have room for improvement.

This section describes various improvements that can be made in the future including improving

feedback, algorithms, building more lessons for other fundamentals, making the creative chal-

lenges more engaging, adding more games, and exploring more visualizations of sketch data and

sketching performance.

12.1 More Nuanced Feedback

In Chapter 10 we discussed how the students found the feedback useful, but were aware that

it did not tell the full story. In order to provide feedback that is increasingly human-like, we must

move beyond simple metrics computed from gesture recognition, and use data-driven machine

learning approaches.

The perspective accuracy recognition algorithm described in chapter 8 and the feedback it

provides could be made more robust and accurate by collecting more training data and fine-tuning

the machine learning associated with it. As was mentioned, it could also be improved by modeling

the context of the strokes (e.g. grouping strokes of a window together or grouping sidewalk lines

together). This could better prepare the algorithm for integration into a commercial product.

12.2 More Interactive Lessons

This dissertation only briefly touched on shading, but once the fundamentals of line work and

perspective are mastered, value and shading becomes an important aspect of learning to draw. New

interactive lessons that provide feedback on the proper amount of pressure to apply when shading

could accomplish this. This was partially explored in the DrawMyPhoto work discussed in Chapter

6.
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12.3 Challenges

In Chapter 10 we discussed how the students did not find the creative challenges particularly

engaging. However, in order to truly improve drawing ability, an individual must put in the work

and start to draw actual objects. There are a number of ways in which they could be made more

engaging including:

• A better digital sketching experience

• Utilization of ambiguous stimuli to help individuals avoid fixation and think of tangential

ideas

• Better scaffolding of challenges such that individuals have a starting point

• More sophisticated and human-like feedback

12.4 Sketch-based Gameplay

The motivation study described in Chapter 7 unveiled nuances of what motivates individuals

with different skill levels and how sketch-based gameplay can help. However, we are only scratch-

ing the surface with games like ZenSketch. Many more drawing fundamentals can be gamified and

this will be exciting to explore in the future.

12.5 Data Visualization

In this dissertation we only briefly touched on the possibilities of visualizing sketch perfor-

mance data. Future opportunities include better visualizations of sketching performance over

time so that individuals know how they are progressing, or perhaps more importantly, if they are

regressing.
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13. CONCLUSION

This dissertation explored a variety of ways in which artificial intelligence and interactive

digital tools can help people improve their drawing ability holistically. In order to do so, the focus

was to cultivate not just the fine motor skills related to drawing but also the common psychological

needs of individuals learning drawing. Those needs include self-efficacy [107] and motivation to

practice sketching. This was primarily accomplished through sketch-based gameplay and real-time

feedback driven by sketch recognition.

This dissertation also explored a method to cultivate creativity and avoid fixation by utilizing

ambiguity. As an individual progresses in their drawing ability, they naturally can become more

creative, particularly if they have been trained in a proper way and have strong fundamentals.

Lastly, a deployment of the software in three Texas high schools and at the Georgia Institute of

Technology allowed us to more closely understand how an intelligent tutoring system for drawing

fundamentals can be integrated into existing curricula. We believe this may be the best possible

way to learn drawing as human instructors could continue to do what they do best with the added

benefit of a tool that greatly improves the confidence and motivation of students.

While the methods herein are by no means perfect and have room for improvement, they serve

as a strong foundation for digital tool(s) for helping people of all ages improve their drawing ability.

The mission associated with this dissertation is “Anyone can learn to draw” and that mission is just

beginning.
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APPENDIX A

QUESTIONING ROUTES

A.1 Teacher Interviews

Why do you teach sketching in your course?

How do you like to teach sketching in your course?

How did you choose to implement SketchTivity in your course?

What were come challenges you encountered (if any)?

What devices were your students using?

Was their any issues with access to devices?

What did you have your students do?

How engaged were the students?

Were the students competitive with each other?

Did you notice any effects on their confidence?

Did you notice any effects on their motivation to practice?

Did any students continue using it?

Did the instructor profile help you at all?

What would you improve about the tool?

Would you integrate such a tool in to your classroom in the future? Why or why not?
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A.2 Student Interviews

How was your confidence in your sketching ability going in to this semester?

How often do you practice sketching?

What motivates you to practice sketching?

What do you sketch generally?

Do you sketch digitally? How often vs paper?

How often did you use SketchTivity?

Walk me through your experiences using SketchTivity

Which features did you use? (for each feature:)

How did [this feature] affect your confidence?

How did [this feature] motivate you?

How did [this feature] influence your creativity?

How do you think the real-time feedback can be improved?

How did viewing your “stats” affect your confidence or motivation?

Did you feel like you improved from using SketchTivity?

If so, do you think those improvements translate to paper and traditional media?

What do you think are the advantages of SketchTivity in learning sketching fundamentals?

What do you think are the disadvantages of SketchTivity in learning sketching fundamentals?

What would you like to see changed or added to SketchTivity?
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