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ABSTRACT

For decades, researchers have struggled with measurement problems related to the construct 
validity of divergent and convergent thinking in creativity assessments. In response, some have 
called for battery-based approaches. Recently, digital games have emerged as a potential alter-
native, o0ering increased scalability and improved ecological validity. This article presents CREA: a 
new, scalable, game-based assessment suite. CREA includes crea.tiles and crea.blender, non-verbal 
games featuring both divergent and convergent thinking modes, as well as crea.ideas – the 
Alternative Uses Task, a standard test of divergent thinking, and crea.logic – a test of abstract 
reasoning. The novel convergent and divergent thinking game modes are constructed within the 
same contextual environment and with theoretically motivated di0erences in game-prompts to 
understand and generalize from the emerging elicited behaviors. In this study, 408 participants 
completed the CREA suite and selected validation measures, representing the largest game-based 
validation study to date. Both convergent and discriminant validity is demonstrated for crea.tiles 
with respect to standard tests, with correlations ranging from r = .1–.4. Having CREA freely acces-
sible, we aim to broaden the accessibility of creativity assessment to researchers, educators, and 
the general public and through this scaleup validate the rich creative behavioral patterns observed 
in this study.

PLAIN LANGUAGE SUMMARY

Creative thinking is an essential attribute for success in the 21st century, yet it is di<cult to measure 
because it is complex and contextual. Traditional pen and paper tests of creative thinking are the 
status quo and are backed up by years of research; however, there are well-known issues with 
these tests such as (1) they are di<cult to scale up, as they require expert human-raters to evaluate 
the responses; (2) many of them are verbal, which is not necessarily fair within a culturally and 
linguistically diverse population; and (3) there are still fundamental open questions about what 
they actually measure. Digital, game-based creativity assessments represent an emerging alter-
native to conventional creativity tests, presenting the potential for increasing scalability and 
improving the quality of the results. This article presents CREA: a new, scalable, suite of game- 
based assessments. CREA includes crea.tiles and crea.blender - non-verbal games featuring several 
game modes, as well as crea.ideas - a standard test of divergent thinking, and crea.logic - a test of 
abstract reasoning. Participants (n=408) were university students from North America. They 
completed the CREA suite and a series of validation measures. The results from the study indicate 
that the current, freely accessible, version of the CREA suite demonstrated su<cient validity to be 
used by researchers and practitioners as a scalable, creativity assessment instrument for automated 
Dgural assessment of divergent and convergent thinking.
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Introduction

Creativity has been identified as one of the most distin-
guishing and valuable attributes of the workforce in the 
global economy (Future of Jobs Report, 2020) and is an 
integral part of understanding human cognition. There 
is a critical need for instruments that can reliably and 
validly assess creativity to test the efficacy of specific 
creativity interventions. The majority of traditional 
creativity instruments focus on two essential processes 

of creative thinking conceptualized by Guilford (1956): 
divergent and convergent thinking. Divergent thinking 
(DT) is defined as the ability to come up with many 
different solutions to a prompt, whereas convergent 
thinking (CT) is defined as the ability to find the single 
best (correct) option within a space of solutions 
(Cropley, 2006; Guilford, 1956).

On the one hand, research and implementation of 
standardized, domain-agnostic tests targeting creative 
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processes, for instance idea generation and refinement 
(Bai, Duan, Kroesbergen, Leseman, & Hu, 2020; 
Torrance, 1976), have a long, rich history, and the 
quality and quantity of the instruments assessing crea-
tive constructs have substantially increased over the past 
30 years (Plucker, 2022). DT measures correlate with 
self-reported creativity measures such as openness, crea-
tive self-concept, and the biographical inventory of crea-
tive behaviors (BICB) (Beaty & Johnson, 2021). DT 
measurements have been pushed in promising direc-
tions through the development of a systematic frame-
work for scoring (Reiter-Palmon, Forthmann, & Barbot,  
2019) as well as the Multi-Trial Creative Ideation frame-
work, which reinterprets the current measurement 
paradigm to be more oriented toward the ideation pro-
cess (Barbot 2018). Additionally, the use of semantic 
analysis for automated scoring of DT tasks, although 
limited to verbal responses (Beaty & Johnson, 2021; 
Johnson et al., 2022), allows for scalability of data ana-
lysis as well as catalyzed discussions on the role of 
semantic memory in DT tasks.

On the other hand, these same tests are currently 
being reevaluated due to concerns around the three 
fundamental aspects of any psychometric instrument: 
validity, reliability, and fairness. Firstly, only weak cor-
relations have been established between different tests 
of the same construct (i.e., convergent validity) 
(Runco, Abdulla, Paek, Al-Jasim, & Alsuwaidi, 2016). 
Secondly, researchers have had difficulties in opera-
tionally disentangling the DT and CT constructs and 
processes (i.e., discriminant validity) (Cortes, 
Weinberger, Daker, & Green, 2019; Goldschmidt,  
2016; Said-Metwaly, Van den Noortgate, & Kyndt,  
2017). This has led to more fundamental concerns 
over the absence of consensus among researchers 
about construct definition (i.e., construct validity) 
(Said-Metwaly, Van den Noortgate, & Kyndt, 2017), 
the uncertain, real-world predictive power (i.e., ecolo-
gical validity) of standard DT tasks (Plucker & Runco,  
1998; Plucker, 2022; Said-Metwaly, Taylor, Camarda, 
& Barbot, 2022), and cultural and demographic imple-
mentation disparities, such as bias and inequity 
(instrument fairness) (Argulewicz, Bingenheimer, & 
Anderson, 1983; Becker & Cabeza, 2021). This, for 
instance, stems from the purely linguistic implementa-
tion of the prominent Alternative Uses Tests (AUT; 
Guilford, 1967) and the Remote Associates Test (RAT; 
Mednick, 1968) for DT and CT, respectively. Olteţeanu 
and Zunjani (2020) created a variant of the RAT with 
visual instead of verbal prompts, however, the partici-
pants’ response is still verbal, which remains a barrier 
to bypass the linguistic hurdle and create visual, more 
culturally agnostic measures. These methodological 

challenges are accentuated by the reliance on time- 
consuming and subjective scoring of creativity test 
responses by humans and the lack of battery-based 
approaches to assemble increasingly versatile and 
robust creativity metrics (Cortes, Weinberger, Daker, 
& Green, 2019; Plucker & Runco, 1998; Plucker, 2022; 
Runco, Abdulla, Paek, Al-Jasim, & Alsuwaidi, 2016).

Digital, game-based creativity assessments have been 
highlighted as a potential means to address many of the 
above-mentioned issues (Kaufman, 2015; Rafner et al.,  
2021; Shute & Rahimi, 2021; Sternberg, Glăveanu, & 
Kaufman, 2022). Three arguments support the usage 
of digital games to measure creativity. First, digital 
games are often largely visual rather than language- 
based, addressing the issue of fairness in creativity 
assessment with respect to language proficiency. 
Second, digital game environments afford more casual, 
natural, and immersed behavior, improving ecological 
validity and participant engagement. This increased 
potential for an intrinsically motivated flow state 
(Csikszentmihalyi, 1997) both offers a viable pathway 
to large-scale participant recruitment and can mitigate 
unintended psychological consequences such as test 
anxiety, researcher effects, and testing fatigue, which 
can be present in traditional testing settings 
(McCambridge, Witton, & Elbourne, 2014; Schram & 
Ule, 2019). Third, digital games can offer continuous 
fine-grained metrics for assessing not just creative pro-
ducts, but also cognitive processes using stealth assess-
ment (an unobtrusive, ongoing assessment method for 
assessing hard-to-measure constructs; Rahimi & Shute,  
2021; Shute, 2011). These fine-grained metrics provide a 
pathway to procedural investigations of creativity and 
lend themselves well to automated scoring of participant 
performance using machine learning. All of the above- 
listed attributes of digital game-based assessment hold 
potential for strengthening both ecological and con-
struct validity.

While there are several arguments for digital game- 
based creativity assessments, few games currently exist 
for this purpose. In a recent review of game-based 
creativity assessments, Rafner et al. (2021) found only 
eleven such studies, all with low-medium numbers of 
participants (Mdn 70.5, max 266). Surveying the sub-
stantial differences in study design, computational and 
assessment approach, and theoretical foundations, the 
review concludes that (A) developing a robust, and non- 
verbal assessment for CT is one of the bigger challenges 
in the field; (B) the field should aim to deliberately 
construct digital games exploring the span from simple 
and stylized to complex and real-life relevant; and (C) 
ideally all of these separate efforts should be combined 
into a comprehensive suite of games.
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The present study

The CREA suite

This article presents the first large-scale study of CREA, 
a digital game-based creativity assessment suite 
(Rafner, 2021) (see Figures 1, 2, and 3 below) created 
as a concrete response to the goals and challenges listed 
above. As mentioned, a psychometric evaluation instru-
ment should be valid, reliable, and fair.

Within CREA, validity and reliability are pursued in 
a bottom-up theoretical design featuring:

(1) DT, CT, and an open-play game mode within a 
carefully designed contextually homogeneous 

environment that permits introducing subtle but 

nonetheless crucial differences in game prompts 
to more easily contrast the elicited behaviors.

(2) A novel CT mode conceptually more closely 
aligned with the original CT characterization 
(Guilford, 1956) and the double-diamond crea-
tive design process (Design Council, 2005) than 
the conventionally employed RAT by featuring 
both selection and refinement sub-modes.

(3) Two separate subgames, tiles and blender, with a 
deliberate transition between creativity in con-

tained and unrestricted state spaces respectively, 
each with the structure from bullet 1.

(4) A battery-based approach combining both the 
mini games and traditional tests, crea.ideas (mea-
suring DT based on the Alternative Uses Task 

Figure 1. Overview of the structure of the CREA battery. Note. The abbreviated measures included are Convergent Thinking (CT), 
Divergent Thinking (DT), Alternative Uses Test (AUT), Abstract Reasoning (Abstr. Reason), Creative Self-Concept (CSC) and Biographical 
Inventory for Creative Behaviors (BICB). Measures in blue were analyzed in this article. Measures in black were not analyzed in this 
article. Please note that the self-reported measures are not within the CREA game ecosystem, but were administered separately via 
Qualtrics (Qualtrics, Provo, UT).

Figure 2. Illustration of crea.tiles. Note. A: diagram is showing which tiles can be moved and where they can be placed. Tiles marked 
with O can be moved to any Z locations. Tiles marked with X cannot be moved. B: Screenshots from tiles DT mode personal gallery. C: 
Screenshot from the selection phase of the CT mode. Here players need to choose the best starting point from the four options on the 
left side of the screen, in order to reach the figure on the right (larger) with the fewest moves possible.

CREATIVITY RESEARCH JOURNAL 765



with automated scoring (via SemDis) (Beaty & 
Johnson, 2021)) and crea.logic (measuring gen-
eral cognitive aspects of CT based on a variation 
of Raven’s Progressive Matrices) in a single freely 
accessible package.

Fairness is pursued by combining an emphasis on visual 

manipulation and careful attention to culturally agnostic 

prompts such as the creation of dogs in the DT-mode 
described below.

As discussed in further detail below, the battery- 
based approach introduces the central development 
challenge and achievement of this work: to i) create 
a suite of interactions comprehensively covering both 
the authoritative representatives of established 
research and the theoretically motivated new games 
and game modes and ii) realize this within a coherent 
and playful unified environment. Conventional single- 
interaction creativity assessments are designed with 
sufficient time-on-task to generate robust creativity 
metrics such as fluency, flexibility and originality. In 
contrast, the central challenge when designing gami-
fied battery testing is to consider the question: how 
can a state of user flow (Csikszentmihalyi, 1997) be 
created that allows for optimal rate of information 
extraction on each subtask. To our knowledge, this 
work represents the first battery-based application of 
gamification (including considerations of Mechanics, 
Dynamics and Aesthetics (MDA-framework; Hunicke, 
LeBlanc, & Zubek, 2004) to creativity assessment. 
Apart from the visual game-like representation, we 
consider in this work explicitly the challenge of adapt-
ing prompt and timing design. Additionally, the 
games were designed so that the interactions were 
simple and the tutorial sufficient to not bias toward 
experienced gamers. When time-on-task is minimized, 
the importance of the exact formulation of the game 
prompts is accentuated immensely. The findings from 

this work represent a crucial first step for the continu-
ing evolution of the CREA-suite as well as for the field 
of gamified creativity assessment as a whole.

Here below details the theoretical motivation for the 
choice of games

Crea.tiles

Crea.tiles is an adaptation of the Creative Foraging 
Game (Hart et al., 2017, 2018, 2022; Noy et al., 2012; 
Rosenberg & Noy, 2022; Rozenkrantz et al., 2017). The 
Creative Foraging Game is a non-language-based game 
where participants explore the space of ten connected 
squares, and are asked to build shapes they find “beau-
tiful and interesting.” Upon discovery, participants 
could save a particular shape in their personal gallery. 
Players usually play for 10–20 minutes. With a total 
of~36k possible unique shapes, the product space is 
large from the perspective of the user but sufficiently 
small that, in contrast to e.g. the open-ended linguistic 
AUT possibility space, it is amenable to a complete 
mapping and expert analysis. At the same time, submit-
ting just a few shapes will generate nearly limitless 
possible unique submission trajectories, yielding a rich 
source of behavioral patterns. This can be used to gen-
erate multi-dimensional metrics for the creative pro-
cesses and outcomes. Thus, creativity, sense-making, 
and assessment is greatly empowered while still limiting 
the solution space.

In contrast to the Creative Foraging Game, which is a 
standalone game, crea.tiles is designed as a playful com-
ponent of a suite. Thus, the single prompted, open- 
ended task prompt in the Creative Foraging Game is 
in crea.tiles adapted to several short game modes cover-
ing selectively the theoretical concepts of Convergent 
and Divergent thinking. The extent to which previous 
theoretical insights and creativity variable definitions 

Figure 3. Screenshots of crea.ideas and crea.logic. Note. A: ideas: An example of a prompt (tire) to which players have to come up with 
alternative uses for. On the left side of the screen the player’s submitted answers presented. B: logic: An example of a complex item 
containing more relational changes: position, color and shape. Players must select the one item from the bottom four which fills the 
missing square.
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carry over to this broad, time-limited design is a central 
empirical question addressed in this work. See Methods 
and Materials and Discussion section for more details.

Crea.blender

In contrast to crea.tiles, crea.blender utilizes AI- 
supported image blending to create aesthetically refined, 
full resolution (512×512 pixel) images with just a few 
intuitive slider movements. Apart from the underlying 
differences in game mechanics, the task and prompt 
design have been retained as much as possible to preserve 
contextual homogeneity among the two sub-challenges. 
The long term goal with this game mode is to observe the 
changes in elicited creative behavior as the output space 
complexity increases compared to the same prompts 
within the well-contained crea.tiles mode. Such systema-
tic investigation of divergent and convergent thinking 
across complexity scales is expected to yield important 
theoretical insights into the complex and contextual phe-
nomenon of creativity. The AI-assistance in crea.blender 
is crucial to ensure that complex products can be pro-
duced sufficiently rapidly to fit within the game suite 
constraints. See Rafner et al., 2020 and Gajdacz et al.,  
2021 for exploratory studies examining user control in 
crea.blender. The current data acquisition was mainly 
used for large scale calibration of the AI-assisted task 
difficulty levels and in-game scoring mechanisms. First 
validation results of crea.blender will therefore be 
reported elsewhere as these calibrations are implemented 
into the current game-suite. However, the game mode is 
described here because its presence forms the crucial 
design considerations and time constraints for the 
remaining modes that encapsulates the main develop-
ment challenges of calibrating and validating a time and 
flow optimized game-suite.

Crea.logic

Crea.logic is used for this first validation study as CT has 
been shown to be correlated with abstract reasoning 
ability (Xia, Kang, Chen, Ouyang, & Hu, 2021) and the 
meta-review finding that divergent thinking should be 
weakly correlated with intelligence (r = .25) (Gerwig et 
al., 2021). The traditional measure for CT, the RAT has 
been criticized for heavily assessing vocabulary, while 
the visual nature of crea.logic is similar to that of the CT 
crea.tiles and CT crea.blender modes.

Crea.ideas

Crea.ideas was chosen as a standard measure of DT, as it 
is a commonly used task and can be automatically scored.

Due to the comprehensive nature of this new assess-
ment instrument and the extensive data analysis needed 
to unpack the results from the initial data collection (N  

= 408), the results from crea.tiles, crea.ideas, and crea. 
logic are reported in this article. At the time of data 
collection, crea.blender was in a much less mature stage 
than the other three components of CREA and it will 
thus be reported on in a future article.

Guiding questions and hypotheses

To assess the viability of the CREA suite, and in parti-
cular, crea.tiles, for creativity assessment, a study was 
conducted informed by the following general guiding 
questions:

● Is the CREA suite a valid creativity assessment 
battery?

● To what extent can a suite-based approach (i.e., 
battery of tasks, tests, and games) reveal deeper 
insights into the constructs underlying creativity 
compared to individual traditional assessment 
tasks?

● To what extent can scalable, digital measures of 
creativity supplement or possibly even replace tra-
ditional expert-assessed tasks?

● What can be learned about the relationship 
between creativity and general cognitive abilities 
(e.g., fluid intelligence (Cattell, 1963)?

The pre-registered hypotheses are as follows:

H1: As convergent and divergent thinking are concep-
tually distinct cognitive processes (Guilford, 1956), the 
performances from DT and CT modes of crea.tiles are 
expected to be only weakly correlated.

H2: Abstract reasoning, as measured via crea.logic, 
largely explains the overlap between DT and CT and is 
more closely aligned to performance in crea.tiles (CT) 
than crea.tiles (DT).

H3: Conversely, divergent thinking, as measured via 
the Alternative Uses Task (AUT, implemented in crea. 
ideas), is more closely aligned to performance in crea. 
tiles (DT) than in crea.tiles (CT).

H4: Divergent thinking ability, as measured by the 
crea.tiles (DT), is associated with self-reported measures 
of creative personality and behavior, including open-
ness, creative self-concept, and biographical inventory 
of creative behaviors (BICB).

CREATIVITY RESEARCH JOURNAL 767



H5: Self-reported familiarity with games in general 
should not affect CREA game performance (Rahimi,  
2020).

Materials and methods

Participants and procedure

This study was approved by the Institutional Review 
Board at Aarhus University. Participants (n = 408) 
were students at Penn State University and received 
optional course credit for their participation in the 
study. Participants gave their written informed consent 
before starting the study. Of the 408 in the full sample, 
274 identified as female, 130 identified as male, 1 iden-
tified as non-binary, and 3 preferred not to disclose this 
information. Participants’ ages ranged from 18 to 46 (M  

= 18.95, SD = 2.31).
Participants completed the battery of creativity- 

related assessments on their own devices and in a 
setting of their choice across four weeks. Participants 
received the following instructions “Please complete 
the study in a quiet place free of distractions where 
you can focus. The study should be completed in one 
sitting.” In total, the activities took approximately two 
hours.

Game design

CREA is freely available to play in the browser here: 
https://webgl.scienceathome.org/crea/. The game was 
developed in Unity. See Figures 2 and 3 for screenshots 
from the game. In the following paragraph, one of the 
subgames (crea.tiles), and two gamified validation tasks 
(crea.ideas and crea.logic) will be described.

A note on time limits

External testing conditions such as time limits and play-
fulness of the testing environment are central topics 
which influence outcomes in DT assessment (Paek, 
Alabbasi, Acar, & Runco, 2021). While time limits are 
widely used to allow for fast and well-contained studies, 
some articles suggest that these constraints are actually a 
“creativity killer” (Said-Metwaly, Fernández-Castilla, 
Kyndt, & Van den Noortgate, 2020). Time limits on 
the DT assessments in CREA were included for the 
following reasons: 1) to increase beneficial “tension”in 
the game play, which has shown to keep players engaged 
in a game (MDA-framework; Hunicke, LeBlanc, & 
Zubek, 2004), 2) to ensure that the game could be 
administered in a known time frame.

Crea.tiles: CT and DT measures

Crea.tiles consists of ten connected tiles that can be 
moved around one at a time to form shapes (~36k 
possible shapes), see Figure 2A, left. The player must 
place a tile in an empty spot adjacent to the edge of 
another tile. Each play mode has several levels with 
explicit instructions to elicit divergent and convergent 
thinking. Players complete a tutorial, which introduces 
them to the basic game mechanics and features, then 
proceed through the three modes: DT mode, CT mode, 
and free play.

The DT mode has three levels. Players are instructed 
to create and save at least five different digits, dog-like, 
and animal-like shapes respectively within four minutes 
for each level. At the end of each level, players can see the 
shapes they have saved in their personal gallery, see 
Figure 2B.

The CT mode is designed to capture and quantify 
both the option-selection and the selection-refinement 

features of convergent thinking and thus be concep-
tually more closely aligned to the original CT character-
ization (Guilford, 1956) and the double-diamond 
creative design process (Design Council, 2005) than 
the conventionally employed RAT. Concretely, players 
are presented with a target figure and four possible 
starting figures, see Figure 2C. The objective is to select 
the best starting shape and rearrange it into the target 
shape in the fewest possible number of steps. There is 
always a unique optimal choice for the starting shape 
and the trajectory for recreating the target shape. 
Participants have 30 seconds to choose a starting shape 
and one minute to recreate the target shape. Players 
must solve six challenges with increasing difficulty 
(two easy, two medium, and two hard). The challenges 
were designed with an estimated difficulty based on two 
parameters: 1) the minimal number of steps between the 
optimal starting shape and the target shape; and 2) the 
difference between the minimal number of steps to the 
target from the optimal and the foil candidates, respec-
tively. A task is deemed difficult if it takes many moves 
to reach the target and/or there are one or more foil 
candidates with a very similar distance from the target.

Based on theoretical considerations, the former two 
game modes, designed to disentangle DT- and CT- 
processes, were supplemented by an open-ended free 

play mode (more similar to the original installations of 
the game) where players are asked to make “the most 
creative shapes you can think of.” When the first two 
modes are sufficiently validated as CT/DT measures, 
this construction will allow for a contextually homoge-
neous exploration of the importance of CT and DT in 
creative processes. As mentioned below, several prompt 
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and timing suggestions have been uncovered in this first 
validation work and therefore analysis of the free play 
modes will be postponed to future studies.

Validation tasks

crea.ideas: standard DT measure

Crea.ideas is a digital variant of the Alternate Uses Task 
(AUT; Guilford, 1956) and is used as a DT measure. 
Participants were asked to provide as many creative uses 
for three common object prompts (tire, brick, paper-
clip), see Figure 3, left. They were instructed to “think 
creatively” when coming up with their ideas (Said- 
Metwaly, Fernández-Castilla, Kyndt, & Van den 
Noortgate, 2020). Participants were given two minutes 
to complete each prompt.

crea.logic: abstract reasoning measure

Crea.logic is a tool for assessing abstract reasoning: 
one’s sensitivity to relational or rule-based structure 
beyond the immediately or concretely observable. 
Abstract reasoning is thought to be related to learning, 
working memory, and processing speed (Markman & 
Gentner, 2001). Logic is implemented with the 80 items 
from the matrix reasoning item bank (MaRs-IB) 
(Chierchia et al., 2019). MaRs-IB was created and vali-
dated to serve as a free alternative to the prominent 
abstract reasoning test, the Raven Progressive Matrices 
(Raven, 2000). In MaRs-IB, players are presented with 
three-by-three matrices containing abstract shapes in 
each cell except for one, and they have to choose the 
missing one from a set of four options by figuring out 
the relationships across the provided shapes. The items 

can vary in color, size, position, shape, and the combi-
nation of these, and the matrices vary in difficulty based 
on the amount of changing dimensions. Players have 
eight minutes to solve as many puzzles as they can. See 
Figure 3, right.

Measured variables from crea

The following performance metrics were calculated per 
game mode, per player.

Crea.tiles DT Mode: Out of the three DT modes 
(Digits, Dogs, and Animals, see Figure 2, middle), Digits 
was created to be the practice round as it has a very limited 
outcome space. DT performance was only calculated in 
Dogs, since “Dogs” was a reasonably constrained topic that 
also allowed for exploration, and a sensible deployment of 
“Animals” would require first a full characterization of the 
“Dogs” mode. To ensure data consistency between players, 
only the first 5 shapes submitted were used, since people 
were given the option to leave the game after 5 submis-
sions. For this reason, a fluency variable for tiles-DT does 
not make sense in the current iteration.

Table 1 presents the theory-driven metrics for the DT 
mode “Dogs” along with the exploratory parameter 
“Duration.”

Figure 4 presents a selection of dogs that were sub-
mitted and evaluated as appropriate.

Note: In order to give the reader a basic understand-
ing of the possible output space for the novel game- 
prompt “Dogs,” the first and last author reviewed all the 
dogs that were submitted and evaluated as appropriate. 
In this process they created ad hoc categories to help 
understand the breadth of the solution space and rich-
ness of the data set. As player intent was not recorded as 

Table 1. Theory-driven metrics calculated in crea.tiles DT mode.

Frequency (originality 
metric)

Originality is commonly defined based on statistical infrequency (Runco & Acar, 2012). Therefore, shape frequency is defined as 
the number of times a specific shape is submitted within the five first submissions over the whole set of players. Player frequency 

is the average of the shape frequencies over the first five submitted shapes.

Flexibility To calculate how distinct the submitted shapes are, flexibility is defined as the sum of the minimum distance between all pairs of 
shapes within the first 5 shapes submitted. This method is inspired by Runco (1986) which presented flexibility as the number 
of changes between categories rather than total number of categories visited.

Elaboration The number of right angles is calculated in each given shape as an approximation of how elaborate the shape is. A straight line is 
the least elaborate shape containing 4 right angles. The greater the number of right angles, the higher the elaboration score. 
This method is inspired by the definition of elaboration as “the process of adding more information to existing, relatively 
simple information to create a more complex, emergent whole” (Nouri et al., 2015, p. 5).

Duration Average time taken to create each of the first five submitted shapes. This is strictly not a metric with a theoretical link to 
creativity literature, however, as the aim of the study is to pursue a deep behavioral understanding of the creative processes 
enlisted in the game, this metric was added.

Appropriateness Many researchers have suggested the use of a quality score (Runco, Illies, & Eisenman, 2005). Hence, a digital app was created to 
allow four expert raters to rate all submitted dog shapes for appropriateness. They were instructed to answer on a likert scale 
from 1–5 “to which extent do you think that others would recognize this as a dog on a scale” where 1= “no one” to 5  
= “anyone.” High inter-rater agreement was found with Cronbach’s alpha =.87 on 983 shapes. Whereas this sample does not 
cover all possible submissions, it does provide sufficiently comprehensive coverage of the most commonly submitted shapes 
to allow for a first automated approach that can then be supplemented by occasional expert review as nonstandard shapes 
are submitted.

Note. Based on these initial efforts, all metrics are now readily available for direct computation in future implementations.
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part of the study, no quantitative analysis on these 
categories was conducted. See the Limitations and 
Future Directions section for more information.

Crea.tiles CT mode

Within the novel, two-stage procedure (choosing the cor-
rect starting shape, then moving the blocks to produce the 
target shape), both accuracy (correct responses) and dura-
tion for the choice stage and move stage were evaluated. 
Taking into account both accuracy and response time is 
similar to the approach of abstract reasoning assessment 
for MaRs-IB (Chierchia et al., 2019). To calculate a single 
metric, performance was represented by standardized 

(choice correctness) + standardized(move correctness) - 

standardized(choice duration) - standardized(move 

duration).

Crea.ideas

Crea.ideas uses fluency, defined as the number of 
responses submitted by the participant, as well as two 
automated measures. First, we used an automated measure 
of DT based on semantic distance. Semantic distance 
provides a computational and objective means to quantify 
originality using distributional semantic modeling (Beaty 
& Johnson, 2021). When applied to the AUT, semantic 
distance captures how “far apart” objects (e.g., a tire) are 
from ideas (e.g., a “swing”) in high-dimensional semantic 
space by computing the distance between the objects and 
ideas (i.e., how often the object and idea co-occur together 
in natural language). Prior work has psychometrically 

validated semantic distance, reporting positive correlations 
with human creativity ratings and established measures of 
creativity (e.g., creative achievement in the arts and 
sciences; Beaty & Johnson, 2021). In this study, to calculate 
semantic distance, the open-access platform, SemDis 
(http://semdis.wlu.psu.edu/) was used with the following 
text preprocessing and computational settings: remove 
filler and clean (which removes “stop words” and miscel-
laneous characters); semantic spaces = all (which computes 
semantic distance using all five models available on the 
platform); and compositional model = multiplicative 
(which combines the word vectors in multi-word AUT 
responses via multiplication; Beaty & Johnson, 2021). As 
the outcome variable for analysis, a composite factor score 
of the five semantic models (computed by SemDis) was 
used, averaged across the three AUT items.

A second automated measure of originality was also 
computed using large language models (LLMs), a class of 
deep learning models very effective in a broad range of 
natural language processing tasks due to their huge amount 
of parameters and training data. These features allow for 
good generalization capabilities when fine-tuned on down-
stream tasks (Wang et al., 2022), such as question answer-
ing, sentiment analysis or sentence translation. Here, GPT- 
3 was further trained on 27k AUT answers from previous 
studies (Beaty & Silvia, 2012; Beaty et al., 2018; Dumas, 
Organisciak, & Doherty, 2020; Hofelich Mohr, Sell, & 
Lindsay, 2016; Silvia et al., 2008), along with their corre-
sponding originality human ratings. It has been shown to 
perform better than SemDis when it comes to matching 
human raters’ judgments of originality for AUT tasks 
(Organisciak, Acar, Dumas, & Berthiaume, 2022).

Figure 4. Examples from dog submissions. Note. Rating frequency in parenthesis.
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Crea.logic

Crea.logic uses a measure of abstract reasoning, calcu-
lated based on each participant’s number of correct 
answers out of the completed items (Chierchia et al.,  
2019). Participants are not penalized for incorrect 
answers or for not answering the total set of 80 ques-
tions. See Figure 3, right for an example of matrices 
presented to participants.

Self-reported measures

The self-reported validation measures of creative behavior 
and personality were recorded on a Qualtrics survey 
administered by Penn State University. An online version 
of the McCrae and Costa (1985) Openness to Experience 
questionnaire was administered. This is a 10-item survey 
with 5-point Likert scale items (e.g., “I enjoy new ideas.”) 
with responses from 1 (strongly disagree) to 5 (strongly 
agree). Furthermore, an online version of the Karwowski 
(2014) creative self-concept (CSC) scale was adminis-
tered, since it has been found to be significantly predicted 
by creative performance (r = .15) and self-reported origin-
ality (r = .32) (cf. Karwowski, 2011). CSC is assessed 
through an 11-item questionnaire, using a scale from 1 
(strongly disagree) to 5 (strongly agree) (e.g. “I think I am 
a creative person.”). Additionally, the 34-item 
Biographical Inventory for Creative Behaviors (BICB) 
was administered in order to get an insight into partici-
pants’ prior creative accomplishments, and to serve as 
another indicator of self-reported creativity (See 
Appendix). Measures of self-reported openness (ten 
items, averaged, Cronbach’s alpha = 0.81), creative self- 
concept (11 items, averaged, Cronbach’s alpha = 0.88), 
and biographical inventory of creative behaviors (34 
items, 0/1, added) were combined to create a total score 
for openness, creative self-concept, and biographical 
inventory. For each self-reported measure (Openness, 
CSC, BICB), data was excluded from participants who 
failed the attention check for that particular 
questionnaire.

Finally, because the game performance can be influ-
enced by familiarity with playing video games in gen-
eral, following Rahimi and Shute (2021), gaming 

frequency was self-reported on a scale from 1 to 5 (1 =  
Never play, 5 = Play almost every day).

Results

To address the research questions and hypotheses pre-
sented in this article, the results section is divided up 
into three subsections: Individual Measures/Descriptive 
Statistics, Hypothesis Testing, and Exploratory Analysis. 
First, individual measures are described before combin-
ing them to validate the pre-registered hypotheses. 
Finally, the analysis is expanded with a data-driven 
methodology to confirm relationships between game 
metrics and to explore more subtle player behaviors.

Individual measures/descriptive statistics

Crea.tiles

Correlation results among the CT and DT metrics are 
presented in Table 2. The correlations amongst Crea.tiles 
metrics revealed that appropriateness (i.e., how dog-like 
is each shape) is significantly and negatively correlated 
with frequency, flexibility, and duration, and positively 
correlated with elaboration. In other words, people in the 
study who produced more appropriate dog shapes also 
tended to generate more original (less frequent) and more 
elaborate shapes (i.e., having more right angles) which 
tended to be similar to each other (i.e., low flexibility) and 
took longer to produce. Furthermore, duration is most 
strongly correlated with flexibility, followed by frequency. 
The interpretation is that players who take longer to 
generate shapes also tend to produce shapes that are 
more different from each other and are more often pro-
duced by other players. Finally, it should be kept in mind 
that, since most players only submitted five shapes, pro-
ducing the same shapes as many others should not neces-
sarily be interpreted as a general lack of originality.

Crea.ideas

To assess the internal consistency of the participants’ 
behavior while they were playing crea.ideas, pairwise 
correlations were run between participants’ SemDis 

Table 2. Pearson’s correlations among crea.tiles game measures (Crea.Tiles Ct and Dt Metrics).

Crea.tiles DT Frequency Crea.tiles DT Flexibility Crea.tiles DT Elaboration Crea.tiles DT Duration Crea.tiles DT Appropriateness

Crea.tiles CT .088 (.22) −0.092 (.091) .082 (.13) −0.14 (.010) .090 (.098)
Crea.tiles DT 

Frequency
- .41 (<.005) −0.26 (<.005) .18 (.015) −0.29 (<.005)

Crea.tiles DT Flexibility - - −0.35 (<.005) .42 (<.005) −0.40 (<.005)
Crea.tiles DT 

Elaboration
- - - −0.02 (.67) .72 (<.005)

Crea.tiles DT Duration - - - - −0.14 (.011)

Note. P-values are noted in the parentheses and significant correlations are presented in bold.
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scores on the different items (tire score against brick 
score, tire score against paperclip score, and brick score 
against paperclip score). Inter-item correlation between 
brick and tire SemDis scores is .46 (p < .005), and correla-
tions between paperclip and tire and paperclip and brick 
are lower (respectively .12, p = .018 and .20, p < .005 for all 
comparisons). These results show that participants per-
formed consistently across different items in Ideas (i.e., 
internal consistency; Beaty & Johnson, 2021). However, 
the lower correlations between paperclip and the other 
items indicate a lower reliability on this item. 
Additionally, paperclip has not been validated in previous 
AUT studies using semantic distance, which have 
recently shown differences in reliability and validity as a 
function of AUT item (Beaty, Johnson, Zeitlen, & 
Forthmann, 2022). Therefore, the paperclip was excluded 
from the calculation of the crea.ideas metrics.

In order to assess consistency between participants’ 
performance in Ideas and self-reported creativity mea-
sures, a correlation was run between our metrics of 
Ideas (two automated scores of SemDis and originality, 
plus fluency) and measures of openness, CSE, and BICB. 
Results revealed no significant correlations of ideas 
SemDis score with any self-reported measures, with 
correlations of .04 (p = .39) for openness, −.006 (p  

= .92) for CSC, and .007 (p = .91) for BICB, consistent 
with some prior work showing low correlations between 
AUT semantic distance and self-reported scales (Beaty 
& Johnson, 2021; Beaty, Johnson, Zeitlen, & Forthmann,  
2022). Similar results were obtained with the machine- 
learning based originality scoring (openness: r = .047, p  

= .40; CSC: r = −.013, p = .82; BICB: r = .032, p = .56). In 
contrast, Ideas fluency, defined as the number of solu-
tions provided by the participant, had a significant posi-
tive correlation with BICB (r = .17, p = .002), but not for 
openness (r = .028, p = .62) or CSC (r = .09, p = .11).

Crea.logic

The mean number of correct answers was 53% (SD =  
16%), and the median response time on correct items 
was 4.91 s (interquartile range (IQR) = 7.04 s). On 

average, participants completed 54.7 unique items (SD  
= 17.8) within 8 minutes. Timing out occurred in 1.1% 
of items. A skewness of .28 and a kurtosis of 2.20 suggest 
that participants’ scores fell reasonably close to a normal 
distribution. Compared to the original Mars-IB valida-
tion paper (Chierchia et al., 2019), participants were 
faster and more inaccurate. However, the results found 
in the present study were in line with follow up work 
using the same instrument (Nussenbaum, Scheuplein, 
Phaneuf, Evans, & Hartley, 2020).

Self-report scales

The three self-report measures of openness, CSC, and 
BICB showed significant positive correlations among 
them, as expected. Openness and CSC had the highest 
correlation (r = .69, p < .005), followed by openness and 
BICB (r = .30, p < .005), and CSC and BICB (r = .30, p  

< .005). The results show that participants who self-report 
having a high creative self concept also self-report having 
a high tendency toward openness to experiences and self- 
report high scores on past creative achievements.

Hypothesis testing

The correlations applied to test hypotheses H1-H4 are 
reported in Table 3. As per standard practice, outliers 
(defined as data points at least three standard deviations 
from the mean) were removed before running the cor-
relation calculations.

According to H1, it was predicted that the DT and 
CT mode of Crea.tiles would capture different cognitive 
processes. In fact, according to Table 3, the only signifi-
cant correlation between DT and CT is in duration time 
(r = −.14, p = .010). As the CT metric is negatively 
weighted toward the time taken to complete each trial, 
this correlation can be explained by consistencies in 
player reaction time across the DT and CT modes in 
crea.tiles. There are no other significant correlations 
between DT and CT metrics, suggesting that the DT 
and CT modes of Crea.tiles are associated with different 
cognitive processes.

Table 3. Correlations among game measures (Crea.Tiles CT and DT Metrics), validation tests, (ideas, logic) and self-reported measures, 
with p-values in parentheses.

Crea.tiles CT
Crea.tiles DT 

Frequency
Crea.tiles DT 

Flexibility
Crea.tiles DT 
Elaboration

Crea.tiles DT 
Duration

Crea.tiles DT 
Appropriateness

Crea.ideas fluency .04(.45) .044(.55) .067 (.23) −.08 (.15) −0.14 (.012) −.087 (.12)
Crea.ideas semdis −0.09 (.09) .11 (.12) 0.17 (<.005) −0.010 (.85) 0.14 (.016) 0.0035 (.95)
Crea.ideas open 

scoring
0.032 (.54) 0.034(.65) 0.12 (.026) 0.021 (.70) 0.047 (.41) 0.037 (.51)

Crea.logic 0.14 (.008) 0.12 (.10) 0.077 (.18) 0.087 (.13) −0.077 (.19) 0.00 (.93)
Openness −0.14 (.012) −0.10 (.16) −0.014 (.81) 0.047 (.42) 0.006 (.92) 0.052 (.36)
BIC −0.041 (.45) 0.026 (.73) −0.034 (.61) 0.08 (.16) −0.11 (.062) 0.078 (.17)
CSC −0.006 (.91) −0.05 (.51) −0.029 (.61) 0.042 (.46) −0.044 (.45) 0.083 (.15)
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According to H2, it was predicted that abstract reason-
ing, as measured by the validation task crea.logic, should 
be more closely aligned to performance in the CT mode 
of crea.tiles than the DT mode. As predicted, crea.tiles 
(CT) has a significant correlation with crea.logic (r = .14, 
p = .008), but not with any of the crea.tiles (DT) metrics 
(Table 3). In other words, players who performed better 
in crea.logic (i.e., demonstrated better abstract reasoning 
performance), also tended to be better at visualizing and 
planning tiles to match the target shape.

According to H3, it was predicted that DT, as 
measured by the validation task crea.ideas, would 
conversely be more closely aligned to performance 
in crea.tiles (DT) compared to crea.tiles (CT). This 
is confirmed in Table 3, where several metrics of crea. 
tiles (DT) were found to have significant correlations 
with the Crea.ideas SemDis score (r = .17, p < .005 
between DT flexibility and ideas r = .14, p = .016 
between DT duration and ideas). Using the novel 
machine learning based originality scoring for Ideas 
yielded similar results between DT flexibility and 
Ideas (r = .12, p = .026). In other words, those players 
who performed better in crea.ideas also tended to 
produce shapes that are more distinct from each 
other. Additionally there were no significant correla-
tions between crea.ideas and crea.tiles (CT), further 
supporting H3.

According to H4, it was predicted that divergent 
thinking ability as measured by the DT mode of crea. 
tiles would correlate with self-reported measures of 
openness, creative self-concept, and biographical inven-
tory of creative behaviors. However, no significant cor-
relations were found with any self-reported measures. 
As stated earlier, however, no correlations were 
observed of self-reported measures with crea.ideas 
(AUT), an established measure of divergent thinking, 
consistent with past work reporting mixed correlations 
with self-report measures of creative personality and 
behavior (Beaty & Johnson, 2021).

According to H5, it was predicted that self-reported 
familiarity with games, in general, would not be associated 
with CREA game performance. On a scale of 1–5 (1 =  
Never play, 5 = Play almost every day), the mean average 
gaming frequency from the participant sample was 2.2 
(SD = 1.2). There were no significant correlations between 
gaming frequency and any CREA metrics (see Appendix).

Exploratory analysis

Data-driven analysis

In addition to the hypothesis-driven analysis on the pre- 
defined aggregate metrics described above, an 

explorative data-driven analysis taking into account 
also the individual submission pathways was performed. 
For each player, a DT(CT)-array was constructed con-
sisting of the creativity metrics mentioned above for 
each of the 5(6) submissions. These were then treated 
as variables for a multi-dimensional linear-model 
regression analysis to predict the individual crea.ideas 
and crea.logic outcomes. To prevent overfitting, elastic- 
net modeling (Pedersen et al., 2020) was chosen, which 
combines ridge and lasso regression by adding regular-
ization terms to the loss function. For crea.tiles CT, the 
only significant correlation was for crea.logic, yielding a 
medium strength with high significance: r = .37, 
r_mean = .25, p < .005. For crea.tiles DT, statistically 
significant correlations were found with crea.ideas (r = 

.39, r = .15, p = .02) (see Appendix).

Uncovering player behavior patterns

Beyond hypothesis testing, we conducted exploratory 
analyses to investigate mental processes behind the par-
ticipants’ creative behavior. The goal of uncovering 
player behavior patterns is to better understand indivi-
dual differences in creative propensities and identify 
more nuanced indicators of creative behavior. Toward 
this end, we include duration in the correlation analysis 
and observe an exploratory correlation between crea. 
ideas performance and DT duration, which lends sup-
port to incorporating this variable into theoretical con-
siderations in future studies. Additionally, the question 
arose if distinct groups of behavior patterns in creative 
shape generation can be identified. For this, a cluster 
analysis was performed on each user’s game metrics for 
Crea.tiles (DT). More specifically, the five DT metrics of 
frequency, elaboration, appropriateness, duration, and 
per-shape flexibility (defined as the number of mini-
mum moves from the previous shape to the current 
shape) were taken for each of the first five shapes pro-
duced by a player, for a total of 25 metrics per player.

After performing agglomerative hierarchical clustering 
(AHC), a visual inspection of the dendrogram identified 
four main clusters of players (see Appendix for dendro-
gram) (Saas, Guitart, & Periáñez, 2016). Mean values of 
game metrics can be found in Table 4 below. One-way 
analyses of variance (ANOVA) revealed that these game 
metrics values are significantly different based on cluster 
membership (FFrequency(3,340) = 99.21, FFlexibility(3,340) =  
59.03, FElaboration(3,340) = 85.52, FDuration(3,340) = 18.41, 
FAppropriateness(3,340) = 172.44, p < .005 for all tests).

The largest cluster, Cluster 1, is characterized by 
players who made the most diverse shapes, which con-
sequently took the longest time. Interestingly, players in 
Cluster 1: Common Creators also produced very 
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frequent shapes, which implies that these players 
explored common but different dog shapes (e.g., view 
from the left, from the front, from the back, etc.). 
Cluster 2: Highly Creatives, at almost the size as 
Cluster 1, is characterized by players who produced 
the most elaborate, appropriate, and very original 
shapes relatively quickly, implying that these may be 
the most “creative” players. Cluster 3: Low-effort 

Creators contains players who quickly produced very 
common shapes with low appropriateness and low ela-
boration; in other words, a group of players with low 
motivation. The smallest cluster, Cluster 4: Speedy 

Common Creators, is characterized by players who 
made diverse but commonly produced shapes, similar 
to Cluster 1, except at a faster speed. These could be 
players who quickly thought of different canonical dog 
shapes, pointing to fast problem-solving abilities (which 
is shown in Cluster 4’s relatively high Crea.logic scores). 
Figure 4 illustrates examples of shapes produced by 
players of each cluster. An interactive online tool was 
created to better visualize these clusters of players and 
the shapes they have produced (see Appendix).

Discussion

Summary of results and signi$cance

Convergent and divergent validity of crea.tiles

With 408 participants, this study presents the largest game- 
based creativity validation to-date (Rafner et al., 2021). It 
furthermore constitutes a first-time validation of a novel 
gamified creativity assessment suite with contextually 
homogenous tests of convergent and divergent thinking. 
In particular, the context for both tasks was the visual 
creation of meaningful shapes based on ten manipulable 
tiles. This environment was chosen because it supports 
both a prompt-based DT task, very similar to the AUT 
task (create different dog shapes), as well as a goal-oriented 
CT task more closely aligned with the original theoretical 
underpinnings of convergent thinking than the traditional 
RAT task by including both a selection and a refinement 
mode. The primary question posed in this study is whether 
or not the contextually similar but subtly different tiles 
(DT) and tiles (CT) game modes elicit the theoretically 
predicted behaviors. In terms of internal game-metric 

correlations, the CT-metric exhibits no significant correla-
tions with the DT-metrics (frequency, flexibility, elabora-
tion, and appropriateness) and only a very weak significant 
correlation with DT-duration, suggesting that the DT and 

CT modes of Crea.tiles are associated with different cognitive 

processes (hypothesis H1). As theoretically expected the 
individual DT-metrics exhibit significant correlations ran-
ging from weak to strong internally, as these metrics are 
known to be overlapping to still distinct. Crea.tiles (CT) 
shows convergent validity with crea.logic, a prominent test 
of abstract reasoning ability and, just as importantly, shows 
no correlation with crea.ideas, a standard test of DT. 
Conversely, two metrics of the crea.tiles DT mode are 
correlated with crea.ideas and only a weakly significant 
correlation with crea.logic was observed. This constitutes 
support for hypotheses H2 and H3.

Unexpectedly, self-reported measures of openness, 
creative self-concept, and creative activities were not 
correlated with any measures of divergent thinking, 
including both crea.tiles (DT) and crea.ideas. Finally, 
no correlations were found between general game 
experience and any CREA game metrics. This constitu-
tes support for hypothesis H5 and implies that CREA is 
suitable for a wide population of players and is not 
biased against those with limited gaming experience.

Player behavior

Although the metrics are theoretically motivated, they 
are newly defined for the CREA suite. To ensure that the 
quality of the observed correlations is not an artifact of 
the particular operationalization of the concepts, an 
explorative data-driven analysis was conducted. This 
analysis takes into account the individual submission 
pathways rather than just the average metrics that have 
been performed. This analysis supports the hypothesis- 
driven findings. Overall, highly significant correlations 
in the range r = 0.1–0.3 have been identified with the 
standard tests and the obtained parameter weights are 
overall fairly consistent with the pre-registered para-
meter definitions. The combined analysis clearly docu-
ments that game performance from the CT and DT 

modes of crea.tiles are indeed associated with non- 

orthogonal but clearly distinct cognitive abilities as pre-
dicted both theoretically and from past research.

Table 4. Mean values for DT metrics for participants in each crea.tiles DT cluster.

Measures Cluster 1 (N = 136) Cluster 2 (N = 116) Cluster 3 (N = 64) Cluster 4 (N = 28)

Crea.tiles DT metrics Frequency 26 (14)A 8 (10)B 6 (5)B 34 (4)C

Flexibility (per shape) 3.4 (0.7)A 2.5 (0.5)B 2.5 (0.9)B 3.2 (0.7)A

Elaboration 11.3 (2.0)A 14.3 (1.4)B 10.4 (1.9)C 11.7 (2.0)A

Duration 25 (11)A 16 (11)B 16 (10)B 18 (6.6)B

Appropriateness 1.3 (0.6)A 2.6 (0.6)B 0.9 (0.4)C 1.5 (0.8)A

Note: key-HSD post-hoc test.
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Secondly, preliminary player clustering analysis 
revealed different patterns of player behavior, which 
invites a further analysis of individual problem-solving 
types and their importance for further design and 
prompt evolutions, see Figure 6. Reflecting on these 
results, it can be seen that these player behavioral clus-
ters embed both player traits (e.g. those in Cluster 3 
appear to lack motivation as seen in the simplistic and 
non-appropriate shapes produced, Figure 5) and crea-
tive propensities (e.g., those in Cluster 2 producing both 
original and elaborate shapes). Beyond this, future stu-
dies should focus on extracting more nuanced player 
behavioral traits to construct robust creativity predic-
tors in order to harvest the full fruits of this game-based 
design.

Limitations and future development

This study has some notable conceptual and logistical 
limitations that can inform future development.

In the DT mode of crea.tiles used in the study 
reported on in this article, players were allowed to create 

as many shapes as they wanted within two minutes, but 
they were able to progress to the next game mode as 
soon as they submitted five shapes. This was intended to 
give the participants a sense of game-like freedom by 
allowing them to continue through the game if they ran 
out of ideas rather than having to wait for time to run 
out. However, this feature encouraged disparate user 
behavior, where some players devoted much more 
time on the task and produced over 20 shapes, while 
most others stopped after submitting five shapes. 
Consequently, to ensure consistency among players, 
only the first five shapes submitted by players were 
included in the data analysis. Moreover, no globally 
meaningful measures of fluency and flexibility could 
be captured since players could stop after five shapes. 
With only five submissions it is not meaningful to 
expect the presence or absence of category switches in 
a player submission record to accurately predict the 
degree of category switches in a more conventional 
flexibility study with a longer submission record. 
Therefore, the “flexibility” metric introduced here 
should rather be taken as an in-game behavioral 

Figure 5. Three very similar dog shapes. Note. Frequency of shapes from left to right: 2, 5, 3.

Figure 6. Visualization of shapes produced by players in different behavioral clusters. Note. Players in Cluster 1 tended to produce 
familiar shapes, Cluster 2 players produced the most original and elaborate shapes, Cluster 3 players produced simple, non-dog-like 
shapes, and players in Cluster 4 produced the most common shapes very quickly.
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indicator than a directly generalizable creativity metric. 
In the future, the instruction will be changed to a time- 
limited, but not submission-limited, model and re- 
validated. In particular, the duration for the “dogs” DT 
mode will be extended from two to four minutes and the 
duration of the introductory “digits” challenges will be 
reduced to one minute in order to ensure more time for 
the generation of robust fluency and flexibility metrics. 
Finally, the existing instructions asked players to create 
“as many dog-like shapes” as possible, without any 
explicit prompts to solicit creative behavior, which is 
an important instruction in creativity assessment (Said- 
Metwaly, Fernández-Castilla, Kyndt, & Van den 
Noortgate, 2020). This will also be adapted and re- 
validated in future studies.

The logistical limitations described above may have 
contributed to the lack of correlations and low effect 
sizes between the DT measures from Crea.ideas and 
Crea.tiles and the self-reported measures (see Table 3). 
However, there is a general problem in the literature 
that studies often fail to observe strong correlations 
between different metrics of creativity (Batey, 
Furnham, & Safiullina, 2010; Carson, Peterson, & 
Higgins, 2005; Dollinger, Urban, & James, 2004; 
Furnham, Batey, Anand, & Manfield, 2008; Haase, 
Hoff, Hanel, & Innes-Ker, 2018), so the results pre-
sented in this article are not an exception.

A primary aim of this experiment was to determine 
discriminant validity between the crea.tiles CT and DT 
tasks. This was done using a test of abstract reasoning, 
the MaRs-IB implemented in crea.logic, instead of the 
commonly used Remote Associates Test (RAT; 
Mednick, 1968), since RAT is known to involve mix-
tures of both CT and DT (Cortes, Weinberger, Daker, & 
Green, 2019). However, it is a potential limitation that a 
test of abstract reasoning was used as a validation for 
convergent thinking, instead of the more canonical 
RAT. That said, as the crea.tiles game is a visual and 
figural game that does not involve verbal processing, a 
figural test of abstract reasoning may serve as a better 
validation than the verbally based RAT.

The algorithmic metric of originality used for 
hypothesis testing identifies the frequency of unique 
shapes created by users (e.g. how many other people 
created the exact same shape). However, upon inspect-
ing the submitted figures, it became clear that many of 
them were distinct combinations of tiles, yet very similar 
in meaning (Figure 5). The visual similarity between 
close figures was not captured by the frequency metric, 
or any other measure. This observation was also made 
in the original Creative Foraging Game work by Hart et 
al. (2017), in which human rating of similarity within an 
exploitation phase (a phase of several, densely saved 

gallery shapes) was used to show the validity of seg-
menting the trajectory of shapes into exploration and 
exploitation phases. The main limitation inhibiting a 
deeper analysis of this aspect was that there was no 
indication of the creator’s intent. The lack of creator 
intent could in principle be alleviated by allowing for 
participant tagging of their submissions. This tagging 
would however turn the purely visual task back into a 
linguistic task. Furthermore, even allowing for one- 
word tagging would explode the space of possible sub-
missions and reintroduce the conceptual difficulties of 
obtaining a detailed understanding of the individual 
submissions and their relationships that was the main 
design goal of the crea.tiles game. Therefore, future 
studies could instead employ post-submission crowd- 
evaluation and hybrid intelligence (i.e. optimal syner-
gies between humans and AI, Rafner et al., 2022) to 
produce a meaningful shape clustering and identifica-
tion algorithm. The initial author-created ad hoc cate-
gories will be used as a point of departure for the next 
iteration of crea.tiles which will include a user-self- 
clustering functionality.

Additionally, several experimental manipulations 
could be conducted to further support this article’s 
findings. For example, future studies could involve 
changing the order of the games to ensure that the 
findings presented in this article are not an artifact of 
any particular game play sequence. Additionally, future 
studies could allow a subset of users to have unlimited 
time to complete the DT tasks to check that the time 
limit does not set an unnatural constraint on player 
behavior (Said-Metwaly, Fernández-Castilla, Kyndt, & 
Van den Noortgate, 2020). Furthermore, future studies 
should employ test-retest methods to ensure that the 
testing instrument is reliable (Groth-Marnat, 2009).

Lastly, from a data collection perspective, this study is 
limited by a very homogenous sample of US university 
students from the same institute, who predominantly 
identify as women, and are between the ages of 18–20. 
This weakens the generalizability of the study to other 
populations and cultures, which future studies should 
address. A current constraint is that the SemDis algo-
rithm only works on English responses. However, the 
great advances in large language models (LLMs) over 
the past years make it increasingly likely that SemDis 
can be applied to multi-language responses in the near 
future (Scao et al., 2022).

In conclusion, the results from the study indicate that 
the current version of the CREA suite demonstrates 
sufficient validity to be used by researchers and practi-
tioners as a scalable, creativity assessment instrument 
for automated figural assessment of DT and CT. Future 
development of the tool is planned, with rigorous 
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psychometric testing to be conducted before new ver-
sions are released. This work is expected to be useful for 
researchers and practitioners in a range of contexts, 
including large-scale assessments of students or employ-
ees and lab studies in which conditions make it difficult 
for standardized tests to be administered (e.g., micro-
dosing studies).
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Appendix

Crea.Tiles instructions. 

Mode Level Instructions Feedback Timing

Tutorial Tutorial Complete the onboarding untimed

CT Challenge – 
Selection

Select a shape from the four small shapes on the left from which you think it will 
take the least amount of moves to recreate the target shape on the right. You 
have 30 seconds to pick the best shape and 1 min to recreate the target

Failure: Time’s up! You didn’t match 
the target image in time. Click 
continue to get a new set 
Success: [Moving on to creation]

30 sec

Challenge – 
Creation

Recreate the target shape you see on the right. You have one minute Failure: Time’s up! You didn’t match 
the target image in time. Click 
continue to get a new set. 
Success (not best shape): You did 
not choose the best shape. 
Your moves: [number] 
Min moves: [smaller number] 
Success (best shape): You chose 
the best shape! 
Your moves: [number] 
Min moves: [number] 
Well done!

1 mn

DT Creation- 
Digits

Create and save as many digit-like shapes as possible. You have 4 minutes. (min 5) Success: [Displays saved creations of 
the user] 
Success (timeout)*: Time’s up. 
Click CONTINUE to finish. 
Failure (timeout): [Stays on page]

4mn

Creation – 
Dogs

Create and save as many dog-like shapes as possible. You have 4 minutes. (min 5) Success: [Displays saved creations of 
the user] 
Success (timeout): Time’s up. Click 
CONTINUE to finish. 
Failure (timeout): [Stays on page]

4mn

Creation – 
Animals

Create and save as many animal-like (e.g., birds, insects or reptiles) as possible. 
You have 4 minutes. (min 5)

Success: [Displays saved creations of 
the user] 
Success (timeout): Time’s up. Click 
CONTINUE to finish. 
Failure (timeout): [Stays on page]

4mn

Open 
Play

Creation Create the most creative shapes you can think of. You have 4 minutes. (min 5) Success: [I’M ALL OUT OF IDEAS button 
appears after 5 - brings to display of 
creations of the user] 
Pick your 3 favorite shapes. 
Success (timeout): Time’s up. Click 
CONTINUE to finish.

4 mn

*Success (timeout) = user has created at least 5 images, then timed out. 
*Failure (timeout) user fails to create any images.
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Crea Metrics

Descriptive statistics of the Crea metrics used in the study. 
The value range for each measure is presented in parenthesis 
in column one.

Elastic net correlations

Tiles CT and DT metrics were combined using an elastic net 
modeling to predict logic and ideas scores.

Role of gaming frequency

Correlations between gaming frequency and game metrics.

Player clustering

Dendrogram from AHC algorithm. Four clusters were cho-
sen, annotated below.

Metric Mean SD

Crea.tiles CT [−15–5] .0 1.89

Crea.tiles DT Frequency [1–336] 16.89 35.83

Crea.tiles DT Flexibility [10–81] 29.78 8.79

Crea.tiles DT Elaboration [4–20] 12.14 2.54

Crea.tiles DT Duration [seconds] 19.58 19.96

Crea.tiles DT Appropriateness [0–4] 1.66 1.20

Prediction on Tiles CT Tiles DT

Logic r = .37, r_mean = .25,  
p < .005

r = .24, r_mean = − 0.08,  
p = .2

Ideas r = .22, r_mean = .01,  
p = .8

r = .39, r_mean = .15,  
p = .02

Metric N r p

Crea.tiles CT 332 .07 .20

Crea.tiles DT Flexibility 304 −.01 .81

Crea.tiles DT Duration 293 −.04 .46

Crea.tiles DT Frequency 174 −.06 .41

Crea.tiles DT Elaboration 303 .06 .27

Crea.tiles DT Appropriateness 304 .09 .13

Crea.ideas 324 .06 .33

Crea.logic 313 .004 .95
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Player clustering visualisation

Cluster visualization via online tool available at https:// 
vis.scienceathome.org/%20. As an example, a random 

player is shown in cluster 2 (dark green color), who 
submitted shapes with high appropriateness (dog-like) 
but low flexibility (small differences between shapes).
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