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Abstract

Researchers across the behavioral sciences are increasingly using games as a means of data
collection. Intrinsically motivating digital games are especially promising for music cognition, where
large, diverse, and engaged samples are needed. In this article, we focus on a specific class of game
paradigms suited to cross-cultural contexts and applicable across the developmental lifespan:
auditory matching-pairs (Memory) games. We present the conception, design, and initial evaluation
of TuneTwins, a solitaire auditory matching-pairs paradigm developed to study musical memory and
auditory cognition. Building on self-determination theory and prior game-based research, TuneTwins
employs an 8-pair (4 x 4) board to balance playability with psychometric sensitivity. Our web-based
auditory adaptation introduces clear visual-auditory mappings, a three-click turn structure, and a
dual scoring system that distinguishes memorized matches from lucky guesses and memory errors.
Large-scale simulations of chance and optimal strategies guided the choice of board size,
demonstrating that this configuration yields meaningful separation between performance extremes
while avoiding ceiling effects. We further report empirical evidence from three implementations: a
proof-of-concept online study, a cross-cultural field study with Mbendjele BaYaka hunter-gatherers,
and an online global deployment. Across these settings, TuneTwins captured systematic
performance differences between stimulus conditions and elicited high voluntary engagement,
including repeated play and the completion of multiple difficulty levels. We argue that matching-
pairs games such as TuneTwins provide an engaging, intuitive, and scalable paradigm for collecting
behavioral data using primarily auditory stimuli—and that they can be used to probe the mental

representation of music across cultures, across development, and potentially across species.

Keywords: music cognition, gamified experiment, musicality, music recognition, web-based

experiments, paradigm design, ecological validity, citizen science, intrinsic motivation, cross-cultural

Word count: ca. 6483.
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Introduction

How should we collect behavioral data in the cognitive sciences? This question has recently
attracted much discussion (e.g., Brown et al., 2014; Frieler et al., 2013; Hauser et al., 2019; Honing,
2021; Jacoby et al., 2020; Maxwell et al., 2015; Open Science Collaboration, 2015; Peer et al., 2017,
Richter et al., 2010; Tiago et al., 2017). In contemporary psychology, the central methodological
concern is not (only) the scale of behavioral data but their quality. The notion of data quality in this
context extends beyond narrow concerns about statistical precision; it should be understood more
broadly as the extent to which behavioral measurements faithfully capture both variability and

invariance in cognitive processes.

The replication crisis (Open Science Collaboration, 2015) has shown that findings from well-
controlled experiments often fail to replicate. Subsequent studies have suggested that many
replication failures may stem from differences in experimental control, design, and sample
characteristics between original and follow-up studies (Gilbert et al., 2016; Maxwell et al., 2015). In
this paper, we argue that these main causes could potentially be addressed through intrinsically
motivating web-based listening games—an alternative strategy that can complement existing

methods in investigating questions in the field of music cognition.

The Paradox of Experimental Control

A growing body of work has questioned the long-standing assumption that tighter
experimental control necessarily leads to more reproducible science. Contrary to this intuition,
several recent proposals argue that excessive standardization of experimental conditions may
actually undermine reproducibility—the very foundation of scientific practice. Richter et al. (2010),
for instance, demonstrated that environmental standardization can produce contradictory
outcomes: introducing systematic variability (i.e., heterogenization) in fact improves reproducibility

across studies. This evidence directly challenges concerns commonly raised about web-based
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experiments, particularly the claim that limited control over factors such as environment,

equipment, and timing necessarily compromises data quality (e.g., Bridges et al., 2020).

For music cognition research, Honing (2021) notes that, although web-based listening
experiments inevitably lack control over factors such as playback volume, headphone type, and
background noise, these uncontrolled elements reflect natural listening behavior and therefore
enhance external validity. Collecting behavioral data under such conditions can thus provide
valuable insights into the perceptual invariants to which listeners remain sensitive despite naturally
occurring “noise” fluctuations (cf. Krantz, 2021, citing J. J. Gibson). Moreover, moving experiments
beyond the lab means that time and location are no longer limiting factors, allowing anyone to
participate at any time. This substantially facilitates the collection of large-scale datasets—a benefit
already well demonstrated in previous work (cf. Li et al., 2024, n = 128,916; Millensiefen et al.,
2014, n = 148,037), as well as through large-participation platforms such as themusiclab.org and

amsterdammusiclab.nl.

Engaging Play versus Reward-based Participation

Beyond standardization, the experimental procedure itself exerts a substantial influence on
data quality. Specifically, the extent to which participants are genuinely engaged in the task critically
determines whether the collected data capture and reflect the underlying cognitive processes. As
web-based experimentation has become increasingly prevalent—especially during the COVID-19
pandemic—in cognitive and psychological research, crowdsourcing platforms such as MTurk and
Prolific—which provide access to large participant pools—have accordingly become primary vehicles
for scaling up data collection (Stewart et al., 2017). However, although material incentives such as
monetary rewards may increase the duration or frequency of participation, this form of extrinsic
motivation typically frames the experiment as a means to an external reward rather than as an
activity experienced as valuable in itself. This framing can readily result in superficial or random

responses and ultimately compromise data quality (Hauser et al., 2019), particularly given that many
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cognitive experiments are experienced by participants as “effortful, frustrating, and repetitive”
(Lumsden et al., 2016). Moreover, MTurk and similar platforms have experienced declining rates of
population replenishment and increasing participant non-naiveté. The participant pools on these
platforms are relatively small, demographically narrow, and highly experienced, with many
individuals having completed hundreds of similar tasks (Chmielewski & Kucker, 2020; Stewart et al.,
2017). Furthermore, non-naiveté can introduce new forms of bias and distort the effect sizes of
experimental results. Therefore, although the number of participants may appear large, the
underlying diversity is limited—restricting the generalizability of findings and potentially giving rise
to what Stewart et al. (2017, p. 736) describe as “a possible tragedy of the commons”: as more
researchers draw repeatedly from the same pool of experienced participants, that pool becomes
progressively less naive and less representative, ultimately diminishing its value as a scientific

resource.

To address this persistent challenge of collecting high-quality data, one solution is to make
participation intrinsically enjoyable and engaging. When players are immersed in a game and
motivated by intrinsic satisfaction, the resulting gameplay traces are more likely to faithfully reflect
their perceptual and cognitive processes. Over three decades of research have shown that the
quality of experience and performance differs substantially depending on whether behavior is driven
by intrinsic or extrinsic motivation (Deci & Ryan, 1985; Lepper et al., 1973; Ryan & Deci, 2000). In
music cognition, several game-based paradigms have already demonstrated how well-designed
gamification can attract large numbers of spontaneous, unpaid participants. For example, the
Hooked-on Music paradigm collected data from over 200,000 unpaid participants (Burgoyne et al.,
2013), the Clapping Music app was downloaded more than 140,000 times within three years (Duffy
& Pearce, 2018), and comparable large-scale participation effects have been reported in other

studies (Tiago et al., 2017).
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Intuitiveness and Scalability

Better yet, the game is not only fun but also intuitive—an essential feature for collecting
data across diverse cultural contexts. With the majority of music psychology research conducted on
WEIRD participants (Henrich et al., 2010), often using Western music, we risk viewing the human
mechanisms underlying music perception and production through a narrow lens. Repeatedly
focusing on a narrow subset of the world’s musical and cultural diversity risks illuminating only one
corner of a much larger phenomenon. As a result, key scientific questions concerning the origins of
music and the balance between cultural variability and universality remain difficult to address. A
necessary step toward a more comprehensive understanding is the development of cross-cultural
studies supported by carefully designed experimental procedures that are intuitive, accessible, and

applicable across diverse cultural settings.

As Jacoby et al. (2020) remind us in their position paper, cross-cultural study faces
challenges of “potential lack of conceptual common ground between researcher and participants, a
factor that might lead to mistranslations, misunderstanding, and the absence of explicit, formalized
terms for core research concepts.” Imagine investing considerable time and effort into designing a
perfect experiment—one that is both highly engaging and capable of measuring the target
theoretical construct—only to find, upon implementing it in an entirely unfamiliar culture, that there

is no reliable way to convey its rules and instructions.

We argue that intuitiveness is a key factor in enhancing the cross-cultural scalability of
experimental paradigms. Because language is deeply embedded in cultural practices, tasks that rely
on verbal instructions risk introducing unintended cultural biases or differences in comprehension.
Reducing linguistic demands is therefore advisable when designing paradigms intended for cross-
cultural use. Nonverbal forms of communication—such as demonstration—tend to be more
universally understood. An intuitive paradigm that is self-explanatory or easy to demonstrate thus

reduces the danger of misinterpretation inherent in verbal instructions alone.
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Aim of the Current Study

Together, these considerations underscore a central challenge in music-cognition research:
collecting data from diverse and meaningfully engaged participants while relying on experimental
paradigms that are both robust and scalable. We propose that one solution to meet this goal is to
foster intrinsic motivation through intuitive gamified experiments—in other words, science games.
This paper presents the design, characteristics and underlying logic structure of a novel music
science game, TuneTwins (i.e., an auditory matching-pairs game), along with simulations designed to
examine its capability to capture the distribution of participants' performance. We also report

evidence bearing on participants’ motivation to complete the game.

We further argue that paradigm design is not merely a matter of translating a theoretical
construct into a task; rather, the upstream process of conceptualization, game experience design,
and formal evaluation—while distinct from empirical data collection—is essential for ensuring
validity and scalability, yet is often overlooked in cognitive research. This neglect is compounded by
a practical bottleneck: the infrastructural demands of developing and deploying game-like research
platforms, including interface design, stimulus management, online deployment, and data recording
pipelines. Although the scientific value of such approaches is increasingly recognized (Long et al.,
2023), these demands continue to deter adoption. The design of TuneTwins was informed by both of
these considerations. Built on the Amsterdam Music Lab's open-source MUSCLE framework (Janssen
et al., 2023; Amsterdam Music Lab, 2026), it offers an architecturally portable and scalable
foundation that other researchers can adapt to their own stimuli, populations, and experimental
questions—thereby lowering the infrastructural barrier to gamified behavioral research more
broadly. The goal of this article is therefore not to contribute a new empirical finding to the music
cognition literature, but to present a case study in paradigm development—one that addresses both
scientific rigor and practical deployability, and that shifts the focus from controlling behavior to

eliciting it in ecologically meaningful ways.
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Conceptual Framework

Motivation for Using the Memory Game

Music researchers have employed a variety of approaches that incorporate games in
research (e.g., TagATune; Law et al., 2007; Major Miner; Mandel & Ellis, 2008; Listen Game; Turnbull
et al., 2007). Compared with inventing a new game, adopting and modifying an existing, well-known
game represents an attractive option, particularly in cross-cultural and developmental contexts, as
many participants might already be familiar with the mechanics of a pre-existing game. We have
chosen the game Memory, a popular and accessible board game played by children and adults
around the world (variants are often known as Concentration, Pelmanism, Lian-Lian-Kan, Hisker

Di?, or Pexeso; Zwick & Paterson, 1993).

Musical memory is a particularly meaningful research subject for cross-cultural research as
memory is a fundamental, biologically grounded cognitive capacity shared across human
populations. Evidence suggests that memory performance for music does not strongly depend on
formal musical training—naive listeners often perform comparably to trained musicians when the
material is familiar (Bigand & Poulin-Charronnat, 2006; Levitin, 1994; Levitin & Cook, 1996).
Moreover, individuals typically show enhanced memory for music that is culturally familiar to them
(Demorest et al., 2008). By studying behavioral patterns that reveal musical memory, we can
distinguish which aspects of musicality are shared—reflecting innate, biologically grounded
capacities—and which vary across cultures, reflecting brain plasticity due to cultural exposure
(Honing, 2023). In other words, such research provides insights into the interplay between universal

cognitive mechanisms and culturally shaped processes.

The appeal of the Memory game can be attributed to several psychological factors. First, the
task directly challenges memory and reflects participants’ cognitive processes through their card
choices (e.g., when they have already listened to two cards that belong to a pair, do they remember

to match them?). Second, because it is a children’s game played in cultures around the world, its
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rules of play are exceptionally simple and intuitive, allowing players of various age groups and
cultural backgrounds to engage without extensive instruction needed. Third, the Memory game
satisfies a basic cognitive drive for problem-solving and self-improvement (Ryan & Deci, 2000) by
challenging players to memorize and match pairs to win. The game also provides immediate
feedback—each attempt yields either a successful match or an error—which sustains attention and
fosters intrinsic motivation through trial-and-error learning (Malone, 1981). Finally, Memory offers
both individual challenges and multiplayer competition, making it versatile as a solitary or interactive
activity. These features not only explain its enduring popularity but also highlight its potential as a
robust paradigm for experimental adaptation. According to Self-Determination Theory (Deci & Ryan,
1985, 2000), these characteristics satisfy the basic psychological needs to trigger intrinsic
motivation: autonomy (a sense of volition), competence (a sense of mastery), and relatedness (a

sense of connection to others).

Taking all these benefits together, it is not surprising that such a paradigm has been
extensively discussed and widely applied across multiple fields. Several papers have examined variants
of this game and the strategies that might be used under a range of rules and constraints (Chakrabarti
& Chen, 2018; Foerster & Wattenhofer, 2013; Kellner, 2023; Velleman & Warrington, 2013; Zwick &
Paterson, 1993), and its variants have also been used by psychologists with adults and children (e.g.,
Baker-Ward & Ornstein, 1988; Gellatly et al., 1988; Schumann-Hengsteler, 1996; Tottenham et al.,
2003) as well as with non-human primates (Martin & Shumaker, 2022; Washburn et al., 2007;
Washburn & Gulledge, 1995, 2002). Collectively, these studies provide strong evidence of the

potential of the matching-pairs paradigm.

Introduction to the Matching-Pairs Game

In a typical Memory game, players are presented with a board with n pairs of cards. Taking
turns, players flip two cards at a time. If the two flipped cards are identical, they constitute a pair,

and the pair is collected by the player (removed from the board) as a point; if the two flipped cards
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are different, the cards are flipped back and no point awarded (or point deducted depending on the
scoring rule). The game ends when the board is cleared, and the player who matched most pairs is
the winner. Although it is typically played with two players, the game can also be played in solitaire.
In a solitaire version, the goal of the game is to clear the board with as few turns as possible, with

fewer turns indicating better performance.

The optimal strategy for both the two-player version (Zwick & Paterson, 1993) and the
solitaire version (Foerster & Wattenhofer, 2013) have been discussed and analyzed in detail.
According to Zwick and Paterson, two-player gameplay involves the use of optimal strategies that
increase a player’s chance of winning in competitive settings. However, certain strategies intended
to hinder the opponent can distort the measurement of memory performance in experimental data.
One such behavior is the idling strategy: when some cards on the board have already been revealed
and the first card flipped does not match any previously inspected card, the player may intentionally
choose an inconsequential second card to avoid disclosing additional information to the opponent.
In this context, the player faces two potentially conflicting objectives—either to maximize the
probability of winning the game or to maximize the expected point gain. These differing objectives
can lead to distinct optimal strategies, thereby introducing variability and potential noise into data

analysis and interpretation.

On the other hand, the solitaire version of the matching-pairs game reduces the objective to
a single optimal strategy: clearing the board with the minimum number of moves. This version is
cleaner in that it relies more directly on the player’s ability to memorize the experimental stimuli
and their positions with fewer interfering factors and therefore constitutes a more suitable tool for

cognitive experimentation.
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TuneTwins: The Auditory Matching-Pairs Game

In developing an auditory version of Memory, a pair refers to two audio stimuli that are
defined as belonging together, constituting the ground-truth identity for scoring. Conceptually, three
types of pairs are possible: (1) original—original, (2) original-manipulated, and (3) manipulated—
manipulated. The first type serves as the classic baseline, in which two identical, unmodified items
form a pair. Experimental effects arise, in principle, from comparisons between this baseline and the
latter two types. In the original-manipulated condition, participants must match an original item
with a manipulated version of itself—a match based on perceptual similarity. Because the
manipulated stimulus preserves only part of the information present in the original, successful
matching requires listeners to rely on induced auditory representations to establish correspondence.
By contrast, the manipulated—manipulated condition collapses back into identical matching: two
items subjected to the same manipulation can be matched purely on acoustic features, without
engaging the intended auditory-memory processes. For these reasons, the latter condition does not
constitute a meaningful test of perceptual processing within the paradigm, and we therefore

restricted the design to the first two pairing types (i.e., identical and similarity-based matching).

The use of music as the experimental stimuli poses two primary challenges: (1) because
music unfolds over time, the auditory cards cannot be played simultaneously; and (2) unlike the
original Memory game—where the images themselves indicate which cards are being viewed—the
auditory version requires additional visual cues to signal which card is currently active. To implement
the audio—visual mapping, we incorporated a color change on the selected card along with an
equalizer-style animation to indicate that audio is being played. Furthermore, when the cursor
hovers over a card, it exhibits a subtle rotation, suggesting that it is about to be turned over. These
dynamic visual elements serve to reinforce the connection between auditory perception and spatial
card identity, thereby preserving the playability of the original game while maintaining clarity in an

auditory context. Additionally, we designed a three-click structure to promote interactional
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consistency, enhancing clarity and strengthening participants’ sense of agency, thereby increasing

engagement.

Three-click Turn Structure

The three-click system was developed to operate at the level of a turn—the basic unit of

gameplay in which the player flips two cards and receives feedback.

First click: The player clicks on a first card, triggering a flipping animation, a color change,
and playback of the associated audio. An equalizer-style animation is displayed during sound
playback.

Second click: Upon selection of the second card, the audio playback and animation of the
first card are interrupted, while its color state persists to indicate that it has been selected. The
second card then undergoes the same visual sequence: flip animation, color change, and equalizer

animation.

Once the second click occurs, the outcome of this turn is determined, and the feedback
animations differ depending on whether the two match. When the two cards do not match, both
execute a lateral shake animation to signal the error. For correct matches, the cards display a
pulsating scale animation (zooming in and out), providing positive reinforcement. The score is
updated the moment the second card is clicked. As the second card plays, players can immediately
hear whether it matches the first card, and the score update provides instant confirmation of their

listening result.

Figure 1

Screenshot of TuneTwins interface
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his is your lucky day! +10 points

Note. Panel A shows the initial state of the game board with only down-facing cards. The player is
prompted to “Pick a card” to start with an initial score of 100 points as indicated on the top left and
right corner of the screen. After player clicks a card, they hear the associated stimulus, the system
suggests to “Pick another card”. The same instructions repeat for every turn. Panel B shows the
board midway through a game with the second click has occurred. At this moment, the equalizer
animation on the first purple card has disappeared (top row), indicating that the audio of the first
card is not playing; The audio from the purple card selected second (second row) is actively playing
as indicated by the fluctuating equalizer animation on the card. The top left corner’s text as well as
the +10 points indicates a “lucky match”, i.e., participant matched a pair by chance. Panel C shows
that the previous matched pair has been removed from the board. And after some listening, the
participant has found another pair to match, this time by memory—earning 20 points. Panel D
shows an error trial, where the player loses 10 points. Next click will flip these cards back to orange.
The progress bar at the bottom indicates how many games a participant has completed.

Third click: Playback of the second card is interrupted, and its animation stops. This serves as
the settlement action, updating the game board based on the result of the turn. If the two selected
cards form a matching auditory pair, they are removed from the board. If not, both cards show a

shaking animation and are flipped back, all visual indicators of these two cards are reset.

The interaction structure is designed to always play the sound of the currently selected card,

interrupting any ongoing playback of the previously selected card. Consequently, clicking the first
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card initiates its audio, clicking the second card stops the first and plays the second, and the third
click at any position stops the second as the game proceeds to the next turn. This design allows
participants to decide how long they would like to listen to each sound, supporting self-paced
processing and enhancing their sense of agency during the task. By integrating animation indicators,
animation feedback, score feedback, and a consistent three-click turn system, every piece of
feedback triggered by the player’s interaction with the system aligns with their listening experience
throughout the game, thereby ensuring an intuitive user experience in TuneTwins by linking

feedback to action.

Intuitive Scoring Rule

To provide natural and intuitive feedback during gameplay, we implemented a surface
scoring rule displayed to participants throughout the game. Under this rule, participants receive +20
points for a memorized match (i.e., a match in which the second card was previously observed), +10
points for a lucky match (i.e., a match made by chance, without prior observation of the second
card), 0 points for a non-match between two newly revealed cards, and -10 points for a mismatch
(i.e., an incorrect pairing of a previously observed second card). The rationale is that lucky matches,
although they do not involve memory-related cognitive processing, remain technically successful
matches. Presenting them as entirely unrewarded would likely confuse participants; assigning a
positive but reduced reward (+10) relative to memorized matches (+20) preserves the intuitive logic
of the game while implicitly incentivizing memory-based decisions. For performance evaluation and
data analysis, the system permits a separate analytical scoring rule. For example, the current study
applied the analytical rule of assigning +1 point for memorized matches, 0 points for both non-
matches and lucky matches, and -1 point for mismatches. Because lucky matches do not reflect
memory-based cognitive processing, they receive 0 points under this scheme, equivalent to non-
matches. The analytical rule thus isolates genuine memory performance from chance-based
successes, yielding a cleaner metric for evaluating the cognitive demands of the task. Beyond the

specific configuration used in the present experiment, the dual-layer scoring framework provides
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methodological flexibility by allowing the surface scoring rule and the analytical rule to be adjusted

independently of each other, depending on the research objectives.

Formalizing the Turn-Level Game State Transition Model

Foerster and Wattenhofer (2013) analyzed the optimal gameplay strategies for the solitaire
version of the Memory game. First, if a matching pair of cards with the same label is already known,
the player flips them and removes the pair. If no such pair is available, the player instead reveals an
unknown card. If a card with the same label is already known, that card is then turned over as well,
and the pair is collected. If no match is known, the player flips a second previously unseen card. In
summary, collect the pairs when possible and always flip new cards constitutes a more efficient

strategy for finishing the game.

We formalize the Memory game simulation as a discrete time process evolving over turns
t = 1,2,..., in which a player sequentially selects pairs of cards from a board of initially hidden
items. The model operates on three hierarchical levels: the board state, the individual card states,

and the action-level dynamics during each turn.

To infer how memory is applied during gameplay, we need to disentangle different types of
memory-related decisions—such as whether players exploit previously acquired memory to form a
match, explore new information, or make errors despite having relevant memory—the first step is to
determine how these decisions manifest in observable gameplay behavior. To this end, we modeled

the game factors and player actions.

Definition 1 (Cards and Labels)

In current TuneTwins, the positions of the stimuli are randomized for every board and
remain fixed once a board is generated and the stimuli-location mapping is recorded, meaning that
each stimulus stays in the same position throughout gameplay. Let the board consist of ng distinct

pairs of cards, with the total set
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C ={c1, €2 ) Cony }-
Each card ¢; € C is associated with a label type from
L={AB,.., 7}
The labeling function
.c-L

assigns to each card its label type. Two cards ¢;, ¢; € C form a matching pair if l(c;) =
l(cj). For any ¢ € C, we denote its unique mate by mate(c), where l(mate(c)) = I(c) and

mate(c) # c.
Definition 2 (Slots and Board Mapping)

Let

denote the set of slots (board positions). A bijection
m:S - C
assigns each slot a unique card. The composite mapping
lom:S—>L

specifies the label associated with each slot. For any s € §, if m(s) = ¢, then the mate of

slot s is the unique s’ # s such that l(m(s’)) = 1(c).

16
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At turn t, the state of the game records the cards flipped and their observation status. For

eachcardc € C, let vt(c) € {0,1} denote its observation status, where vt(c) = 1if card ¢ has ever
been flipped in any turn up to and including t, and vt(c) = 0 otherwise. Once a card has been flipped,

its status remains permanently observed in all subsequent turns.

Building on these definitions, the gameplay can be formalized as a finite set of state
transitions shown in Figure 2. The outcome of each turn depends on whether the chosen cards have
been previously observed and whether they form a pair. To characterize the board states, we track
three state variables (n;, k¢, p;) to capture the Markov state of the game, i.e., the outcome
distribution of any legal action in turn t is independent of earlier history. At each turn t, we record

the two cards selected at turn t as

ct(l),ct(z) € C, ct(l) * ct(z),
where:
o ct(l): the first card clicked in turn t;
o ct(z): the second card clicked in turn t;

o vt(ci) € {0,1} : observation status of card c;;

vt(cj) € {0,1}: observation status of card c;.

This allows us to track the following state variables:
e n, € {0,1,...,n_0}: the number of pairs remaining on the board, i.e., board states,

e ks € {0,1,...,2n_0}: the number of individual cards that have been flipped at least once,

i.e., card states,

e p; € {0,1,...,n_0}: the number of pairs for which both cards have been observed, i.e., the

factor that determines the action-level dynamics.
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In addition, we denote the cumulative number of matched turns up to turn t by MT;, and the

cumulative number of unmatched turns by UT;.

Figure 2

Thirteen Possible Game State of a Single Turn

Click Unobserved Card Click Observed Card )

pIeoIsIg

Click Unobserved Card Click Observed Card ( Click Unobserved Card [ Click Observed Card ) Click Unobserved Card Click Observed Card

pIed pu0sds

No Match No Match  Lucky Match No Match No Match No Match Match No Match No Match No Match Match No Match Match

2nd Card belongs to a

matching pai

U0 HO0qPIoS

Note. Decision tree illustrating the thirteen unique progression paths that can occur within a single
turn of the Memory game, characterizing the card state and board state. Circular nodes (n, k, p)
denote the board state at the start of a turn, summarized by three state variables: n;, the number of
pairs remaining on the board; k;, the number of individual cards that have been observed at least
once; and p;, the number of pairs for which both cards have been observed. Each turn consists of
three stages—flipping the first card, flipping the second card, and receiving feedback—represented
by successive levels of the tree. Solid ovals correspond to the player's first two actions. The arrows
between nodes are annotated with the legal prerequisites for each transition, and dashed diamonds
indicate the underlying factors that influence the state transitions. The dashed rectangles represent
the board state after the current turn is complete. Figure adapted from (Kellner, 2023).

For example, with the first click, the player flips a card ¢, which may either be previously

unseen (i.e., vt(cl) = 0) or already known (vt(cl) > 0). With the second click, the player flips a

second card c,, which may again either be unvisited (i.e., vt(CZ) = 0) or visited (vt(CZ) > 0). The

feedback stage then removes the pair or flips the cards back depending on whether the two cards
form a matching pair (i.e., [(c;) = l(cy)). If both the first and second card are unseen before and

do not match, the number of observed cards increases by two: k;,; = k; + 2. If both cards were
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already known and they form a successful match, then a known pair is removed from the board. In
this case, the number of remaining pairs decreases by one: n;,; = n; — 1, and both cards are also
removed from the pool of observed cards, resulting in ky1q = k¢ — 2, pry1 = pe — 1. All possibilities
converge into thirteen closed and exhaustive paths; each mutually exclusive path makes explicit how
observed behaviors map onto distinct state transitions and how the board is updated at the end of
each turn. Each successive turn follows one of these thirteen paths, repeating the three-click
structure until the game reaches termination, characterized by n = MT,, i.e., all pairs have been
successfully matched and removed from the board. In principle, the maximum value of MT;, equals
the initial number of pairs, whereas UT; can be unbounded, since players may revisit previously seen

cards indefinitely (though they have no strategic reason to do so).

Simulation

Designing a game that is both engaging and suitable for collecting psychological data
presents a distinct challenge: the gameplay must strike a balance between playability and
methodological rigor (Li et al., 2023). In game theory, the progress of a game relies on player
interaction, where agency is exercised through their choices and actions. Although uncertainty is
often viewed as limiting player agency by reducing a clear sense of control or choice, it is
paradoxically this very unpredictability that renders decisions feel consequential. From an
experiment design perspective, the game must also be sufficiently challenging to avoid ceiling
effects and to capture meaningful individual differences in performance. At the same time, it should
not be so difficult or frustrating that players are discouraged from completing it. Ultimately,
calibrating the tension between too much and too little freedom—that is, creating constraints that
provide enough challenge without overwhelming the player—remains a fundamental principle of

game design (Tekinbas & Zimmerman, 2003).

In the current paradigm, beyond the stimuli attached to the cards (which can modulate task

difficulty), this balance is primarily determined by the board size. With the same stimulus set,
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increasing the board size raises the difficulty level, as players must retain and recall more
information about card locations and their associated stimuli. Conversely, a board that is too small
risks producing ceiling effects and allowing chance performance to dominate, thereby obscuring

meaningful individual differences (Li et al., 2023).

To determine the ideal board size, we developed a computational simulation to model
behavior in a classic card-matching Memory game (Burgoyne et al., 2023). We conducted two
simulation studies representing extreme performance boundaries, generated from two contrasting
gameplay strategies: a chance strategy and an optimal strategy. The chance strategy is characterized
by random card selection throughout the game, representing performance in the absence of
memory or strategic behavior. The optimal strategy is characterized by perfect memory retention, in
which the player encodes each card’s position upon its first reveal and subsequently pairs all cards
without error. Performance was quantified as the number of turns required to clear the board. We

expected real-world participants' performance to fall within these theoretical bounds.

We simulated approximately 7.2 million matching-pairs games, covering up to 6,000
participants, stimulus sets containing up to 800 item pairs, and boards of up to 20 cards per game,
across 5,000 hyperparameter settings. The resulting datasets were analyzed using a Bayesian model
estimated in Stan (Carpenter et al., 2017). With a stimulus set of 100 items, a small effect (Cohen’s d
=0.2) is already detectable with roughly 374 participants when using a 12-card board, and with only

approximately 150 participants when using a 16-card board (Burgoyne et al., 2023).

Our simulations indicate that boards of 8 or 10 pairs are viable, but an 8-pair board
represents the smallest size that still yields clear performance differences between strategies. It also
offers a visually appealing and symmetrical 4x4 layout, which is preferable for display across devices.
This configuration accommodates variations in screen aspect ratio, rendering appropriately on both
mobile devices (vertical orientation) and computer screens (horizontal orientation) without card

distortion. We implemented this configuration in TuneTwins as part of a broader effort to develop
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accessible, open-source, and aesthetically refined online data-collection platforms for music

cognition research (Janssen et al., 2023).

Evidence for Measurement Capability and Engagement

As previously mentioned, the aim of this paper is not to address a specific music cognition
research question, but rather to showcase the design of an intuitive game and to illustrate its
potential. Below, we present empirical data from several case studies conducted with this focus in
mind. Since the game’s development, three such studies have been carried out with different

participant groups (Li et al., 2023, 2025; manuscript in preparation).

In our first, proof-of-concept experiment, we examined whether pitch information is
indispensable for music recognition. Because this study targeted a predominantly Western audience,
we compiled a corpus of 48 instrumental theme tunes drawn from popular television programs. To
ensure ecological validity and familiarity, tracks were selected from the most-watched and highest-
rated TV shows listed on IMDb and Rolling Stone, filtered to exclude vocals, and pre-screened for
familiarity using the Hooked-on-Music paradigm (Burgoyne et al., 2013). Each excerpt was then
trimmed to the first 10 seconds. Two noise-vocoded versions were produced with Praat (Boersma &
Weenink, 2023) using the algorithm of Winn et al. (2012). The two versions of each track
represented two levels of degradation: in the first level, pitch cues remained partially perceptible
(moderate degradation), whereas in the second level, pitch information was no longer perceivable
(severe degradation). A pilot study (n = 10) confirmed the perceptual difference between the two
degradation levels. We expected that reducing or eliminating perceivable pitch cues would impair
participants’ ability to memorize the music excerpts, leading to more errors in the game. A total of
367 participants completed 576 games, yielding 12,679 judgments. Participants reported their
gender as women (n = 149), men (n = 187), and non-binary or undisclosed (n = 31). We received data
from participants in 54 countries, with the largest groups coming from the United States (n = 86), the

Netherlands (n = 56), Germany (n = 32), the United Kingdom (n = 32), and Spain (n = 29).



TUNETWINS PARADIGM STUDY 22

Capturing Behavioral Variability

Using the analytical scoring rule described above, each game yielded a final score— the sum
of memorized matches (+1) and mismatches (-1), with lucky matches and non-matches contributing
zero—which served as the dependent variable. Figure 3 presents the game score for each completed
game in the proof-of-concept experiment. A linear mixed-effects model was fitted in R (R Core Team,
2024) to examine the effect of degradation condition on game-level Rasch scores, with condition
(original, moderate degradation, severe degradation) as a fixed effect and participant as a random
intercept. Game performance declined systematically with increasing levels of pitch degradation, F
(2,535.91) =132.81, p < .001. Estimated marginal means were 2.81 [1.94, 3.69] for the original
condition, -2.23 [-3.43, —-1.03] for moderate degradation, and -10.16 [-11.54, -8.79] for severe
degradation. Pairwise comparisons showed that all conditions differed significantly from one
another: original versus moderate degradation, estimate = 5.04, SE = 0.73, p < .001, d =0.72, 95% Cl
[0.52, 0.93]; original versus severe degradation, estimate = 12.98, SE = 0.81, p < .001, d = 1.86, 95%
Cl [1.63, 2.10]; and moderate versus severe degradation, estimate = 7.93, SE =0.90, p <.001, d =
1.14, 95% CI [0.88, 1.40]. Cohen’s d was calculated using the residual standard deviation (o = 6.98) as
the denominator. These results indicate that performance worsened as degradation increased, with
a disproportionately larger decline at higher levels of degradation. In addition, performance
variability increased with degradation, suggesting greater individual differences in participants’

ability to recognize degraded stimuli.

Figure 3

Game Scores Across Three Conditions
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Note. Game scores of the proof-of-concept experiment across game with three conditions: original
corpus, moderate pitch degradation, and severe pitch degradation.

Because the number of successful matches per game is fixed at eight, the total game score is
closely tied to the number of errors committed: players who make more errors require additional
turns and therefore obtain lower scores. Figure 4 presents the number of turns required to complete
each game, providing a complementary and intuitive metric that reveals the same pattern of
declining performance across the three conditions. The number of completed games was 304, 154,
and 118 for the original, moderate, and severe degradation conditions, respectively. Residual
diagnostics indicated left-skewness in the scaled residuals (minimum = -5.93), attributable to a
subset of floor-level performances; however, given the large sample size and effect sizes, this
deviation is unlikely to compromise the validity of the results. Taken together, these findings
demonstrate that the TuneTwins paradigm is sensitive to graded differences in auditory
degradation, confirming its capacity to capture meaningful variation in melodic memory

performance.

Figure 4

Number of Turns Per Game Across Three Conditions
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Note. Number of turns required to finish each game in the proof-of-concept experiment across three
conditions: original corpus, moderate pitch degradation, and severe pitch degradation.

Sustained Motivation and Engagement

After conducting the pilot study and confirming that the game could reveal behavioral differences in
response to experimental manipulations, we brought the game to an indigenous hunter-gatherer
group, the Mbendjele BaYaka, who live in the rainforest of the Republic of Congo (Li et al., 2025).
Following this, we conducted the same experiment with visitors at the NEMO science museum in
Amsterdam, the Netherlands. For these versions of the game, we applied a Joint Time-Frequency
Scattering method (Andén et al., 2019) and introduced five levels of gameplay. Subsequently, to
investigate the same research question at a larger scale and across a more culturally diverse
population, we launched a web-based version of TuneTwins comprising eleven levels of game. We

report the data collected thus far, as this study is ongoing.

To evaluate whether the game encourages sustained engagement, we examined how many
times participants completed the game. Specifically, we calculated the number and proportion of
participants who finished exactly once, as well as those who played at least two, at least three, and

at least ten games. Table 1 summarizes participation patterns across the three study samples.
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In the Congo hunter-gatherer sample, we invited 48 BaYaka participants to play the game
individually. Of those, 71% of participants continued playing after completing the first game, and
63% of participants played ten or more games. Participants were informed that they were free to
stop at any point, and two exercised this option by requesting to discontinue after only a few
rounds. In contrast, many individuals voluntarily approached the experimenter outside of scheduled
testing sessions to request additional play, and some even requested to play TuneTwins in place of
other planned experiments. This pattern indicates not only that the task instructions were
intuitive—participants were able to understand how to play the game solely through observation—
but also that the game itself was genuinely engaging for this group. A similar pattern was observed
at the NEMO Science Museum. With a strict 15-minute time limit per participant, including the
introduction, completing ten games was not feasible. Nevertheless, all invited participants finished

at least one game, and the vast majority completed at least three games despite the time constraint.

Table 1

Frequency of Game Completion and Sustained Engagement Across the Three Participant Groups

Study Total (N) Number of games played

1 22 23 =10
Congo 48 34 (711%) 33 (69%) 32 (67%) 30 (63%)
NEMO 174 174 (100%) 157 (90%) 145 (83%) NA
Global 2623 1628 (62%) 834 (32%) 582 (22%) 149 (6%)

For the online version of the matching-pairs game, we received data from participants in 65
countries across a wide range of age groups. Among these participants, 62% completed at least one
game, 22% completed at least three games. It is worth noting that each board corresponds to a
single difficulty level; that is, a board never mixes stimuli degradation tiers. Participants therefore
experience one difficulty level per board, although the order of boards is randomized. As a result,

some participants may encounter the most difficult version of the game first. Nevertheless, 6% of
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players continued to play through all levels despite the fluctuating difficulty, demonstrating

sustained motivation even under challenging conditions.

Discussion

In this paper, we introduced the conceptualization and design process of TuneTwins—a
matching-pairs gamified experimental paradigm for music cognition research and demonstrated its
potential as a reliable, engaging, and scalable experimental tool. Using data collected from diverse
populations—including a hunter-gatherer community in Congo, Dutch museum visitors, and online
participants from 65 countries—we showed that the task elicits meaningful behavioral variation and
that many participants voluntarily continue playing. These findings underscore the paradigm’s

practical value for collecting data on musical memory performance.

The Paradigm Captures Systematic Variation in Auditory Processing

The proof-of-concept experiment indicated that the paradigm is sensitive to systematic
differences in auditory processing demands introduced by pitch degradation, supporting its
usefulness as a behavioral measure of auditory memory performance. Game scores showed a clear
monotonic decline as degradation increased, with effect sizes ranging from moderate to very large.
At the same time, performance in this paradigm is likely shaped by multiple sources of variance
beyond auditory degradation alone. These may include individual differences in cognitive ability,
variation in the perceptual difficulty of specific stimuli, positional biases on the game board, and
learning effects across repeated play. Such factors may be particularly relevant for understanding
the greater variability observed at higher levels of degradation. Future work should model these
influences more explicitly across successive games in order to better isolate the contribution of

auditory memory to performance.
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Gamified Design Sustains Engagement Across Diverse Deployment Contexts

As Table 1 illustrates, engagement patterns varied markedly across data-collection contexts. In the
Congo field study, where BaYaka participants played face-to-face with the experimenter, 34 of 48
individuals (71%) continued beyond the first game, and 30 (63%) completed all ten games—with
several participants voluntarily requesting additional sessions. At the NEMO Science Museum, where
a 15-minute time limit constrained participation, all 174 participants completed at least one game
and 145 (83%) completed three or more. The global online deployment, by contrast, relied on fully
unsupervised participation: of 2,623 registered players, 1,628 (62%) completed at least one game,
834 (32%) at least two, 582 (22%) at least three, and 149 (6%) persisted through all eleven levels
despite encountering randomized difficulty ordering. This gradient from supervised to unsupervised
settings mirrors a well-documented pattern in online research: participants in web-based studies
face considerably less situational demand than those in laboratory settings (Hoerger, 2010),
resulting in consistently higher attrition rates. As with any voluntary online study, participants who
persevere to advanced levels may differ systematically from those who disengage earlier. This is a
common challenge in unsupervised web-based data collection and should be taken into account
when interpreting performance at advanced levels. Notably, in designs that compare a larger
number of conditions or require finer-grained contrasts, greater amounts of data will naturally be
needed. In the global online deployment, condition assignment was counterbalanced such that each
difficulty level was represented approximately evenly across the participant pool. Under this design,
the critical requirement is not that participants complete all levels, but that sufficient numbers of
games are obtained. In addition, each completed game contributed multiple card-pairing trials as
individual observations. As the proof-of-concept data illustrate (see Figure 4), each game often
involved at least 16 trials, and typically more because mismatches generated additional turns before
completion. The 576 games in the proof-of-concept study thus yielded 12,679 trial-level
observations, indicating that the paradigm can generate substantial behavioral data even when

individual completion rates vary. Future studies could also adopt turn-level observations as the unit
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of analysis, enabling more fine-grained modeling of individual trial outcomes, for instance through

item response theory frameworks such as Rasch models (Burgoyne et al., 2023).

Flexible Design Enables Broad Research Applications

Beyond the parameters and scoring rules used in our specific studies (Li et al., 2025; Li et al.,
manuscript in preparation), TuneTwins is highly adaptable and can be configured to address a wide
range of research questions in musical memory and auditory cognition. The board size is inherently
scalable: although we used an 8-pair (4x4) configuration on the grounds that it offers an optimal
balance between discriminability and cognitive load, simpler or more complex versions can be
created by adjusting the number of cards. Scoring rules can likewise be modified depending on the
construct of interest—for example, by assigning different weights to memory errors, response
speed, or strategic choices. Stimulus assignment is fully flexible. While the proof-of-concept
experiment used Western television theme tunes pre-screened for recognizability among a
predominantly Western audience, researchers can substitute culturally appropriate material without
altering the game mechanics. Boards may employ different types of musical materials (e.g., familiar
melodies to probe long-term memory, or unfamiliar melodies to examine working memory) and can
be tailored to test sensitivity to specific musical dimensions. Multiple manipulation levels may be
mixed within a single board to estimate effect sizes, or isolated across separate boards to maintain

tighter experimental control.

The current implementation also records fine-grained behavioral data—including click
timestamps, card locations, memory states, match types, and scoring dynamics—enabling detailed
modeling of individual strategies and differences across conditions. Although the present study used
a randomized order of difficulty levels, future designs may introduce structured progressions (e.g.,
easy-to-hard) to sustain motivation while controlling for learning effects. Moreover, our current
version remains close to the traditional matching-pairs format to preserve intuitiveness. A

consequence of the design choice is that the ground truth of each pair—whether two cards belong
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together as identical or similar items—is predetermined by the experimenter. Future versions could
relax this constraint and explore designs in which pair relationships are determined by participants’

behavior rather than being imposed in advance.

Conclusion

In sum, TuneTwins offers an engaging, intuitive, and reliable framework for studying musical
memory and auditory cognition. Its flexible structure allows researchers to tailor task difficulty,
stimulus type, scoring rules, and representational demands, making it suitable for investigating a
wide range of cognitive processes—including memory, perception, learning, similarity judgments,
and cross-cultural auditory cognition. The combination of adaptable stimulus design, precise
behavioral logging, and principled computational modeling renders the paradigm a promising
alternative to existing methods in music cognition research. As an open-source and extensible

project within the Amsterdam Music Lab’s MUSCLE framework (https://github.com/Amsterdam-

Music-Lab/MUSCLE; Janssen et al., 2023), it provides a robust foundation for developing new

experimental manipulations and for advancing our understanding of how humans perceive,
remember, and interact with music. Moreover, evidence from three distinct deployment contexts—
an indigenous hunter-gatherer community, a public science museum, and a large-scale online
study—demonstrates that the game’s intuitive design and engaging gamified structure successfully
sustain participant motivation across repeated play, time constraints, multiple difficulty levels, and
culturally diverse populations. This makes TuneTwins well suited for citizen science research (Hilton,
2024; Honing, 2021), which offers an attractive means of addressing sampling bias while capturing
the individual variability—ultimately contributing to a more nuanced and generalizable
understanding of music cognition. Collectively, these features position TuneTwins as a versatile and

forward-looking paradigm for future research in music psychology and cognitive science.
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