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Abstract

:

Despite the prevalence of game-based learning (GBL), most applications of GBL focus on teaching routine skills that are easily teachable, drill-able, and testable. Much less work has examined complex cognitive skills such as computational thinking, and even fewer are projects that have demonstrated commercial or critical success with complex learning in game contexts. Yet, recent successes in the games industry have provided examples of success in game-based complex learning. This article represents a series of case studies on those successes. We interviewed game designers Zach Gage and Jack Schlesinger, creators of Good Sudoku, and Zach Barth, creator of Zachtronics games, using reflexive thematic analysis to thematize findings. We additionally conducted a close play of Duolingo following Bizzocchi and Tanenbaum’s adaptation of close reading. Several insights result from these case studies, including the practice of game design as instructional design, the use of constructionist environments, the tensions between formal education and informal learning, and the importance of entrepreneurialism. Specific recommendations for GBL designers are provided.
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1. Introduction


Although game-based learning (GBL) has become widely popular in recent years, few applications of GBL have considered complex cognitive skills such as computational thinking and language learning. Of these, even fewer have been commercially or critically successful with a wider audience. If the field of GBL is to succeed in teaching more complex skills, we need to understand what aspects of design make them successful.



Our background in game-based learning comes from scholars like Gee (e.g., [1,2]), as well as theories on constructionist and constructivist learning [3], and instructional design for complex learning [4]. Similar work includes the understanding of educational games compared to commercial games [5] and the recent work on resonant games by Klopfer et al. [6], which attempts to present design recommendations for the design and use of educational games in the classroom. From this theoretical background, we conclude that while many design principles are being developed for GBL more generally, there is as of yet scarce information on what makes GBL applications (a) commercially successful, or (b) successful in complex domains such as computational thinking and language learning.



Fortunately, several successful examples of game-based complex learning have recently emerged. Duolingo is a gamified language learning app originally developed in 2011 and continuously developed since then [7]. Good Sudoku is an iOS app about learning and enjoying Sudoku, developed by Zach Gage and Jack Schlesinger in 2020 [8]. Additionally, Zach Barth, designer of Zachtronics, has created several engineering puzzle games that teach computational thinking and general problem-solving, including SpaceChem (2011), SHENZHEN I/O (2016), and Opus Magnum (2017) [9]. These examples were selected for their popularity as exemplars of complex learning in gamified and gameful applications. They are further identified for their educational applications: for example, Duolingo offers “Duolingo for Schools” (https://blog.duolingo.com/duolingo-for-schools/ accessed on 4 October 2021) and Zachtronics offers “Zachademics” (https://www.zachtronics.com/zachademics/ accessed on 4 October 2021). Despite Good Sudoku’s infancy, Gage’s earlier games have been critically praised for their ability to turn learning into an enjoyable experience [10,11].



Therefore, in this article we ask the research questions: what makes these games educationally successful? How are the designers conceptualizing their work in order to create these successful outcomes? To answer these questions, we conducted two semi-structured interviews with the designers of Good Sudoku and Zachtronics, respectively, analyzing their responses through a reflexive thematic analysis. We supplement these interviews with a “close play” [12] of Duolingo to understand how a gamified context differs from a gameful context.



We found that in both gamified and gameful approaches to GBL, commercial thinking makes a great impact on GBL success, such as identifying the market value of the application and putting effort into outreach.



In Good Sudoku and Zachtronics’ games, the game design of these games is the instructional design, as shown through its visual design, emphasis on whole-task practice, and removal of busywork. The instructional design further seeks to establish a constructionist learning environment by providing just-in-time (JIT) information, letting the players drive their own learning and difficulty, and teaching general problem solving. Lastly, the designers noted how the formalities of education and research can obstruct what they saw as the critical learning processes, which included a clear tutorial, experiential learning, and appreciating the domain before going deeper into its nuances. Based on these findings, we make several recommendations in Table 1, including, among others: teach gradually and visibly, iterate, and acknowledge the constraints of education and research.




2. Materials and Methods


Two semi-structured interviews were conducted: one with Zach Barth, lasting approximately 1:16 h, the other with Zach Gage and Jack Schlesinger, lasting approximately 1:55 h. Interview questions were tailored to the participants’ experiences and creations with respect to the research questions. All methods were approved by the researcher’s institutional ethics board, and all participants consented to having their names and quotations be published in this article, which included reviewing this article to ensure that the work is an adequate and accurate representation of their sentiments.



The interviews were analyzed using reflexive thematic analysis [13,14]. We took a deductive approach oriented to both semantic and latent meanings with an emphasis on the discourse [15] used by participants. This could be considered a contextualist or critical realist mindset, sitting between essentialism (the reality of the participants) and constructionism (their experiences as shaped by society).



A close reading, or “close play” was conducted of Duolingo [16] by the first author following the methods described by Bizzocchi and Tanenbaum [12] and later applied by Sullivan and Salter [17]. This qualitative method allows a researcher to deeply examine a work both as a consumer of that media (in this case, a game player) and as a researcher contextualizing the player’s experience analytically. The close play focused on Duolingo’s Spanish course (one of the original and most thorough courses on Duolingo) and involved playing for 5–20 min each day for over 400 days. This supplementary analysis of a gamified, as opposed to gameful, application provides insight by contrast, allowing us to understand better how each context is functioning in relation to the other.



Games Analyzed


Since this article discusses several games, it is worth briefly describing each in turn. Duolingo is a gamified language learning application playable on mobile devices and in web browsers. Players progress through lessons containing about ten to twenty exercises. Each exercise practices some aspect of language learning, from speaking and listening to writing and comprehending. This core loop is gamified with experience points (XP), leaderboards, and playful animations.



Good Sudoku is an iOS application for playing Sudoku, a popular number-placement puzzle. The game consists of a 9 × 9 grid of cells divided into 3 × 3 subgrids (“boxes”). Each puzzle is populated with an initial few digits scattered throughout the grid and the goal is to fill in the rest of the grid using deduction and other logic principles such that each row, column, and box contain the digits 1 through 9 with no duplicates. Good Sudoku builds on traditional Sudoku applications by adding novel note-taking, hint systems, tutorials, and game modes that scaffold the player toward better understanding the strategies of Sudoku-solving.



Zachtronics games, including Opus Magnum, SHENZHEN I/O, and SpaceChem, are difficult open-ended logic puzzles. In these games, the player is tasked with engineering a machine from composite units in order to produce some logical output. For example, in SHENZHEN I/O, the player constructs circuits of predefined input and output requirements using a limited array of logic gates and similar components.





3. Results


3.1. Close Play of Duolingo: Gamification of Complex Learning


To borrow the language from rhetorical structure theory [18], the nucleus of Duolingo is its skill tree, a directed acyclic graph of lessons ordered from the easiest introductory vocabulary into the language to the most complex grammatical structures Duolingo teaches. (Notably, Duolingo does not teach language fluency, but typically reaches A2–B1 levels based on the CEFR language education standard, according to their 2019 blog post: https://blog.duolingo.com/how-are-duolingo-courses-evolving/. Accessed on 26 October 2021) This is both the core learning mechanic and the core gamification mechanic, since primary play centers around completing lessons within this skill tree to make “permanent” progress on mastering a skill—however, once a skill has been fully mastered, it will occasionally “break”, encouraging the user to return and review the skill. Exactly when a break occurs is based on their spaced repetition model [19].



3.1.1. Gamification Mechanics


There are several satellite systems supporting the skill tree. First, users earn XP for all learning exercises. In gamification literature, XP would be considered simple “points” that the user can earn [20]. This is the most fundamental aspect of Duolingo’s gamification, since XP earning can belie constant upward progress despite the user’s own struggles to master the material. However, XP for me was a meaningless metric, since the most optimal ways to earn it were antithetical to the optimal ways to learn. Practicing new skills or otherwise pushing myself cognitively was the least efficient way to earn XP, and the most efficient was to mindlessly drill lessons or short stories that I have already completed and mastered beyond need for further practice.



Closely related to XP, the leaderboards show the user’s XP earnings relative to a subset of other users to encourage competition. In combination with notifications when one is passed on the leaderboard, this can push the user to engage slightly more than they would otherwise. In practice, this was only effective for me when the competition was close and when there was a reward for coming in first through third place. When users ahead of me had an enormous lead, I made no attempt to catch up. Then, in late Spring of 2021, Duolingo removed rewards for leaderboard rankings, taking away the only reason I was engaged with the competition.



In accordance with classic PBL (points, badges, leaderboards), Duolingo awards a series of badges, or achievements, for certain milestones. These badges elicit the Zeigarnik effect [21], since using the application usually results in at least one achievement always being near completion, prompting the need for closure. While this was effective early on, Duolingo has very few badges to earn beyond the first month of play. I went several months without receiving any badges and thus felt no compulsions to work toward specific milestones.



Recent literature notes that heavy reliance on PBL—as opposed to other possible gamification elements—is likely because they are the easiest features to implement [22]. Yet, points-based rewards can have detrimental effects on motivation in the long-term [23,24]. Scholars conclude that gamification elements have differential, contextual effects, and a careful matching of context to incentive is required for effective gamification [25]. In the case of Duolingo, then, their simple approach to gamification may be effective for recruitment, but not for long-term retention.



Next, Duolingo offers a currency called gems (formerly lingots). Gems can be earned by doing a lesson once per day and completing a lesson segment (typically about four lessons for my Spanish course). To spend gems, there are a few aesthetic items (outfits for Duo the owl) and a couple of optional lessons (e.g., popular idioms). Additionally, once per week the user can wager some gems as a promise that they will practice every day for a week; after seven days of concurrent practice, their wager will be returned doubled. Yet, the most common use for gems in my experience was “testing out” of a skill. Since each skill offers ample lessons for practice, I found myself bored by the additional exercise. Instead, I could spend gems on a test of that skill, and if I passed the test, Duolingo would advance me to the next point of mastery for that skill (skipping three more lessons).



In practice, the high cost of testing felt like pressure to buy into Duolingo’s premium services (where tests have no gem cost). This marred my experience with capitalist frustrations and removed me from a more optimal learning and playing experience. On top of this, when I was able to purchase a test, I felt stressed because of the high cost of gems at stake. This sometimes resulted in lower performance because the stress added cognitive load, resulting in me making mistakes that I would have recognized if I were more calm.



To further encourage daily practice, Duolingo makes prominent notice of the user’s “streak”: how many concurrent days they have met their own learning goal (a minimum of one lesson). Small gem bonuses are rewarded for maintaining this streak. Gems can also be spent to “freeze” the streak, either for a day or for the weekend, helping the user maintain their streak on days they choose to avoid engaging with the app. In practice, I never used the weekend freeze and rarely needed the daily freeze. However, the availability of freezing a streak felt like a quality-of-life feature that I was glad to have present when needed.



The last gamified system Duolingo uses is the heart system. Each mistake a user makes during practice removes one of their hearts. After all five of their hearts are lost, users must regain hearts by either: completing review lessons, paying gems, waiting several hours for their hearts to passively refill (a rate of approximately 5 hearts per day), or paying real money for Duolingo’s premium services.



A recent review of persuasive design in mobile games lists several mechanics of player retention and their underlying psychological theories [26]. Based on loss aversion, the hedonic treadmill, the goal-gradient hypothesis, the endowed progress effect, and two reward schedules (fixed interval and variable ratio), they identify ten retention mechanics: level-up rewards, dynamic experience, daily quests, quest-quests, retroactive quest introduction, interval resource collecting, energy system, random items, rotating shop, welcome gifts, fixed interval schedule login bonus, reward satiation, time-limited rewards, and exhibition. Although a full unpacking of these theories and mechanics is out of scope, we can identify which mechanics Duolingo uses for retention. The heart system is a form of energy system: by restricting the duration of a play session, the system incentivizes returning in order to make use of regenerated energy. The daily gem bonus given for maintaining one’s streak is a daily quest. However, Duolingo does not make use of the other eight forms of persuasive mechanics, demonstrating its simplistic approach to persuasion and gamification.



There are likely other subsystems I could describe, such as the motivational messages (which I turned off for being disruptive) and the in-game advertisements; however, the systems I have described adequately capture the major themes of my experience with Duolingo, and further detail would muddy the analysis.



Overall, my experience of the gamification of Duolingo was one of frustration. There were no substantial gameful elements to engage with, having run out of badges and being disinterested in leaderboards for the sake of competition. Yet, what gamified elements remained seemed to exist only to thwart my learning experience. Pushing myself cognitively cost gems, cost hearts, and rewarded little XP. However, I continued to engage with the app for its learning mechanics, despite its gamification. According to its fan wiki, Duolingo has tried many other gameful and gamified techniques, including clubs (groups/guilds) and other social features, duels, and a “full heart” bonus, in addition to several abandoned learning features. One staff comment (https://forum.duolingo.com/comment/31849174?comment_id=31877425 accessed on 26 October 2021) suggests that these decisions are made as a capitalist-focused company considering the costs and benefits rather than taking a philosophy of creating purely the best product. Yet, given the massive success of Duolingo, perhaps this is an unfortunate, uncomfortable truth: that GBL products exist within a real-world market and must adapt to real-world constraints and demands, even if this means sacrificing some aspects of user experience, gamefulness, and learning optimization.




3.1.2. Learning Mechanics


Within the framing of Duolingo’s gamification, the application uses several learning mechanics successfully. As with gamification, the nucleus of the application is the skill tree, which forms a hierarchy building from simple vocabulary and grammar to complex linguistic constructions (cf. skill hierarchies and skill chains in instructional design for complex learning [27,28]). In this way, Duolingo scaffolds lessons by ensuring that learners have the prerequisite skills to be prepared for more complex instruction. In practice, I found this to be extremely effective. Very rarely did it feel like there was any spike in difficulty; instead, learning was gradual and smooth, albeit a long, long path to fluency.



Before every lesson, Duolingo offers an optional text briefing on the contents of the lesson. This can be seen as cognitive priming or, using Gagné’s nine events of instruction, the preparation phase: informing the learning objectives, stimulating recall of prior learning, and presenting the new content [3,29]. I found these guides helpful but insufficient. Often, I would return to them after making a mistake to try to understand better what linguistic nuance I was missing, only to re-discover that the guide did not mention that detail at all. Usually, the per-lesson forums would provide an answer, but it felt frustrating both to enter the lesson unprepared and to practice a concept without a formal explanation for it, relying only on previous experiences with the concept as decision-making cues.



Next, there is an abundance of varied task types. Task variety is typically recommended for both better engagement and more robust mental models [3,4,30,31]. In my Spanish course, I experienced short stories with comprehension questions, word matching, sentence completion, grammar drills, naming objects, listening exercises, speaking exercises, and fully written translation exercises. If we were to extend the analysis to the wider Discourse of Duolingo, this list would also include the podcasts they produce and social practice activities organized by users in their forums and other affinity spaces such as their subreddit. Although I did not take part in social activities and rarely listened to the podcasts, I felt sufficiently engaged with the diversity of task types. The only major drawback I experienced was the lack of variety in vocabulary within lessons. For any given lesson, the number of sentences in that lesson was quite limited, and often I would repeat the same sentence multiple times in each task type (e.g., speak a sentence, then hear it and translate it, then see it and translate it). Despite the varied task types building on each other and reinforcing the material in multiple ways, the lack of content variety meant that I was often using rote memorization rather than actual language skills to perform the tasks. If I had just heard a sentence, I do not need to think about how to translate it, I only need to recall my aural short-term memory. The instructional designers themselves recognize this, since they recommend “hovering” around lessons, (https://blog.duolingo.com/whats-the-best-way-to-learn-with-duolingo/, accessed on 26 October 2021), which would provide the learner with more short-term variety across tasks. However, Duolingo has not integrated this technique into the application itself, placing the burden of lesson sequencing on the learner.



Finally, Duolingo offers sufficient corrective, but not cognitive, feedback (cf. [32]). After each exercise, Duolingo responds whether I was correct or incorrect: if I am correct, they may offer additional insights such as typos I made, accents I missed, or what the sentence translates to (if, for example, the goal was only to speak the sentence without parsing it). If I am incorrect, I am told what the correct answer is. On occasion, Duolingo attempts to identify where I made a mistake and provide further guidance on that concept. In practice, however, this worked only for the most basic concepts. Beyond the basic grammar of gendered articles and having adjectives agree with nouns in gender and number, there were rarely instances where Duolingo’s tip identified the issue I was struggling with. Instead, I would either know immediately what I did wrong (ah, that noun is masculine not feminine, no I do not need a reminder about gendered nouns) or I would remain unsure (why is this preposition required here?). To Duolingo’s defense, computationally identifying useful cognitive feedback remains a challenging problem [33]. However, perhaps a better approach would be simply answering the question: “What concepts that are new to this lesson are used in this exercise, and how and why?” As we will see in the analysis of Good Sudoku and Zachtronics games, this just-in-time approach can be used to great effect.



Holistically, after using Duolingo every day for more than a year, my understanding of Duolingo is that it has a solid nucleus of learning and gamification and struggles with its satellite scaffolding. By centering around a detailed, thorough, well-defined skill tree, progress was always clear, gradual, and rewarding, albeit slow. It is this core, I believe, that supports Duolingo’s success as a gamified learning application. Where there is room for improvement, on the other hand, are its supporting systems. The other gamification features detract from the learning experience, and the other learning features are sparse and insufficient. If I were actually depending on Duolingo to learn another language, I would likely need a more formal curriculum, using Duolingo only as supplementary rather than primary didactic material.



I include this close reading for contrast. As we shift into the analysis of Good Sudoku and Zachtronics games, trying to understand their gameful approaches to learning and by what means they operate, I will use this reflection on Duolingo as a comparison. What makes gamification different from gameful? What makes mass-market different from indie? As we will see, both contexts focus on marketing the game for its value, and both contexts teach gradually (though Duolingo focuses on content delivery, while Good Sudoku and Zachtronics focus on experiences), and varied practice. Clear feedback, too, is a key component of successful GBL in any context. Furthermore, perhaps most importantly, the actual learning in these games and gamified apps is inherent to the task structure, not to the support around it. However, as will be described below, there are some aspects which are unique to gameful GBL: whole-task practice, teaching general problem solving, and teaching with an emphasis first on appreciating the domain before exploring its complexities.





3.2. Thematic Analysis of Good Sudoku and Zachtronics Games


The reflexive thematic analysis described in Materials and Methods resulted in four themes summarizing the approaches that Zach Gage, Jack Schlesinger, and Zach Barth take in their design of complex learning games. Their descriptions suggest that Holistic game design is instructional design, i.e., the scaffolding techniques they use to onboard players in aggregate sums to good instructional design. Second, they use constructionist environments to allow players to explore, fail, learn, and generalize at their own pace and in their own ways. Third, they do not let education prevent learning. These designers value difficulty while simultaneously respecting the learning needs of their players. Moreover, they take creative liberties to teach in a manner they find more effective, rather than teaching in what might be a more traditional approach. In practice, this means designing for the enjoyment of the intrinsic material rather than with the goal of teaching that material. In doing so, their work is inspired by pedagogical theory, but not driven by it: they make their own interpretations of research and education and explicitly separate themselves from formal learning. Finally, they offer practical insights, such as the need for outreach and entrepreneurialism, an oft-ignored aspect of GBL research.



3.2.1. Holistic Game Design Is Instructional Design


Both Zach Gage and Jack Schlesinger have been teachers in the traditional sense. Schlesinger further has designed curricula, and in reflecting on these experiences they argue that game design is instructional design. “I have had … hours-long discussion[s] … over … the choice between two words in a rulebook…” says Schlesinger. It is these small considerations, they argue, which make up the whole of an instructional design. Furthermore, together, their many micro moves have a sort of Gestalt effect. Gage describes it as “one hundred different things and every single thing is like a feedback loop that’s pointing to another learning tool.”



Many of these design decisions are about the visual design of the game. For example, the note-taking system uses vibrant red and blue to identify which cells can be which digits—the player is drawn (sometimes unconsciously) to identify color contradictions as indicators of what moves can be made. Additionally, when a player selects a cell, the game highlights that cell’s row, column, and box. When selecting a digit, other instances of that digit are highlighted throughout the grid. In these ways and others, the low-level decisions about the app’s visual design contributes to reducing the player’s perceptual and memory loads so that they can focus on critical information.



Moreover, Gage and Schlesinger describe their design as not only what they included, but what they consciously excluded. Other Sudoku apps, for example, highlight wrong inputs in red. However, this incentivizes guessing behavior and disincentivizes applying intelligent techniques. Instead, Good Sudoku allows the player to get into an unsolvable state, but detects when this occurs and allows them to backtrack to the last solvable step.



Not only do they use visual design to reduce perceptual load, they also teach perceptual skills as part of the complex task. Focus Mode, for example, demonstrates and guides players through the strategy of grid-scanning.



This approach to instructional design is reminiscent of common techniques in level design, which takes root in the field of architecture, using light, color, and space (among others) for aesthetic appeal and direction [34,35]. Although an unpacking of this connection is out of scope, instructional designers can look to architectural design and level design (see especially [35]) for ways to guide visual attention.



Next, Good Sudoku teaches via whole-task practice with emphasis manipulation [4]. That is, from the beginning, players engage with the whole Sudoku challenge and all of its mechanics. This is accomplished by several scaffolding mechanisms.



First, the difficulty levels of Good Sudoku are segmented and structured by the techniques they require, allowing each difficulty to provide emphasis on increasingly complex techniques. Second, by being explicit about this structure, the game primes the player for what challenges they can expect in their next puzzle. Third, when the game detects that a technique is needed, but the player has not used or learned about it yet, it recommends the tutorial they need. Each tutorial demonstrates a specific technique in situations that focus on the value of the technique and how it can transfer to other contexts. Then the tutorial lets you practice a specific technique repeatedly in a sandbox that generates practice examples in diverse contexts.



Finally, once the player is in the puzzle, an AI assistant provides hints on request. The AI is able to do this because the linear nature of Sudoku—combined with the note-taking feature—identifies exactly what step in the problem-solving process the player is at. With all of these design elements in combination, Gage and Schlesinger create a system loop: anticipate what the learner is trying to accomplish or practice, then provide opportunities for them to experience that challenge in a variety of contexts. Improve Mode builds on this loop by training note-taking and specific techniques through emphasis manipulation.



This learning loop—identify what the learner is trying to solve and help them solve it—is a particular affordance of the problem-solving of Sudoku. Whereas, in other tasks with more open problem-solving, either: (a) the student and teacher need to have a collaborative dialogue to establish the context, or (b) the teacher needs to provide an excess of information in case some information is useful to the situation, or (c) the teacher has to fabricate a specific and inauthentic context for providing the information, which can feel “super hand-holdy” (Gage).



Not only are learners engaging with whole tasks, they are offered a variety of means of practice. Interleaving practice in multiple contexts increases the contextual interference, which in turn builds more robust mental models for transfer learning [4]. Gage further notes that these different game modes (and Good Sudoku’s three kinds of daily puzzles) also appeal to different kinds of learners (cf. learning styles [36,37,38]), especially since different pressures—such as time pressure or analysis paralysis—can add stress to different learners.



In order to support engagement with the critical task, Gage and Schlesinger advocate for removing “busywork.” For example, the auto-note feature allows players to identify where digits can be legally placed, rather than forcing them through the tedium of counting every cell. Moreover, Good Sudoku’s smart auto-completion feature selectively fills in cells that have only one legal move while making sure not to “step in front of somebody’s thought process” (Gage) by performing any problem-solving steps for them. As Gage summarizes, “Not having to do that work frees your brain up from, like, being distracted by all this menial stuff to actually pay attention to the cooler, deeper structures of the thing.”



Looking to instructional design theory, the removal of busywork is in line with Cognitive Load Theory, which states that cognitive processing extrinsic to the learning task is extraneous load that is best to eliminate [39]. By focusing the learner’s attention, this technique provides a kind of scaffolding through simplification, allowing the learner to focus on the more intrinsic, structural features of the problem [4].



However, Gage and Schlesinger did not arrive at this design on their first try. They note that their many micro moves of mentorship required a lot of small iterations, such as finding the optimal way to phrase a hint. Similarly, Barth is constantly working toward a smooth onboarding, achieved via iteration. “The learnability of systems is always on our mind all the time,” he explains, “...Because everything we design and present to the user, they have to be able to learn it. Furthermore, it’s not really enough to just be like, ’oh yeah, there is a wiki, you can read about it all’—no, it has to be something that people can pick up smoothly and it has to make sense and it has to all fit together and it has to be intuitive to some degree.”



To design a game is to design the instruction for that game, and these designers take a holistic approach consisting of dozens of different micro-features that play into the resulting smooth experience. Each scaffolding technique ties into the rest of the assemblage. This design work includes: visual design guiding perception, whole tasks teaching in a variety of contexts, removing busywork to free cognitive resources, and iterating on the whole experience. The result is a game that teaches holistically and that is fun to learn from. As Barth says, quoting online comments about their games, “the whole game is the tutorial”—because, as Barth argues, “what makes games fun is the learning aspect of it.”




3.2.2. Constructionist Environments


Although they do not explicitly describe it as such, these complex learning games bear striking resemblance to the design of constructionist learning environments (cf. [2,40]). Rather than focusing on content delivery, these designs try to help the players discover the intrinsic value of the games’ subjects while letting them set their own direction and pace. Moreover, Gage, Schlesinger, and Barth all attempt to teach a generalized problem-solving mindset rather than teach how to solve specific problems, thus encouraging the learner to construct their own problem-solving strategies.



Gage nearly definitionally describes using just-in-time (JIT) information: “Only give people information when they ask for it and only give them the exact information that they’re looking for.” Gage adds that in some cases, Good Sudoku will withhold nuanced details on the obscure uses for techniques for as many as thirty-five instances of it, providing these details only when the user is ready and the context is right. He acknowledges that trying to give someone information when they are not ready is futile. By giving learners the space to grapple with a problem before learning more about it, Gage is providing what Schwartz and Bransford call “time for telling” [41]. In their implementation of this, Gage adds a book icon next to nearly every concept in Good Sudoku—clicking on this icon provides on-demand information for that concept. According to Gage’s philosophy, the only time it’s acceptable to provide information without “explicit approval” (Gage) is when a player first opens the game for the first time, since this action marks an explicit curiosity about what the application is.



Barth similarly describes learning that he “can not dump information on people” and cannot offer a help screen expecting players to navigate to it voluntarily. Instead, Barth and Gage both lean toward a model of self-paced discovery. According to Barth, this philosophy was strongly prevalent in designs from 2011: “you build a little obstacle course, you put a sign on the wall so they can just see ’X is jump’ and then people will get through it.... you set up little learning labs for them where they were being guided towards being successful without having to just force them and tell them what to do.”



This example is the prototype of the constructionist learning environment that Deterding describes of games [40]. In this interpretation of games, games are systems that players can explore, learning by experimenting with interactions and observing results. Gee breaks this model down further, giving us additional vocabulary: fish tanks are simplified ecosystems that highlight critical variables and their interactions, helping players learn what to pay attention to before more complexity is introduced; sandboxes, as Gee defines, are safe havens that look and feel like authentic environments, but with greatly mitigated risk, enabling performance before competence and providing “horizontal learning” (or time to practice and explore) for those who need it [2,42,43]. Gee breaks this down further into supervised and unsupervised sandboxes, with the former providing explicit scaffolding and the latter being a “hidden tutorial,” blending tutorial and gameplay [2].



In fact, Gage explicitly describes constructivist sandboxes in their games during their 2014 talk at PRACTICE, noting that this design tool is the inverse of modern achievement systems: whereas achievements encourage players to explore the irrelevant corners of the game, sandboxes encourage players to explore the nuances of the core mechanics and build expert mental models [44]. Both fish tanks and sandboxes encourage system-thinking and mental model construction [1,42], which is why the Game Approachability Principles list sandboxes as one of the design tools for onboarding, among others like JIT information, scaffolding, knowledge transfer, and self-efficacy [45].



Similar to sandboxes, games by Gage and Barth are about engaging with an interesting set of tools. However, unlike sandbox games, the player is working toward producing a specific output from a specific input, especially for Zachtronics games. This creates the sought-after dynamic of goal-oriented constructivist learning.



To summarize the shared design philosophy, these designers are constructing sandboxes wherein players solve their own problems while still being oriented toward a guiding goal provided by the game. Furthermore, in this way, players’ self-chosen goals acts as its own dynamic difficulty adjustment (DDA).



DDA is traditionally considered the automatic refinement of game parameters, such as adjusting enemy health or reaction speed based on player performance, though DDA has recently extended beyond pure system control and to other aspects of game adjustment, such as level design [46,47,48]. However, DDA has been criticized for causing player frustration and dissatisfaction when players become aware that their difficulty is being adjusted without their informed consent [49,50].



Barth recounts that several of their design principles for Zachtronics games were formed as a reaction against DDA and gamification mechanics, two components of the trend of ’RPGification’ [51]. Rather than gamifying the task or reducing the challenge, Barth widened the possibility space between passing a level and excelling at it: their games allow you to proceed with a passable solution to the challenge rather than demanding great solutions. For example, he describes, their earlier game SHENZHEN I/O had tight spatial requirements for solutions, which made levels more difficult because there was less room for mediocre solutions. Opus Magnum, on the other hand, removed this space requirement: players now had unrestricted time and space to find a solution that solves the problem. For Barth, this is not DDA because the player is still solving the whole problem, whereas traditional DDA techniques modify parameters intrinsic to the challenge.



In Good Sudoku, Gage and Schlesinger designed their levels very intentionally with respect to how techniques are grouped and ranked and which techniques are used in which difficulty levels. By doing this, players could make informed decisions about the level of difficulty they want to experience—without affecting the intrinsic challenge of the task itself.



In addition to self-driven learning, both Barth and Gage also mentioned trying to teach general problem-solving skills. For Gage, their design philosophy for problem solving is based on their mother’s research on math education, Kilpatrick [52], and other resources on constructionist teaching [44]. Through this lens, building problem-solving skills is about forming mental models about the structural relationships between elements, rather than the problems’ surface features (see also [53,54]). “If you provide novice problem-solvers with a problem,” Gage describes, “they’ll attempt to solve it using superficial strategies, comparing it to routine problems that they already understand... However, if you provide novice problem-solvers with—instead of a problem—a set of constraints, and then ask them to form and solve their own complex problems, something amazing happens—they solve these problems with expert-level strategies” [44].



Similarly, Barth tries to impart general problem solving skills in Zachtronics games. Citing Papert’s movement toward teaching computational thinking [55], Barth tries to encourage skill transfer. Rather than enforcing a skill chain (see [56]), Barth employs a bubble sort [57] to order levels in an intuitive, artistic process. “We do not make levels to try to teach a specific thing. We just make levels that introduce a specific new wrinkle. Furthermore, that really is not even specific. It’s just like make a bunch of stuff that’s interesting and then sort them in a way that scaffolds the introduction of new things we are asking you to do one at a time and something that feels like the complexity increases instead of being all over the place” (Barth). Interestingly, Barth has experimented with offering branching choices of levels, but “even when we offer them a bunch of levels in a set, almost everybody plays them in the order that we give them” (Barth).



These designers aim to teach their players general critical thinking skills that can transfer from the game into their daily lives. They achieve this by creating constructionist and constructivist learning environments that provide JIT information and enable self-driven learning through player-made goals.




3.2.3. Do Not Let Education Prevent Learning


Puzzle games have a strange tension, says Barth. As puzzles, their goal is to challenge players. However, as products, they do not want their users to feel frustrated. Contrary to flow theory [58], Barth argues that it’s okay to be difficult. “Vegetables do not have flow, you know, going to school does not have flow... I think a lot of the stuff in life that’s like, real and worth doing, flow is not part of it.”



Contrast this with educational games, which have been measured to be easier to learn, less complex, shorter, less challenging, and using fewer forms of fun than their commercial counterparts [5]. Rather, entertainment games rely on “hard fun” by challenging the players and encouraging a sense of mastery through difficulty [59,60]. This dynamic is enabled, in part, because of the designers’ aforementioned difficulty scaling—or lack thereof. By letting the players choose their own goals, as long as the list of available goals covers a wide range of difficulties, players will find an appropriate difficulty for them.



However, the tutorial should not be difficult. Barth describes that although all of the levels in a Zachtronics game are hidden tutorials—in that they teach the player something—there is an initial set of levels that their team internally call tutorials; these levels do not try to challenge the player, instead they focus only on introducing core mechanics and controls.



Barth recalls that in Ironclad Tactics, he tried making the tutorials “little puzzles”, but soon realized that learning the mechanics was puzzling enough for players. He summarizes: “So that was that was where we made the rule for ourselves, which is that if you have something that is like a tutorial, there should be nothing puzzling in it whatsoever.” Barth believes only controls and basic concepts can be taught in tutorials (and should be, he says: “if people can not figure out your controls, they’re going to not play your game.”); higher-order concepts like strategies must be learned through experience.



Moreover, Barth found that forcing or hand-holding players through a set of actions was not an effective tutorial, nor was SpaceChem’s approach of presenting “walls of text with pictures” (Barth). Instead, as elaborated in the previous section, Barth found it more effective to set up small, designed (constructionist) environments where players would be drawn to the correct solution by it being the natural, intuitive way to interact with the environment. In this way, they drive their own learning and encounter no difficulties when exploring a new concept for the first time.



For Gage and Schlesinger, the tutorials were the one aspect of design they strongly playtested. This was to ensure that anyone could access Good Sudoku and eventually reach its higher-level instructional design. Their focus on the tutorials emphasizes the need for usability, especially in the first-time user experience.



In summary, these designers tried to remove all challenge and frustration from the tutorials, with respect to usability, playability, and difficulty. By ensuring that players could access the tutorials, the designers could be assured that players were prepared for the rest of the game’s challenges.



Next, the designers took creative liberties with their subject matter in order to highlight the intrinsically enjoyable aspects of the domain. In doing so, they developed their own language for the topic—sometimes quite literally in the case of Zachtronics’ programming games. Barth intentionally places their games in fictional domains in order to “level the playing field” (Barth), ensuring that anyone coming in will have (as much as possible) the same experience.



In developing Good Sudoku, Gage and Schlesinger encountered a different problem: they were working in a real domain that already has terminology for specific strategies. Furthermore, to their dismay, the existing jargon was unintuitive. On the other hand, because the jargon was already deep-seated in the community, renaming them was not an option. Instead, they extended the terminology to tease out important distinctions, such as by dividing techniques into their single-house versions (i.e., contained within a row, column, or box) and their “split” counterparts, noting that the perceptual contexts used in each case makes the technique conceptually different, even if the heuristic is the same. With expert techniques, however, Gage and Schlesinger were able to rename them because the community was small enough—and opinions diverse enough—that no standard had already been established.



Another aspect which significantly aided the development of Good Sudoku, Gage and Schlesinger claim, was that neither of them were Sudoku experts when they began. If they were, they explained, then Good Sudoku would have ended up teaching Sudoku the way it has already been taught—and interesting only the people who were already interested.



Although he does not use this terminology, Gage was describing a functional fixedness [61] to trying to teach something one already knows. Making Good Sudoku and Really Bad Chess (2016; a chess game by Zach Gage that randomizes all starting pieces except the king, based on the player’s skill rating) required a paradigm shift away from how these games are typically taught and toward the novice view of seeing them for what is inherently interesting about the domain. This shift evokes the criticisms against modern academic writing, including issues with metadiscourse, the curse of knowledge, and functional fixedness, and suggests a return to the “classic style” of helping the audience see something in the world that the author has noticed, but they have not [62]. Moreover, as Gage notes, by teaching about something the designer themself does not understand, the designer gets to go on that journey of self-discovery and appreciation alongside their audience. In this way, Gage and Schlesinger sought to create the tools they wanted to learn from. They ask, “what are people experiencing when they’re playing Sudoku that we are not experiencing?” (Schlesinger). This philosophy is summarized by Gage:




“I think fundamentally, the way that you teach someone to do something is the same way you teach them to play a video game, which is teach them how to have fun, like focus on the thing that’s fun and teach them how to do that... Really Bad Chess is not trying to teach you how to play chess, it’s trying to teach you how to enjoy chess.”





This point is where Gage differs from educational design. Rather than teach people to be good at something, Gage aims to show their audience what’s fun about a subject and encourage them to appreciate it on their own, giving them the agency and ability to seek out more about it if they so desire. Similarly, by choosing a fictional programming context, Barth avoids any real-life complexities that would arise with using a realistic setting. Instead, he gains full control over the content, which allows them to focus solely on the interesting, intrinsic challenges and what is inherently fun about programming and logic.



In separating their work from educational design, the designers emphasized that games work as experiences, not as content delivery mechanisms, as is common (but not effective) with educational games [63]. Gage and Schlesinger speculated that “edutainment” games are produced more akin to software, taking a top-down approach to building a game around some desired learning outcomes.



In contrast, Gage did not intend to teach Sudoku with Good Sudoku. Instead, as described above, he aimed for teaching a love for Sudoku and a repertoire of self-driven learning and critical thinking skills. This is the difference between Gage’s games and edutainment. Rather than fact-based learning, these successful commercial games teach by experience. Schlesinger calls out Duolingo as fact-based learning, instead wishing that it was able to simulate experiential contexts such as living in another country and being immersed in the language. “The thing that is powerful about games is that games give you experiences,” Gage says, “and experiences are a completely different kind of learning than fact-based learning.”



However, speaking to the educational potential of games, Gage notes that the experience alone is not enough for transfer learning. Although he does not use these words, Gage describes the potential for (exo-)transformative reflection in games [64,65,66,67,68], and emphasizes the importance of feedback and debriefing in transferring experiential learning to transformative reflections. Regarding their work with NYSCI’s Connected Worlds (https://nysci.org/home/exhibits/connected-worlds/ accessed on 13 October 2021), Gage commented that “the only way to drive that [learning goal] home is to then have teachers have essentially like group meetings afterwards.” For transformative reflection to have specific outcomes or transfer specific skills, there needs to be explicit debriefing: “You can teach a lot more than you would expect to be able to teach in a game if you remove the burden of processing the game and you put that onto like an educator or something like that, it would just work to have the game provide an experience for players that they will then interrogate later” (Gage).



In summary, the designers note that several of the ways in which educational games are currently produced are counter to successful strategies. Rather than being afraid to challenge the player, provide multiple difficulties that let them challenge themselves. However, do not feel obligated to make every moment of the game challenging—the tutorial, especially, should be as clear and simple as possible, with gradual increases in difficulty after the player demonstrates a basic understanding. Moreover, instead of starting with the concept itself and all of its nuances, start from a place of curiosity: why is this topic interesting? Why should the learner care about or appreciate this topic? By designing from this angle, the gameplay will more likely reflect something inherently fun about the material. Furthermore, this will enhance the game’s ability to teach as an experience instead of as content delivery, which contributes to a deeper understanding of the material and better leverages the affordances of the medium.




3.2.4. Success Says Sell the GBL


Perhaps this will come as an uncomfortable truth to some readers, but the success stories of these industry professionals suggest that the constraints of education and research weaken the final product. Instead, taking an entrepreneurial and open mindset to creating an enjoyable experience seems to be the most effective strategy for a well-received game. Barth, for example, explicitly separates their work from academia. He argues that games with “competent game design” is an “exercise for academics,” because for the purpose of selling games, competent design is overshadowed by other marketing factors. The more powerful marketing factors include sociocultural perceptions, which is partly why Gage and Schlesinger question the “educational” label being applied to their games. “There’s stigma,” says Gage.



Although their games interact with education, these developers do not approach design from an academic perspective; however, they do look to academia for inspiration. For example, Barth took inspiration from a paper on tutorials [69], but drew their own conclusions of “the thing that felt true to us.” The high-level points he took away were that you “can not dump information on people” and you ”can not give them a help screen to look at on their own volition.” However, then he constructs his own narrative, rather than actually building on the publication. Similarly, Gage draws inspiration from constructivist learning, such as Kilpatrick’s work [52]. Like Barth, Gage takes the aspects that resonate with him and uses a few key ideas as the foundation of his design. In doing so, Gage focuses on putting the model before the problem via self-driven goal-setting, as discussed earlier.



Yet, Schlesinger notes that his design process would never work with a starting constraint on the learning goal, as is the common approach when developing educational or serious games. Barth shares this sentiment and expands on it:




“Normally when we make games, we get to make up whatever we want. When you make educational games, you do not get to make up whatever you want. Furthermore, so a lot of the things that people say about like ’oh game design, good game design, and good games are like so magical and compelling.’ Furthermore, it’s like, that is assuming that you can do whatever you want.”





Making games that are both fun and educational, Barth found, was “actually really hard because it really does constrain your design space.” This is why, instead of building directly from academic research, these developers draw ideas from research and create their own interpretations. Doing so allows them to be more fluid with their designs and find learning opportunities that fit the gameplay they can create, rather than trying to force gameplay to fit a learning goal. Furthermore, by creating a more natural fit of gameplay and learning, they are better able to sell their games.



To this point, Gage focuses strongly on outreach when making their games. He has collected a list of press contacts and works with other industry professionals to develop pitches, reach out to games journalists, and create targeted advertisements for specific markets. Gage put a great deal of effort into the “messages” of their game and how pitches were delivered, including taglines and the perception of the core gameplay at a glance.



In this way, the commercial success of Barth, Gage, and Schlesinger is due, in part, to actually treating their products commercially. They value value—what their products contribute to the market. Barth also noted reusing “conceptual tools” across their games to save time and effort, explaining why several Zachtronics games have similar experiences. Through this, Barth builds an audience for players who appreciate this style of play, which helps grow the Zachtronics brand for further success.



This finding agrees with an ongoing discussion of entrepreneurialism in educational technologies [6]. The Radix Endeavor [70], for example, failed to maintain or further develop as a product due to a lack of sustainable funding (personal communication, Louisa Rosenheck, at the 2021 Connected Learning Summit’s Hall of Failure). Scholars argue that the GBL academic community has been taking the wrong approach to creating effective game-based learning environments and testing the success of GBL [63]. The most recent addition to this conversation is by Ike et al. [71], who argue that “educational game ideas should be practical and commercially viable to develop,” achieved—among other means—through feasibility studies during pre-production to identify a target market and the target audience’s motivation. Although Barth and Gage did not speak to such formal approaches, it seems they have naturally developed a target market and appealed to their motivations through consistent design and branding.



In short, historical approaches to GBL have been weighed down by narrowly constrained goals and strict academic approaches, relying on the assumption that students will prefer any game to traditional learning. Motivation is not magically achieved by having a game. If you want buy-in, you have to sell it.






4. Discussion


In this article, we explored the successes of commercial game-based complex learning in Duolingo, Good Sudoku, and Zachtronics games via a close reading of Duolingo and interviews with the designers of Good Sudoku and Zachtronics games.



Despite the popular praise of Duolingo as the best gamified language learning app available, we found the gamification mechanics sparse and antagonistic to the learning goals (cf. Morschheuser et al. [25], gamification mechanics should match complexity). However, given Duolingo’s commercial success, we draw the conclusion that this end-product is the result of years of testing and iteration, and GBL products must operate in a real-world market with real user data and financial constraints, even if the final outcome is not an ideal user experience.



The learning mechanics, on the other hand, were more cohesive. The skill tree, forming the nucleus of the learning system, as well as satellite systems of practice and feedback, provided smooth and gradual progression through increasingly complex content. Through transparency and visibility, the learning was made clear and simple despite the complexity of the material.



Although all of these GBL elements have been suggested in prior literature (PBL [72,73], retention mechanics [26], skill trees [27,28], feedback [32], task variety [3,4,30,31], etc.), this close reading contributes an exploration of what has been practically most effective for successful GBL in a complex, real-world use case. Furthermore, what was practically most effective was a foundation of strong instructional design: gradual, well-paced, experiential learning with varied tasks and thorough feedback. We found similar results in the gameful case studies of Good Sudoku and Zachtronics games.



Through interviewing designers Barth, Gage, and Schlesinger and following with reflexive thematic analysis, we generated four themes. Holistic game design isinstructional design: between visual design guiding players toward critical information, using varied whole-task practice, removing busywork, and iterating on prototypes, the designers are able to achieve effective instructional design through a focus on the game experience itself. This instructional design takes the form of constructionist learning environments, including JIT information, player-driven learning and difficulty, and ultimately teaching general problem solving.



These industry professionals also emphasized that they do not let education prevent learning: by letting the game be difficult—but not the tutorial—they enable learning in both the early and late stages of gameplay. Moreover, they focus on teaching the topic how it is loved, rather than how it is taught. Gage offers clear advice on how to transfer this approach:




“Make something you do not understand. Do not do not try to teach people something that you already know how to play really well, because you’re too far away from the experience of somebody who is just starting to even understand it.”





Furthermore, Barth, Gage, and Schlesinger highlight the affordances of games as experiences rather than a medium for content delivery. This echoes criticisms of GBL research that focus heavily on putting games in the classroom without considering the contexts in which games are most effective for learning [63].



Finally, the industry professionals are successful because they acknowledge their products for commercial value and sell them accordingly—that is, they sell the GBL. Pre-defined learning goals and research questions hinder the flexibility of the game during development, making it harder to design for appeal to a particular audience. Furthermore, to the point of audiences, these designers have one in mind. They construct specific pitches for those audiences and put concerted efforts into reaching them.



Our results echo common themes of GBL. Many of the game design points discussed here agree with Gee’s argument of game learning as instructional design [1,2,15,42], as well as other arguments for games as constructionist learning environments [40] and constructivism in games [38,74]. Previous work has also identified the affordances of games as experiences rather than content delivery [42,75,76]. Like the close reading, the novel contributions of these case studies are the emphasis on what was practically most useful for commercial and critical success in complex GBL.



In these case studies, two major points stand out: first, teaching how the topic is loved rather than how it is traditionally taught—this concept is rare in GBL literature, though it has ties to existing conversations such as using authentic problems to demonstrate meaning and value [6]. Second, a failure to treat the game as a commercial product that demands advertisement, market analysis, and so on, is an issue which has caused the downfall of many educational and research games. Although a discussion of the systemic financial problems with educational technology is out of scope for this article, GBL practitioners would benefit from planning their funding from prototype to long-term sustainability early in the project design.



Comparing our close reading and case studies, what are the similarities and differences between gamified and gameful approaches to GBL? Both Duolingo and the games in the case studies are commercial products and are treated accordingly, with developer intent toward advertising and market value as well as iterative design. Moreover, all games studied offer gradual learning, JIT information, and player-set difficulty. However, Good Sudoku and Zachtronics games take a much more holistic, whole-task approach to their puzzles and experiential learning that focuses on teaching general problem-solving skills, while Duolingo situates itself in part-task practice and content delivery. Although this is likely due in part to the nature of the domains, it is true that the motivational power of gamification is better at encouraging practice and “drilling,” while gameful applications are more suited to holistic experiences. Each of these approaches, then, should be considered as two separate sets of tools in the toolkit or repertoire of GBL practitioners.



In summary, successful game-based complex learning is about leveraging game design techniques and the power of games as a medium, constructionist and constructivist learning, and strong marketing.



If you take one point away from these case studies, take this: design from a place of curiosity and authenticity and create the learning tools you want to see and play with yourself—the rest will follow.
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Table 1. A summary of findings and recommendations from the thematic analysis of case studies in complex GBL.
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	Findings and Recommendations





	Lessons from

Duolingo
	GBL products exist in a real-world market

Adapt to real-world constraints and demands to grow and sustain the product.



	
	Teach gradually and visibly

Be transparent about the learning content. Start simple and gradually increase complexity. Provide ample and thorough feedback.



	Holistic game design

is instructional design
	Teach through visual design

Use visual design to help players parse and focus on critical information.



	
	Use varied whole-task practice with emphasis manipulation

Focus on one technique at a time in the context of whole, meaningful tasks. Provide varied tasks for learners to practice skills in different contexts.



	
	Remove busywork

Automate routine problem-solving steps that are extrinsic to the skill being practiced, especially perceptual and memory effort.



	
	Iterate

Playtest prototypes early and often with new players; address confusions and UX pain points.



	Constructionist

Environments
	Provide only JIT information

Withhold detail until it is useful in the player’s exact situation, and even then provide only as much as is helpful for their situation.



	
	Let players drive learning

Provide information only on player request. Design scenarios where players will discover skills on their own through problem-solving.



	
	Let players drive difficulty

Instead of adjusting the tasks directly (by automatic DDA or difficulty options), provide a range of goals for players to aim for.



	
	Teach general problem solving

Put the model before the problem by providing constraints in an open space instead of specific challenges that appear to afford using superficial strategies.



	Do not let education

prevent learning
	It’s okay to be difficult

Do not be afraid to challenge the player.



	
	The tutorial should not be difficult

Teach new concepts in isolated, structured environments that let the players actively use the new concept without challenge.



	
	Teach how it’s loved, not how it’s taught

Focus the gameplay first on why the domain is fun or interesting rather than jumping into teaching its nuances.



	
	Games work as experiences, not content delivery

Leverage the interactive, system-exploring nature of games to encourage experiential learning. Minimize content delivery or delegate it to other media. For transfer learning and transformative reflection, include explicit debriefing after the experience.



	Success says

sell the GBL
	Acknowledge constraints of education and research

Pre-defined learning goals and research questions will likely hinder the product quality unless the project has sustainable funding and ample iteration time.



	
	If you want buy-in, you have to sell it

Work with professional game designers and marketers to design and pitch your game’s value. Put effort into outreach and advertisement.
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