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Abstract

:

Culture affects people’s spatial memory, mental representations, and spatial reference frameworks. People with different cultural backgrounds show different degrees of spatial ability. However, the current research does not reveal the shaping of spatial ability by culture from the perspective of visual cognition. In this study, we used eye tracking and designed mental rotation, spatial visualization, spatial orientation, and spatial correlation tasks to compare the spatial ability of Chinese and Malaysian Chinese people. The results showed that there were some minimal differences between them. Chinese participants had higher accuracy in the mental rotation task, showed more fixation to landmarks in spatial orientation, showed more fixation to the main map, and switched more frequently between the two thematic maps when judging spatial relationships. As “cultural citizens” of China, Malaysian Chinese people’s spatial ability is not only shaped by their own ethnic culture in terms of language but also influenced by foreign races in terms of education, wayfinding tendency, and cognitive style. This study can contribute to the understanding of the influence of culture on spatial ability and its possible causes.
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1. Introduction


Spatial ability plays an important role in our daily wayfinding [1], STEM course performance [2], and long-term career achievement [3]. Understanding the effect factors of spatial ability could provide insights into spatial cognition and develop our spatial ability, reducing differences related to sex and race in a targeted manner. Prior studies have reported the influence of sex, age, and expert knowledge on spatial ability. However, few studies have revealed how culture shape spatial ability. As a concept including identity, language, education, life habits, etc. [4,5,6], culture affects people’s spatial working memory [7], mental representations [8], and spatial cognitive strategy [9]. In terms of behavior, people with different cultural backgrounds show differences in navigation [10] and map reading [11]. Specifically, people living in regular urban structures have better memory and expression of the knowledge of the surrounding geographical environment [12]. People’s navigation ability is stronger in areas with higher economic wealth [10]. Chinese speakers show advantages in the basic processing mechanisms, memory strategies, and reasoning processes of space [13]. The influence of culture on spatial ability is well-established, but we do not know the exact process of it.



In this study, we chose Chinese and Malaysian Chinese as research groups. We aim to compare the spatial ability of Chinese and Malaysian Chinese students from the same university using an eye-tracking approach. Malaysian Chinese and Chinese people are culturally homogenous, but because of the gap in space, the difference in geographical environment characteristics, and the influence of other ethnic cultures, Malaysian Chinese also have some different cultural characteristics from Chinese people [14]. Based on this, we hypothesized that Chinese and Malaysian Chinese would have a similar level of spatial ability, but there may be some differences caused by other environmental factors. We designed four tasks related to spatial ability to evaluate and compare the spatial ability of participants from different countries. In the experiment, we recorded the behavioral data and eye movement data of the participants to characterize their spatial cognitive processes (Section 3). We conducted statistical analysis of the experimental data, obtained the comparison results of the spatial ability of participants from different countries (Section 4), and discussed the possible cultural factors and environmental factors (Section 5). Finally, we present the conclusions of this study and suggestions for future work (Section 6).




2. Related Work


2.1. Spatial Ability and the Effect of Culture


Spatial ability is described as the ability to mentally generate, manipulate, and retain abstract information and/or images [15]. Based on the spatial cognitive process, Linn and Petersen [16] divided spatial ability into mental rotation, spatial visualization, and spatial perception. Many studies advocated for the use of modern factor analytic methods and a hierarchical factor model to find spatial factors. McGee [17] reviewed a number of factor analytic studies of spatial factors and proposed that spatial visualization and orientation are two defining factors of spatial ability. Lohman et al. [18] indicated that spatial ability should involve visualization, speeded rotation, closure speed, closure flexibility, and perceptual speed. Buckley et al. [19] provided a framework of spatial factors, pointing out that spatial visualization, mental rotation, spatial correlation, and spatial orientation are important factors in spatial skills; these four factors are also now widely accepted.



For these categories, researchers have developed a variety of tests to accurately measure spatial ability. Currently, widely used tests include the paper folding test of Guilford and Lacey [20], the Purdue Spatial Visualization Test (PSVT) developed by Guay [21], and the Vandenberg Mental Rotations Test [22]. However, these tests reflect people’s spatial ability on a small scale. To address the need to evaluate large-scale spatial ability, Bednarz and Lee [23] developed a set of spatial thinking ability tests (STATs). It includes seven types of questions, such as questions regarding topographic map reading, optimal site selection, and the identification of spatial associations, and it is acknowledged that STATs can measure spatial ability such as spatial visualization, spatial orientation, and spatial correlation.



The influence of culture is an important issue of individual differences in spatial ability. Many studies have shown that cross-cultural differences in spatial ability exist globally. Chang and Antes’s [11] study confirmed that Chinese participants outperformed North Dakota participants in topographic map reading, while reading the map required the visualization of objects in spatial distributions. Farrell et al. [24] conducted a study using the mental cutting test and the PSVT with STEM freshmen from different countries and reported that the spatial ability of Gulf students was significantly lower than that of Irish students; both Gulf and Irish students showed lower spatial ability than students from the US, Germany, and Poland. Coutrot et al. [10] developed a mobile-app-based cognitive task, conducting a worldwide test of spatial navigation ability, and found that there are global differences in spatial cognition. The differences begin to show up in childhood. Chinese children aged 8–12 years performed better on water-level tasks that reflected spatial perception ability than Malay children of the same age [25]. In the same task of constructing a map of the area around the school, Indian children drew more features than American children, while American children were able to draw features that were farther from the school. However, the difference was only found in the group of 12-year-olds, not in the group of 6-year-olds [26].



Studies on the sources of cultural differences focus on empirical and environmental factors. For example, STEM freshmen from different countries with different high school education backgrounds show different degrees of spatial ability [24]. Through their frequent hunting trips, Baffin Island Eskimo develop greater spatial abilities than the Temne of Sierra Leone, who settled in the village [27]. Due to the spatial information processing experience accumulated in the process of learning Chinese, Chinese children outperformed Greek children in visual/spatial processing tasks [13]. In addition, there are quantitative studies of determinants using statistical methods, which found that global differences in spatial cognition are clustered according to economic wealth and sex inequalities globally [10].



Malaysian Chinese people are mostly descendants of immigrants who arrived in Malaysia in the last century. They are also considered “cultural citizens” of China [28] since their language, life habits, and customs are still similar to those of Chinese people. However, they are also influenced by other ethnic cultures through education or lifestyle factors. Overall, it needs to be verified whether there is a difference in spatial ability between Chinese and Malaysian Chinese people.




2.2. Eye Tracking to Evaluate Spatial Ability


Eye-tracking technology has been used as an alternative to traditional paper-and-pencil tests to evaluate spatial ability since it helps researchers quantify cognitive processes in spatial tasks in addition to task performance [29,30]. By combining visual features recorded by eye movements with the AOI (area of interest), multiple eye movement metrics can be generated to describe the visual processes of users completing spatial tasks.



Fixation and saccade are two basic components of eye movements [31]. Fixation is defined as positions that the eyes stay in for an extended time and reflect the user’s visual processing; saccade is defined as rapid movements between fixations and reflects the user’s visual searching [32]. Cazzato et al. [33] used fixation metrics (fixation number and fixation ratio) to measure the cognitive load of participants of different sexes while they completed a visuospatial task and verified that males had stronger ability than females in spatial orientation and optimization strategies. Andersen et al. [34] also analyzed the participants’ fixation indicators of landmarks and indicated that a sustained landmark-oriented gaze in navigation was found in women but not in men. Toth and Campell [35] compared the fixation duration, fixation count and pupil dilation of males and females in a mental rotation task and found that sex differences in mental rotation disappeared when there was no time pressure. Sun et al. [36] established a spatial ability evaluation model based on fixations (especially first fixation) and saccades and found that people with higher spatial ability pay more attention to the acquisition of spatial structure information. In addition, the switching between different AOIs could reflect a user’s spatial memory and information-processing efficiency. Dong et al. [37] selected indicators related to fixation and switching to verify the effectiveness of a geography course to improve spatial ability and found that after the geography course, the participants’ efficiency for processing and matching spatial information were both improved. Dong et al. [38] also revealed the spatial orientation patterns of males and females by analyzing their fixation indicators and switching of indicators between AOIs.



In these studies, eye movements revealed participants’ spatial information processing and searching and measured their spatial ability effectively. For our research, we attempted to reveal the influence of culture on spatial ability from the perspective of visual cognitive processes. We designed four tasks, mental rotation, spatial visualization, spatial orientation, and spatial correlation tasks, and chose eye movement indicators related to fixations, saccades, and switching for analysis. Combined with their general performance on the tasks, we could understand how culture affects people’s acquisition, memory, and processing of spatial information.





3. Methods


3.1. Participants


Forty-eight university students (all nongeography majors, 9 males, mean age = 19.4 years, Min = 18, Max = 23, SD = 1.5) participated in this experiment. Thirty-four participants were from China, and 14 participants were from Malaysia. In particular, through the background check after the experiment, we found that all participants were Malaysian Chinese. All participants’ vision was normal or corrected-to-normal. All participants signed up for the experiment voluntarily and stated that they were aware of the study.



During the experiment, the test data with a sampling rate lower than 70% were eliminated. Therefore, the number of samples for each task was slightly different.




3.2. Apparatus


The experiment was conducted in a well-lit and free-from-interference laboratory. The Tobii T120 eye tracker (Tobii AB, Sweden; www.tobii.com, accessed on 10 May 2022) with a 22-inch monitor (1280 × 1024) was used in the experiment, and the recording accuracy of the eye tracker was 0.5° with a spatial resolution of 0.2°. The distance between the participants and the monitor was approximately 60 cm. The raw eye movement data was recorded by Tobii Studio.




3.3. Materials and Procedure


According to the composition of spatial ability and referring to the STAT, we designed four tasks: mental rotation, spatial visualization, spatial orientation, and spatial correlation.



In the spatial orientation task, we used street views from Google Maps as the experimental material, and the specific area was a section of Glasgow, UK (Figure 1). We chose the study area to ensure that all participants were not previously familiar with the area. Since the participants were completely ignorant of the study area and they had no reference (like a map) in the formal experiment, they had to be familiar with the study area in advance. Thus, we divided the experiment into two days (Figure 2).



Day 1: The participants used Google Maps to train independently to become familiar with the study area according to the training instructions. After the training, the participants needed to take the training effect test, which consisted of 20 questions. The participants needed to judge whether the subject scene was in the study area and the absolute position of the scene in the study area. Only after passing the test (accuracy ≥ 90%) could the participants participate in the formal experiment.



Day 2: Before the experiment, the researchers verbally explained the contents of the four tasks to the participants, provided the participants with example questions on paper, and confirmed that the participants fully understood all the tasks through their answers to the example questions. After that, the researchers informed the participants about the experimental operation and precautions and started the formal experiment. During the experiment, the researchers only gave a simple reminder when switching tasks and no longer explained the contents in detail.



The participants completed four successive tasks: mental rotation, spatial visualization, spatial orientation, and spatial correlation. There was no time pressure during the experiment, and the participants could rest for 30 s after completing a task to prevent fatigue from affecting the experiment. After the experiment, the researchers conducted background information investigations on the participants, including their age, major, and living environment, through interviews.




3.4. Data Analysis


We divided the area of interest (AOI) to further analyze the eye movement data of the participants (Figure 3). For mental rotation, the AOIs were two cubes; for spatial visualization, we choose key cues [37] (such as rivers, valleys, and ridges that could be used to determine location and direction) as the AOIs; for spatial orientation, the AOIs were buildings, roads, intersections, and landmarks that were meaningful for navigation. For spatial correlation, the title, main map, and legend were the AOIs [39].



The participants’ overall performance was represented by accuracy and response time [40]. We chose five eye movement metrics (Table 1) that could represent the information processing and search efficiency of the participants [41,42]. In particular, there were only two AOIs in the mental rotation task, and the AOIs involved all the information of the stimulus material. Therefore, fixation count and fixation duration were selected as the information processing indices for this task, and time to first fixation was excluded.



The statistical analysis was conducted in statistical product and service solutions (SPSS). We first standardized all the data and removed outliers (z score >3 or z score < −3). The accuracy and response time data did not follow a normal distribution, so we used nonparametric tests, specifically the Mann–Whitney U test, to verify whether there were significant differences between the two groups (p = 0.05).



We used linear mixed model regression for statistical tests on the eye movement data, since the data were obtained from repeated experiments within participants and were not independent [43]. Cultural background was used as a fixed effect, and participants were used as a random effect to predict the eye movement results (p = 0.05).





4. Results


4.1. Mental Rotation


The results of the behavioral data in the mental rotation task are shown in Figure 4. The Mann–Whitney U test indicated that Chinese participants (MCHN = 0.87) had significantly higher accuracy than Malaysian participants (MMAS = 0.78, p = 0.007, Figure 4a). Moreover, Malaysian participants (MMAS = 395.8) finished the task faster than Chinese participants (MCHN = 420.1), but the difference was not significant (p = 0.366, Figure 4b). Therefore, there were significant differences in performance on the mental rotation task between the Chinese participants and the Malaysian participants, and the Chinese participants had higher accuracy.



The linear mixed model regression results (Appendix A, Table A1) show that although the descriptive statistical results of the other eye movement indices in the two groups were different, there was no significant difference in the overall distribution.



Chinese participants had longer fixation counts (p = 0.437, Figure 4c) and fixation duration (p = 0.314, Figure 4d) for the AOIs; Malaysian participants had fewer saccades (p = 0.350, Figure 4e), but their frequency of saccades was higher than that of Chinese participants (p = 0.250, Figure 4f). The results of all the tests were not significant. It can be considered that there is no significant difference in the information processing and information searching of the Chinese participants and the Malaysian participants in the mental rotation task.




4.2. Spatial Visualization


The statistical results of the spatial visualization task (Figure 5) showed that the Malaysian participants completed the task in a shorter time (MCHN = 461.79; MMAS = 447.80, p = 0.484, Figure 5b), and their accuracy was higher than that of the Chinese participants (MCHN = 0.63; MMAS = 0.68, p = 0.854, Figure 5a). However, the test results showed that the difference between the two groups was not significant.



The linear mixed model regression results (Appendix A, Table A2) showed that there was no significant difference in the eye movement indices of the participants from different cultural backgrounds. Chinese participants and Malaysian participants may perform very similarly on the spatial visualization task.



Chinese participants and Malaysian participants fixed on the AOIs at almost the same time (p = 0.663, Figure 5c); there was almost no difference in the ratio of fixation count (p = 0.562, Figure 5d) and fixation duration (p = 0.433, Figure 5e) between the two groups. The saccade count of Malaysian participants was lower than that of Chinese participants (p = 0.841, Figure 5f), and their saccade frequency was higher (p = 0.281, Figure 5g), indicating that Malaysian participants may be more efficient in searching for information in spatial visualization tasks, but the results are not statistically significant.




4.3. Spatial Orientation


Figure 6 shows statistics of the general performance indicators and eye movement indicators in the spatial orientation task. Chinese participants completed the task with higher accuracy (MCHN = 0.62, MMAS = 0.55, p = 0.128, Figure 6a), but took longer (MCHN = 534.70, MMAS = 502.14, p = 0.634, Figure 6b). However, these differences were not significant.



The two groups of participants had significant differences in fixation for the landmark AOI. We did not detect significant differences in other eye movement indicators (Appendix A, Table A3). The participants gazed at the building AOI most frequently and for the longest time, followed by the road AOI and the landmark AOI, and they gazed at the intersection AOI least. The two groups of participants may have very similar ratios of fixation counts (Figure 6c) and fixation duration (Figure 6f) for the building AOI (pcount = 0.846, pduration = 0.849), road AOI (pcount = 0.674, pduration = 0.674), and intersection AOI (pcount = 0.702, pduration = 0.625). However, for the landmark AOI, Chinese participants’ ratio of fixation count/duration was higher than that of Malaysian Chinese participants (pcount = 0.019; pduration = 0.034). Chinese participants performed more saccades during the task (p = 0.608, Figure 6d), while Malaysian Chinese participants had a higher saccade frequency (p = 0.233, Figure 6e).




4.4. Spatial Correlation


As shown in Figure 7, Chinese participants showed higher accuracy in the spatial correlation task (MCHN = 0.73, MMAS = 0.64, p = 0.145, Figure 7a). Malaysian Chinese participants (MMAS = 461.43) took more time to complete the task than Chinese participants (MCHN = 385.61, p = 0.091, Figure 7b), but the difference was not significant.



Both groups paid the most attention to the main map, followed by the legend, and paid less attention to the title. According to the linear mixed model regression results (Appendix A, Table A4), the ratio of fixation duration of Chinese participants for the main map was significantly higher than that of Malaysian Chinese participants (p = 0.031, Figure 7h), and when judging the spatial relationship, there was a significant difference in the switching frequency between the two thematic maps (p = 0.110, Figure 7g).



Their gazes toward other types of AOIs and saccades were not found to be significantly different. According to the descriptive statistics, the ratios of fixation counts (p = 0.062, Figure 7d) of the Chinese participants for the main map AOI was higher than that of the Malaysian Chinese participants, while the Malaysian Chinese participants had more fixation counts (p = 0.085, Figure 7d) and spent more time processing (p = 0.172, Figure 7h) the title information. In terms of information searching, Malaysian Chinese participants had more saccades (p = 0.129, Figure 7c), but their saccade frequency was almost at the same level as that of Chinese participants (p = 0.815, Figure 7e). The number of switches between the two thematic maps were higher for the Chinese participants than the Malaysian Chinese participants (p = 0.745, Figure 7f).





5. Discussion


5.1. Similarities in Two Cultural Groups: Overall Performance and Visual Information Processing


This study shows that the performance of Chinese and Malaysian Chinese people in spatial ability tasks may be similar, whether in behavioral performance or visual cognitive processes. Their fixations and saccades during the tasks were not significantly different. They also had the same levels of accuracy and efficiency in the large-scale spatial ability tasks. According to the research of Seng [25], Chinese children perform significantly better in spatial ability tasks than Malay children. However, this difference disappears between Chinese and Malaysian Chinese, which may be because of their cultural homology. The nonsignificant difference between the two groups in the eye movement indicators in the four categories of spatial tasks may indicate that Chinese and Malaysian Chinese people show similar visual information searching and processing during spatial tasks. In more detail, the fixation metrics may reflect that the two groups of participants showed similar task-driven visual perception [44], and we also inferred that they may have similar spatial memory and spatial learning abilities, and use the same spatial referencing strategy and visual representation of space. Cultural factors such as language [45], cultural activities [46], and living experience [47] can shape these spatial cognition processes.



Chinese and Malaysian Chinese speak Chinese constantly; Chinese is more complicated than most of the alphabetical systems used in the West [13], and it has a unique spatial structure that can provide semantic information and pronunciation [48]. The process of mastering Chinese may affect both of the two groups’ visual/spatial strategies and abilities, including perception, memory, and reasoning [13]. Tang et al. [49] also demonstrated a differential cortical representation between native Chinese and English speakers during spatial orientation, proving that the Chinese “possess a high, nonlinear visual complexity”, which trained both of the two groups’ participants’ significant spatial awareness, and provided a reasonable speculation for their similarity of spatial ability. Due to the cognitive and linguistic concepts of spatial relations developing simultaneously during childhood, people’s relational thought is closely related to relational language [50]. Haun et al. [51] also verified that participants using languages with different reference frames showed different spatial cognitive strategies in spatial tasks. According to statistics, Xiao et al. [52] found that, in contrast to other languages, Chinese tends to use absolute frames of reference, such as north, south, east, and west, while Terrill et al. [53] and Palmer et al. [54] found that relative reference frames are used in the Austronesian Malay language.



Coutrot et al. [10] used a clustering approach to verify that spatial ability is influenced by common wealth. In the last 20 years, the gap in GDP per capita between China and Malaysia has decreased rapidly, and it has basically disappeared in the last five years. We inferred this also keeps the spatial ability of Malaysian Chinese people at a similar level to that of Chinese people, although they change their living areas. There are more direct cultural reasons that are highly correlated with GDP, such as travel experience. During travel, people can acquire much spatial knowledge, form cognitive maps, and improve their spatial ability [55], and the development of the economy can increase people’s willingness to travel [56]. Another reason is that, compared to using public transportation, driving is more beneficial to people’s spatial learning [57], while economic growth has spurred the development of more cars, pushing more people to drive [58].




5.2. Differences in Two Cultural Groups: Accuracy of Small-Scale and Visual Attention Allocation of Large-Scale


In the mental rotation task, the accuracy of Malaysian Chinese participants was significantly lower than that of Chinese participants. This finding indicates that Chinese participants process geometric features, perspective relationships, directional visual variables, and other spatial information more accurately. During the orientation task, Malaysian Chinese participants had more fixation counts and longer fixation duration on the landmark AOIs than Chinese participants did. When reading two thematic maps to determine spatial correlation, the two groups of participants showed significant differences in the assignment of visual attention to the main map, and the frequency of switching between the two maps was significantly higher in Chinese participants than in Malaysian Chinese participants.



The difference between the spatial visualization task and the mental rotation task is only the difference in the scale of the stimulus material [59]. However, the two groups showed differences in the mental rotation task but showed similar performance in the spatial visualization task. This indicates that there are also differences in the same spatial ability of people at different scales, such as the “paper-pencil test” and a large-scale task in geographical environments [60,61]. Small-scale spatial visualization skill is closely related to education, especially science education [62]. Abd Wahab et al. [63] also reported the undesirable performance of excellent Malaysian students on small-scale visual spatial tasks, pointing out that their visual spatial ability was at the lowest level. Although space geometry is taught from preschool to middle school in Malaysia [63], it is not effective, since they use the traditional teaching methods, which tend to force students to memorize knowledge and ignore application. Teachers depend highly on textbooks and do not use practical activities in the teaching process, leading to students’ visual spatial abilities not being developed [64,65]. The Malaysian Chinese participants in this study were all educated in Malaysia before attending university, which may be the reason for their suboptimal performance on the small-scale spatial visualization task.



In contrast to German and British people, Chinese and Malaysian people tend to rely on landmarks rather than memory routes during navigation [66]. People living in cities with different types of road network structures have different wayfinding tendencies [67]. Since the prevailing urban structure in Malaysia is an irregular grid pattern, it is difficult to remember routes. We inferred that Malaysian Chinese people pay more attention to landmarks than Chinese people [68,69]. However, in the spatial orientation task, Chinese Malaysian participants took less time to process the landmarks than Chinese participants, and their accuracy was lower, although the difference was not significant. This may be related to the typical urban environments of their living environments. We chose a regular grid pattern area as the experimental area, which is common in Chinese cities; however, in Malaysia, such layouts are rare. According to Davies et al. [12], compared with participants who were familiar with the road pattern, participants who were unfamiliar with the road pattern showed worse performance of cognition and expression of the surrounding environment. Coutrot [70] also pointed out that people who grew up in a city with grid-pattern streets, such as Chicago, were able to navigate in an environment that was similar to their hometown but performed poorly in an environment with irregular road patterns. Similarly, in the unfamiliar regular road pattern task, Chinese Malaysian participants’ attention to landmarks and the process of orientation may have been affected negatively. Future work may require spatial orientation experiments with irregular road patterns.



The eye movement results reflected the less desirable spatial memory and lower spatial information processing efficiency of Malaysian Chinese participants. In addition, according to the interviews after the experiment, we found that Malaysian Chinese participants tended to judge the spatial relationship through the title of the thematic map, in combination with their prior knowledge, rather than relying on the main map, while Chinese participants said that they mainly used the main map to make judgments. If there was a conflict between the information they received from the main map and the title, they still trusted the main map. Since Malaysian Chinese participants also gazed at the main map frequently, we believed that they had difficulty in obtaining relationship information from the map. This may be due to the cognitive style differences between the two groups. The analytic style is typical for Westerners, while that for Easterners is holistic [71]. Existing studies have proven that cognitive style is influenced by culture [72,73]. In particular, multicultural people’s cognitive styles can be dynamic, depending on their self-identity cognition and cultural cues [74]. As a former British colony [75], the cultures of Malaysia and the UK have a great deal in common. We inferred that the cognitive style of the Malaysian Chinese participants was also influenced by culture and tended to be analytic. The research of Gentner [76] pointed out that there is competition between analytic perceptions and holistic perception. In this research, Malaysian Chinese participants showed analytic perception, and Chinese participants showed holistic perception, which has an advantage when analyzing spatial correlation [77]. In summary, the difference in spatial ability between Chinese and Malaysian Chinese is not as significant as we expected, and the differences we have found might be explained by education, life habits, and cultural influence by other ethnicities.





6. Conclusions and Future Work


In this study, we combined behavioral measurements and eye tracking and designed a battery of spatial tasks to explore whether there were differences in the degree of spatial ability of Chinese and Malaysian Chinese people. We found that most of the spatial abilities of the two groups were not significantly different, and their visual behaviors such as gaze and saccade may also reflect their similar spatially related visual information searching and processing cognitive characteristics. However, Chinese participants showed higher accuracy in the mental rotation task than Malaysian participants; Malaysian Chinese participants assigned less visual attention to the landmarks during orientation, assigned less visual attention to the main map, and had lower visual information processing efficiency while reading the map to find the spatial correlation. This result can be explained by the two groups’ cultural homology, and the fact that Malaysian Chinese immigrants have been influenced by cultures of other races. The results contribute to the understanding of the influence of culture on spatial ability and its possible causes.



There are also some limitations in the study. Due to the COVID-19 pandemic, we had difficulty recruiting international students as participants, so we could not recruit more participants with different cultural backgrounds for this study. Besides, to ensure data quality, we excluded participants with a low sampling rate or obvious abnormal data. Thus, the number of participants in the sample is small. Since our participants did not differ enough in their cultural backgrounds, most of the results of the experiment were not statistically significant, and we could only make inferences about the nonsignificant results carefully, instead of drawing a definite conclusion. Future work needs to choose participant groups with clearer cultural differences to examine how culture shapes spatial ability. Besides, we obtained a limited number of suitable thematic maps, resulting in fewer questions for Task 4 than for the rest of the tasks. In addition, our study inferred that natural factors and economic factors influence the culture of an ethnic group and that culture shapes people’s spatial ability. However, is it possible that natural and economic factors directly affect people’s spatial ability? Future studies should link these factors with spatial ability with a larger sample.
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Table A1. Linear mixed model regression results of eye movement data in the mental rotation task (CB, cultural background; SE, standard error; EST, estimate).






Table A1. Linear mixed model regression results of eye movement data in the mental rotation task (CB, cultural background; SE, standard error; EST, estimate).





	
Eye Movement Index

	
Effect

	
95% Confidence Interval




	
EST

	
SE

	
F

	
p Value






	
Fixation count/#

	
CB

	
−5.621

	
7.163

	
0.616

	
0.437




	
Intercept

	
62.814

	
3.869

	

	




	
Fixation duration/s

	
CB

	
−1.766

	
1.733

	
1.039

	
0.314




	
Intercept

	
15.142

	
0.936

	

	




	
Saccade count/#

	
CB

	
−9.280

	
9.828

	
0.892

	
0.350




	
Intercept

	
93.531

	
5.429

	

	




	
Saccade frequency/#·s−1

	
CB

	
0.591

	
0.507

	
1.360

	
0.250




	
Intercept

	
4.275

	
0.280
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Table A2. Linear mixed model regression results of eye movement data in the spatial visualization task (CB, cultural background; SE, standard error).






Table A2. Linear mixed model regression results of eye movement data in the spatial visualization task (CB, cultural background; SE, standard error).





	
Eye Movement Index

	
Effect

	
95% Confidence Interval




	
Coefficient

	
SE

	
F

	
p Value






	
Time to first fixation/s

	
CB

	
−0.010

	
0.022

	
0.194

	
0.663




	
Intercept

	
0.320

	
0.014

	

	




	
Ratio of fixation count/#

	
CB

	
0.011

	
0.018

	
0.343

	
0.562




	
Intercept

	
0.701

	
0.011

	

	




	
Ratio of fixation duration/s

	
CB

	
0.016

	
0.020

	
0.628

	
0.433




	
Intercept

	
0.734

	
0.012

	

	




	
Saccade count/#

	
CB

	
−2.252

	
11.168

	
0.041

	
0.841




	
Intercept

	
97.503

	
6.888

	

	




	
Saccade frequency/#·s−1

	
CB

	
0.482

	
0.440

	
1.200

	
0.281




	
Intercept

	
3.895

	
0.272
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Table A3. Linear mixed model regression results of eye movement data in the spatial orientation task (CB, cultural background; SE, standard error; EST, estimate; * p < 0.05, ** p < 0.01).






Table A3. Linear mixed model regression results of eye movement data in the spatial orientation task (CB, cultural background; SE, standard error; EST, estimate; * p < 0.05, ** p < 0.01).





	
Eye Movement Index

	
Effect

	
95% Confidence Interval




	
EST

	
SE

	
F

	
p Value






	
Ratio of fixation count

	
Road

	
CB

	
0.021

	
0.049

	
0.180

	
0.674




	
Intercept

	
0.214

	
0.169

	

	




	
Building

	
CB

	
−0.009

	
0.046

	
0.038

	
0.846




	
Intercept

	
0.583

	
0.027

	

	




	
Landmark

	
CB

	
−0.023

	
0.009

	
6.123

	
0.019 *




	
Intercept

	
0.091

	
0.006

	

	




	
Intersection

	
CB

	
0.003

	
0.006

	
0.148

	
0.702




	
Intercept

	
0.042

	
0.004

	

	




	
Ratio of fixation duration

	
Road

	
CB

	
0.022

	
0.053

	
0.179

	
0.674




	
Intercept

	
0.222

	
0.031

	

	




	
Building

	
CB

	
−0.010

	
0.050

	
0.037

	
0.849




	
Intercept

	
0.570

	
0.029

	

	




	
Landmark

	
CB

	
−0.020

	
0.009

	
4.908

	
0.034 *




	
Intercept

	
0.080

	
0.005

	

	




	
Intersection

	
CB

	
0.004

	
0.008

	
0.243

	
0.625




	
Intercept

	
0.046

	
0.005

	

	




	
Saccade count/#

	
CB

	
−2.665

	
5.155

	
0.267

	
0.608




	
Intercept

	
52.335

	
3.010

	

	




	
Saccade frequency/#·s−1

	
CB

	
0.525

	
0.433

	
1.471

	
0.233




	
Intercept

	
4.745

	
0.309
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Table A4. Linear mixed model regression results in the spatial correlation task (CB, cultural background; SE, standard error; EST, estimate; * p < 0.05, ** p < 0.01).






Table A4. Linear mixed model regression results in the spatial correlation task (CB, cultural background; SE, standard error; EST, estimate; * p < 0.05, ** p < 0.01).





	
Eye Movement Index

	
Effect

	
95% Confidence Interval




	
EST

	
SE

	
F

	
p Value






	
Ratio of fixation count

	
Title

	
CB

	
0.035

	
0.199

	
3.096

	
0.085




	
Intercept

	
0.118

	
0.011

	

	




	
Legend

	
CB

	
0.002

	
0.018

	
0.011

	
0.919




	
Intercept

	
0.205

	
0.009

	

	




	
Main map

	
CB

	
−0.054

	
0.028

	
3.655

	
0.062




	
Intercept

	
0.520

	
0.017

	

	




	
Ratio of fixation duration

	
Title

	
CB

	
0.025

	
0.018

	
1.923

	
0.172




	
Intercept

	
0.070

	
0.010

	

	




	
Legend

	
CB

	
0.000

	
0.020

	
0.000

	
0.996




	
Intercept

	
0.217

	
0.011

	

	




	
Main map

	
CB

	
−0.070

	
0.031

	
4.951

	
0.031 *




	
Intercept

	
0.524

	
0.017

	

	




	
Saccade count/#

	
CB

	
30.782

	
19.839

	
2.408

	
0.129




	
Intercept

	
148.822

	
10.502

	

	




	
Saccade frequency/#·s-

	
CB

	
−0.071

	
0.301

	
0.055

	
0.815




	
Intercept

	
4.734

	
0.159

	

	




	
Switch time/#

	
CB

	
−0.784

	
2.392

	
0.107

	
0.745




	
Intercept

	
22.485

	
1.300

	

	




	
Switch frequency/#·s−1

	
CB

	
−0.116

	
0.043

	
7.199

	
0.010 **




	
Intercept

	
0.703

	
0.025
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Figure 1. Experimental area: the blue box represents the experimental area; the orange lines represent roads. Since the participants’ native language is Chinese, the map used in the experiment had some Chinese annotations. 
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Figure 2. Procedure. 






Figure 2. Procedure.
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Figure 3. Analysis framework. 
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Figure 4. Statistics in the mental rotation task: (a) accuracy; (b) response time; (c) fixation count; (d) fixation duration; (e) saccade count; (f) saccade frequency (* p < 0.05, ** p < 0.01). 
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Figure 5. Statistics in the spatial visualization task: (a) accuracy; (b) response time; (c) time to first fixation; (d) ratio of fixation count; (e) ratio of fixation duration; (f) saccade count; (g) saccade frequency (* p < 0.05, ** p < 0.01). 
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Figure 6. Statistics in the spatial orientation task: (a) accuracy; (b) response time; (c) ratio of fixation count; (d) saccade count; (e) saccade frequency; (f) ratio of fixation duration (* p < 0.05, ** p < 0.01). 






Figure 6. Statistics in the spatial orientation task: (a) accuracy; (b) response time; (c) ratio of fixation count; (d) saccade count; (e) saccade frequency; (f) ratio of fixation duration (* p < 0.05, ** p < 0.01).
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Figure 7. Statistics in the spatial correlation task: (a) accuracy; (b) response time; (c) saccade count; (d) ratio of fixation count; (e) saccade frequency; (f) switch time; (g) switch frequency; (h) ratio of fixation duration (* p < 0.05, ** p < 0.01). 






Figure 7. Statistics in the spatial correlation task: (a) accuracy; (b) response time; (c) saccade count; (d) ratio of fixation count; (e) saccade frequency; (f) switch time; (g) switch frequency; (h) ratio of fixation duration (* p < 0.05, ** p < 0.01).
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Table 1. Definitions and Meaning of the Metrics.
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Evaluation Index

	
Definition

	
Meaning






	
Accuracy

	
The ratio of correct answers in the task

	
The accuracy and efficiency




	
Response Time

	
The time the participants take to complete a task




	
Time to First

Fixation

	
The time spent before the AOI was first fixated on

	
Time required to notice key information areas




	
(Ratio of)

Fixation Count

	
Number of fixations within the AOI (divided by the total fixation count)

	
Information processing load




	
(Ratio of)

Fixation Duration

	
All durations of fixation on one AOI (divided by the total fixation duration)

	
Time required to process information




	
Saccade Count

	
Total saccade count within the AOI

	
Information searching load




	
Saccade Frequency

	
Saccade counts divided by visit duration

	
Information search efficiency




	
Switch Time

	
Number of switches between different maps

	
Number of information matches




	
Switch Frequency

	
Switching time divided by visit duration

	
Information matching efficiency
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