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Human cognitive strategies vary across nations and cultures [1-3]. However, it
is unknown whether the cognitive strategies of nations are randomly distributed
or whether groups of countries are clustered by similar cognitive profiles. Using a
mobile-based virtual reality navigation task, we measured spatial navigation abil-
ity in more than 2.5 million people globally. Using a clustering approach, we find
that navigation ability is not smoothly distributed globally but clustered into five
distinct yet geographically related groups of countries. Furthermore, the economic
wealth of a nation (Gross Domestic Product per capita) was predictive of the average
navigation ability of its inhabitants and gender inequality (Gender Gap Index) was
predictive of the size of performance difference between males and females. Thus,
cognitive abilities, at least for spatial navigation, are clustered according to eco-
nomic wealth and gender inequalities globally. This will not only inform cognitive
assessment but also clinical assessment and educational approaches in the future.

In the Origin of Certain Instincts, Charles Darwin alludes to the differences in navigation
abilities between cultures, comparing the natives of Siberia to his European companion: “[Von
Wrangell], an experienced surveyor, and using a compass, failed to do that which these savages
easily effected” [4]. Since then only a few small-scale studies explored how people from different
cultures differ in how they navigate and reason about space [5-7]. Here, we explored how spatial
navigation abilities vary on a global scale. To achieve this we devised a mobile video game
designed to measure human spatial navigation ability through gameplay - Sea Hero Quest (SHQ).
2,512,123 people between 18 and 99 years old from all 195 countries in the world downloaded and
played the game (see details in Extended Data Table 1). The game involves navigating a boat in
search of sea creatures in order to photograph them (Fig. la and Extended Data Video 1). The
game contains two main tasks: wayfinding and path Integration. In wayfinding levels, players are
initially presented with a map indicating start location and the location of several checkpoints to
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Figure 1 | Game design and spatial ability dis-
tribution across age, gender, and nations. a-b
Wayfinding task: a map of the level featuring the
ordered set of checkpoints to reach is presented
and disappears when the game starts. (¢) Super-
position of 1000 trajectories randomly sampled
from level 32. (d) Path integration task: after
navigating the level, participants must shoot a
flare back to the starting point. (e) Evolution of
overall performance (OP) across age and gender.
OP is the first component of a Principal Compo-
nent Analysis (PCA) across duration, trajectory
length and flare accuracy corrected for video ga-
ming skill. Data points correspond to the average
OP within 3-year windows. Error bars corres-
pond to standard errors. f-g Five world clusters
of people with similar spatial navigation abili-
ties. Conditional Modes (CM) is is the diffe-
rence between the global average predicted
response and the response predicted for a parti-
cular country (the lower the better). (h) Corre-
lation between country performance (CM) and
GDP per capita (r=0.69, p<0.001). (i) Correla-
tion between gender estimates from a multiple
linear regression (OP ~ age + gender) and Gen-
der Gap Index (r=0.52, p<0.001).
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find in a set order (Fig. la-c and Extended Data Fig. 2). In path integration levels, participants
navigate along a river with bends to find a flare gun and then choose which three directions is the
correct direction back to the starting point along the Euclidean (Fig. 1d and Extended Data Fig.
3). 57.6% of the participants also provided demographics of their age, gender and nationality
(Extended Data Fig. 4). To provide a reliable estimate of spatial navigation ability we examined
the data only from those subjects who had completed a minimum of 9 levels of the game (see
Methods). This resulted in 558,143 participants from 57 countries that were included in our
analysis (Extended Data Table 1).

To quantify spatial abilities, three measures were computed (trajectory length, duration of
navigation epoch for wayfinding; overall accuracy for path integration). We defined an overall
performance (OP) metric as the first component of a Principal Component Analysis across these
three measures (66.9% of the variance explained). OP captures different aspects of navigation
abilities, providing a general performance measure, which reflects overall navigation abilities
covering a range of tasks (see Methods). We considered that video games experience might
bias performance, with players familiar with similar games having an advantage. Therefore we
normalized OP with performance on the first two tutorial wayfinding levels, where no navigation
skill was required (see Extended Data Fig. 2d,e). We discuss and control for other potential
biases such as the unavailability of SHQ in some languages, ‘fake’ demographics, and the virtual
nature of the task in Supplementary Discussion.

Across all countries we observed a similar pattern of decline in ability with age and a male
advantage between 19 and 60 years old (Fig. le, see Extended Data Fig. 12 for plots from
example nations). This result held true in all tested countries after correcting for differences in
age and gender distributions. We computed a multiple linear regression to predict OP based
on gender and age. Gender estimate had the same sign in every country, ranging from 0.30 to
1.59, M = 0.96,95%IC = [0.89,1.04], see Extended Extended Data Fig. 14. While a number
of previous studies have examined the size of gender differences in cognitive abilities across
countries, the underlying causes of such variation are still debated. Advocates of the gender
stratification hypothesis argue that gender differences are more pronounced in countries with less
equity [8]. For instance, data from Programme for International Student Assessment (PISA) that
reports on more than 250,000 15-year-old students from 40 countries who took identical tests
in mathematics and reading show that the gender gap in math scores disappears in countries
with a more gender-equal culture [9,10]. By contrast, other studies link gender differences more
to evolved sex-linked dispositions and environmental affordances [11]. For example, difference
in mental rotation and line angle judgment performance in more than 200,000 men and women
from 53 nations remained even when controlling for gender equality [12]. Here, we report a
positive correlation between the magnitude of gender differences and gender inequalities assessed
by the World Economic Forum’s Gender Gap Index (GGI), which reflects economic and political
opportunities, education, and well-being for women (See Fig. 1i, p = —0.52,p < .001). We
computed a multiple linear regression to predict gender estimates based on GDP and GGI. Both
GGI (t(52) = —2.45,p = 0.01) and GDP per capita (t(52) = —2.87,p = 0.006) significantly
predicted Countries’ gender estimates. This suggests that the gender effect is not just related to
countries’ wealth, but also to the improvement of the role of women in society.

The age related decline in navigation abilities - OP decreases in a linear fashion between 19
and 60 years-old (Fig. le) - held true in all tested countries, age estimates ranging from -0.092
to -0.022 per year, M = —0.059,95%IC = [—0.063, —0.055], see Extended Data Fig. 12. Our
observed early decline in performance mirrors the decline in ‘fluid intelligence’ components such
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as reasoning and working memory, which generally occurs in healthy adults [13,14]. Our observed
performance increment after 70 years of age was not predicted from the past literature and is
consistent with a selection bias that those older participants willing to participate in an action
video game are likely to have greater cognitive skills. At the individual level, performance should
continue to decline, as demonstrated in prior studies of navigation in elderly humans, showing
that older individuals show objective route learning and navigation changes and have increased
avoidance of unfamiliar routes and places [15-18].

To our knowledge no prior large-scale studies have quantified the impact of nationality on
a cognitive task. To assess the impact of nationality on spatial navigation we fit a multi-
level model for OP, with fixed effects for age and gender and random effect for nationality:
OP ~ age + gender + (1|nationality). Multilevel - or mixed-effects - models take into account
the shared variance between neighboring countries by modeling the covariance between them.
When we compare our multi-level model with a single-level model including only age and gender,
nationality has a significant impact on OP (x2(1) = 6413.8,p < 0.001). The variance partition
coefficient (VPC) indicates that 1.7% of the variance in performance can be attributed to differ-
ences between nationalities. Fig. 1g represents countries ranked according to their conditional
modes (CM), that is the difference between the global average predicted response in performance
and the response predicted for a particular country. A reasonable assumption is that while OP
differs around the world, it follows a relatively smooth uniform distribution with some countries
populations performing well and other performing less well on average. An alternative possibility
is that countries are grouped by similar cognitive strategies, and that some countries will tend to
behave more similarly. Indeed, country-level might not be the optimal scale to work at, since many
social and geographical traits know no borders. To the best of our knowledge this hypothesis
has never been tested with data from cognitive tests. To address this we pooled countries with
similar CM into k clusters via the optimal 1D k-means algorithm [19]. We defined the optimal
k as the one maximizing VPC. This was achieved for k¥ = 5, VPC = 2.6%, see Fig. 1f and
Extended Data Fig. 13. Thus, spatial navigation ability appears to be clustered. Importantly,
this clustering could be distinguished from our test of video gaming skill clustering based on
participants’ performance at the first two levels (Extended Data Fig. 8). To explore the data
further, we downsampled the data to equate video gaming skill in our population and found a
nearly identical clustering of 5 countries (Extended Data Fig. 7). Country ranking computed
from a subset of participants with similar gaming control ability was very similar to the ranking
based on the full dataset (Pearson’s correlation p =.99,p < .001).

The clustering of navigation abilities is not geographically random. Indeed, countries’ CM
were correlated with Gross Domestic Product (GDP) per capita (Fig. 1h, Pearson’s correlation
p=.69,p < .001). This can be explained by different variables leading to better spatial abilities
highly correlated with GDP such as level of education in science [20] or ability to travel [21].
Extended Extended Data Fig. 16 shows a positive correlation between countries” CM and average
scores at PISA 2015 (Pearson’s correlation p = .73, p < .001). While GDP has a strong predictive
influence on navigation ability we considered that other factors that might influence navigation
ability. Evidence suggests that driving rather than taking public transport has a positive effect
on spatial knowledge [22,23]. While this might explain why North Americans and Australians
are particularly successful as populations compared to equivalent (GDP) European countries that
rely more on public transport [24,25], it fails to explain why the Nordic countries perform so well
as a group. We speculate that this specificity may be linked to Nordic countries sharing a culture
of participating in a sport related to navigation: orienteering. Invented as an official sport in the
late 19th century in Sweden, the first orienteering competition open to the public was held in
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Norway in 1897. Since then, it has been more popular in Nordic countries than anywhere else in
the world, and is taught in many schools [26]. We found that ‘orienteering world championship’
country results significantly correlated with countries’ CM (Pearson’s correlation p = .55, p = .01),
even after correcting for GDP per capita (see Extended Data Fig. 15). Future targeted research
will be required to evaluate the impact of cultural activities on navigation skill.

Through the use of an online gaming approach, we have been able to reveal for the first time a
global benchmark for spatial navigation. This approach enables predictions to be made about an
individual’s spatial navigation performance based on their age, gender and nationality. Specifi-
cally, GDP per capita and GGI of countries are predictive of their inhabitants’ average spatial
navigation performance. Thus the collected dataset embodies a unique resource, which not only
informs our understanding of global cognitive abilities but also provides a stepping stone towards
spatial navigation diagnostics and treatment in patient populations with navigation deficits, such
as Alzheimer’s pathophysiology. Use of online gaming for the assessment of cognitive abilities has
a promising future in particular with an ever-increasing world population taking up gaming as a
recreational activity.
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Methods

Game Design

To test the global population on their navigation ability we worked with the independent video
games design company Glitchers Ltd to produce a video game using Unity 3D (Unity Technologies,
Copenhagen Denmark) for smart phones and tablets (apple and android devices). We were
supported in this design process by staff at Deutsche Telekom (Germany) and Saatchi and Saatchi
London (UK). ‘Sea Hero Quest’ (SHQ) was released on 4 May 2016 on the App Store for iOS and
on Google Play for Androids. It is available in 17 languages: English, French, German, Spanish,
Macedonian, Greek, Croatian, Dutch, Albanian, Hungarian, Romanian, Slovak, Czech, Polish,
Portuguese, Italian, and Serbian, see Extended Data Fig. la. The game is manipulated through
three controls, designed to be intuitive; specifically, these were tap left to turn left, tap right to
turn right, swipe up to speed up. Alongside tasks and levels, players were also asked a set of
optional questions which included their age, gender and nationality (see Extended Data Fig. 4).
Tasks

The experimental tasks in SHQ were accessed by unlocking levels sequentially (Extended Data
Fig. 1c). These levels were comprised of 5 themed areas, each containing 15 levels. Through
the game, participants followed a sea captain as he tries to recover his father’s lost memories
(Extended Data Fig. 1b). There were three types of task. Wayfinding levels: at the beginning
of each level, participants were given locations to visit from a map. The map disappeared, and
they had to navigate a boat through a virtual environment to find different checkpoints (see
Extended Data Fig. 2). Path Integration levels: participants had to find a flare and shoot it
back toward the starting point (see Extended Data Fig. 3). Chase levels: participants chased
a sea creature to take a picture of it. Chase levels were purely for motivational purposes and
allow participants the capacity to share their game progress via social media in the form of a
‘photograph’ of the sea creature found. No data was collected from chase levels. Participants are
encouraged to collect as many ‘stars’ as possible across the levels: the faster (Wayfinding task) or
the more accurate (Path Integration task), the more stars were obtained. These stars unlocked
the capacity to modify the boat in the game.

Participants

Between May 2016 and July 2017, 2,512,123 participants from 255 countries and dependent
territories downloaded and completed at least the first level of the game. Amongst them, 1,446,954
(57.6%) entered their age, gender and nationality. Examining the age distribution (Extended
Data Fig. ba), it is evident that age groups 18 and 99 years old contain more participants than
would be predicted from the distribution. This is likely due to these numbers being the two
extremes of the age range. It is likely that players under the age of 18 may have adopted these
age bands. Since it is impossible to separate ‘real’ from ‘fake’ 18 and 99 years old players, for
the current analysis we removed these two age groups from the dataset, leaving 926,456 (36.9%)
participants. SHQ level progression is linear, i.e. one needs to complete level N in order to unlock
level N+1 (see Extended Data Fig. 1c). Hence, the number of participants decreases with the
progression through the game, as shown in Extended Data Fig. 6. To ensure a good tradeoff
between sample size and amount of data per player, we included in the analysis participants who
played at least the first 6 wayfinding levels (level numbers 1, 2, 3, 6, 7 and 8) and the first 2
path integration levels (levels 4 and 9). Level 5 is a creature chase level. This represents 625,626
(24.9%) valid participants. To reduce selection bias and ensure stable cross-country comparisons,
we only included participants from countries with at least 500 valid participants. As a result
of this sampling process, 558,143 (22.2%) participants from 57 countries were included in the
analysis. Amongst them, 312,886 males (age: 34.97 + 14.39 years old) and 245,257 females (age:
35.98 4 15.50 years old), cf Extended Data Table 1 for country by country information.
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Data

Within the opening screen and the Journal menu, participants were made aware of the purpose
of the game. They were asked whether they were willing to share their data with us and were
guided to where they can opt out. The opt out was always available in the settings. The website
for the game (www.seaheroquest.com) was linked to from the About menu and provided full
information about the study and what the data was going to be used for. If the participant
agreed, their data (boat trajectory, flare accuracy and demographics) were anonymously stored
in a secure T-Systems server in Germany. The application is managed by T-Systems’ scalable
Docker offering called ‘AppAgile’ which is operated out of T-Systems’ datacenter to ensure data
integrity and data privacy according to German data security law. The data are owned by
Deutsche Telekom and then licensed to University College London for analysis. Each participant
was identified by a universally unique identifier (user-uuid), a 128-bit number commonly used
to identify information in computer systems. Participant’s sessions were identified by another
universally unique identifier (instance-uuid). Only completed levels were stored and analysed.
During Wayfinding levels, the coordinates of participants’ trajectories were sampled at Fs = 2
Hz. During Path Integration levels, flare accuracy was quantified in term of stars obtained by the
participant. Stars were awarded based on participant’s choice between 3 proposed directions: 3
stars for the correct answer (their starting point), 2 stars for the second closest direction, and 1
star for the third closest direction.

Metrics

To quantify spatial abilities, three measures were computed for each level.

- Trajectory length in pixels, defined as the Euclidean distance \ﬂ Zi\; (1;—y;)?) with (z;, Yi)ie[1..N]
a N-points trajectory.

- Duration to complete the game in seconds. Since Fy = 2 Hz, Duration = N/2).

- Flare accuracy in number of stars: 1, 2 or 3.

To correct for video gaming skill, we normalized durations and trajectory lengths by dividing
them by the sum of their values at the first two levels, where no sense of direction is needed (see
Supplementary Discussion).

We found all three measures correlated: Pearson’s correlation between trajectory length and du-
ration r = 0.75,p < 0.001; trajectory length and path integration accuracy » = —0.21, p < 0.001;
duration and path integration accuracy r = —0.20,p < 0.001. While path integration relied on
the integration of perceived ego motion information over time, wayfinding required the planning
of multi-stop routes, memory of survey/map, transformation of survey representation into egocen-
tric reference frame. It is therefore not surprising that trajectory lengths and duration - both
wayfinding-related metrics - were more correlated with each other than with flare accuracy.

We defined an overall performance metric (OP) summarizing normalized durations, trajectory
lengths and flare accuracies. OP was the 1st component of a Principal Component Analysis
across the normalized durations and trajectory lengths of levels 6, 7, 8 and the flare accuracies of
levels 4 and 9 (66.9% of the variance explained). OP captured different aspects of navigation
abilities, providing a more general performance measure, which reflects overall navigation abilities
covering a range of tasks.

Data Availability

The dataset will be accessible on a dedicated repository.
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