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ABSTRACT
Measurement is significant in geospatial thinking research. This study evaluated the geospatial 
thinking of pre-service geography teachers through an orienteering design tasks and subjective 
evaluation methods. Moreover, it analyzed their level of geospatial thinking, difficulty of evaluation 
indicators and rater severity with the Many-Faceted Rasch Model. The results showed the geospatial 
thinking of participating pre-service geography teachers was at a moderate level. The estimation 
results of the model were well fitted. The evaluation indicators had a good degree of differentiation. 
Therefore, using the MFRM helps interpret the results of a geospatial thinking assessment in a more 
comprehensive way.

Introduction

Since the National Research Council (2006) published 
Learning to Think Spatially, geospatial thinking has attracted 
attention from countries and regions around the world and 
has been incorporated into school curricula. Phillip Davis, 
director of the National Geospatial Technology Center, stated 
that geospatial thinking is a socially necessary skill. Zwartjes 
et  al. (2017) pointed out that geospatial thinking, like other 
skills such as language, mathematics, and science, can and 
should be learned during one’s schooling. Therefore, the 
development of geospatial thinking should be included in 
the field of basic education, as it is in the geography curric-
ulum standards of some countries (Solari 2015). For exam-
ple, the European Commission has attempted to encourage 
the inclusion of geospatial thinking in the curriculum by 
supporting the GI-Learner project, the goal of which is to 
develop an approach to learning spatial thinking that meets 
the needs of students (Zwartjes et  al. 2017). The American 
the National Geography Standards (Heffron and Downs 
2012) and current Chinese General High School Geography 
Curriculum Standards both emphasized that geospatial think-
ing plays an important role in fostering talents. In addition, 
a 1996 report by the French School Commission listed 
“understanding space ansd time” as one of six mandatory 
school outcomes.

There is a rising understanding in the geography-education 
community of the importance and usefulness of spatial 
thinking, as well as geography as a tool of developing spatial 

thinking in the classroom (Jo and Bednarz 2014). The study 
of geospatial thinking is currently attracting the interest of 
geography-education researchers around the world, and there 
is a rich literature that explores connotations, components 
(Zwartjes et  al. 2017) and factors associated with geospatial 
thinking (Low, Boger, and Mandryk 2014). Researchers have 
investigated the discipline (Liu and Guo 2021), instructional 
interventions (Collins 2018; Perugini and Bodzin 2020), and 
assessment tools (Lee and Bednarz 2009). The role of GIS 
(Geographic Information System) learning in the develop-
ment of spatial thinking has also been explored (Perugini 
and Bodzin 2020); for example, Bodzin (2011) examined the 
contribution of GIS learning to the development of geospa-
tial thinking. Moreover, scholars have focused on the impact 
of training in geospatial thinking on other skills (e.g., 
Hegarty et  al. 2010).

The measurement of geospatial thinking is a key issue in 
geospatial thinking research. Early research on this domain 
was mainly in the field of psychology (Goldstein, Haldane, 
and Mitchell 1990), using, for example, spatial tests from the 
Kit of Factor Referenced Cognitive Tests (Ekstrom et  al. 
1976). On this basis, geographers and geography educators 
have continued to search for appropriate tools for assessing 
geospatial thinking (Charcharos, Tomai, and Kokla 2015). 
They have created some assessment tools that combine the 
characteristics of geography and geographic information 
technology to improve the accuracy of assessment (Huynh 
and Sharpe 2013; Kali, Orion, and Mazor 1997; Kerski 2003). 
However, few researchers have used hands-on methods, such 
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as the results of performance tasks, to collect data about lev-
els of geospatial thinking.

Most scholars have used classical test theory to evaluate 
geospatial thinking. Few scholars apply the Multi-Faceted 
Rasch Model (MFRM), which is based on item-response 
theory to evaluation tasks. Compared to traditional 
knowledge-testing methods, MFRM is able to eliminate error 
caused by subjective factors such as raters and difficulty of 
test questions. For this reason, MFRM has been used in the 
field of education to analyze the effect of task difficulty of 
tasks, rater severity and rater scoring style on the scores 
received by test takers (Wu and Tan 2016).

The geospatial thinking of pre-service geography teachers 
plays a crucial role in the future teaching of geography and 
geospatial thinking. Therefore, in this paper, MFRM is used 
to analyze scores of pre-service geography teachers in a task 
assessment, with the goal of taking the task difficulty and 
rater severity into consideration to provide researchers with 
a guidance for using MFRM in the area of assessment of 
geospatial thinking.

Literature review and hypotheses

Geospatial thinking

The report of the National Research Council, “Learning to 
think spatially” defines “spatial thinking” as a kind of think-
ing related to the use of spatial concepts, representational 
tools and reasoning processes, which can use space to 
deconstruct problems, find answers and propose solutions. 
The “space” here refers to the subject matter of geography 
and earth sciences. The report emphasizes the important 
role of geospatial thinking in the discipline of geography 
(National Research Council 2006, Ishikawa 2015). Therefore, 
geospatial thinking can be seen as part of spatial thinking, a 
subset of spatial thinking concerned with the Earth’s surface 
and its representation (Huynh and Sharpe 2013). From this 
perspective, geospatial thinking is a collection of knowledge 
or skills that are learnable and can be improved through 
training.

Geospatial thinking plays an active role in many fields of 
science and is an important part of learning in the twenty 
first century (Azevedo, Osorio, and Ribeiro 2019). It is often 
used in the sciences, including in mathematics (Delgado and 
Prieto 2004), physics (Keehner et  al. 2004), surgical training 
(Anastakis, Hamstra, and Matsumoto 2000), engineering 
(Hegarty and Waller 2006) and art and architecture (Chan 
2008). Certain aspects are part of liberal arts courses, such 
as social sciences (Lobao 2003) and history (Knowles 2000). 
Numerous studies have confirmed that geospatial thinking is 
crucial for success in STEM fields (Wai, Lubinski, and 
Benbow 2009; Lubinski 2010; Cohen and Hegarty 2012), and 
spatial thinking increases the likelihood of students earning 
a degree or career in STEM (Keehner et  al. 2006; Shea, 
Lubinski, and Benbow 2001). It can be argued that geospa-
tial thinking is one of the key competencies for talent from 
now and into the future.

Individual neural differences, experience and the clarity 
of objective information can influence geospatial thinking. 

Studies have been conducted to examine the effects (Casey, 
Nuttall, and Pezaris 1997), age (Solem et  al. 2021), educa-
tion, occupation, general intelligence, geographic expertise, 
map use habits, and interest in geographic learning on geo-
spatial thinking.

Due to the plasticity of geospatial thinking and its con-
firmed extensibility (Uttal, Miller, and Newcombe 2013; 
Newcombe 2017), there is a growing interest in teaching 
geospatial thinking. Numerous empirical studies have 
reported on educational interventions to improve geospatial 
thinking, including (a) attention to the acquisition and use 
of spatial vocabulary (Gentner 2007); (b) the use of body 
language to complement mental maps (Newcombe 2010); (c) 
the use of teaching aids, mental maps, and virtual space 
software (Hauptman 2010); (d) extensive use of GIS (Manson 
et  al. 2014); (e) geography games (Feulner and Kremer 
2014); (f) Design interesting and challenging geography 
courses using a variety of geospatial techniques (Favier and 
van der Schee 2014, Carbonell-Carrera, Saorin, and 
Hess-Medler 2020).

Measurement of geospatial thinking

The measurement of geospatial thinking is an important 
topic in research related to geospatial thinking. To date, 
however, few assessment tools for spatial thinking have been 
produced, and measures and methodologies differ by disci-
pline and study, such as testing spatial thinking on a geo-
graphic scale in geoscience contexts (Lee and Jo 2022). 
Researchers first focused on the development of psychomet-
ric scales (Havelkova and Hanus 2021; Hegarty and Waller 
2006), such as psychometric scales and intelligence tests 
(Liben, Kastens, and Stevenson 2002), cognitive-ability tests 
(Battersby, Reginald, and Meredith 2006), and mental rota-
tion tests (Pertusic, Varro, and Jamieson 1978). However, 
these paper-and-pencil psychometric scales can only mea-
sure small-scale geospatial ability (Hegarty et  al. 2006), and 
geospatial ability cannot be equated with geospatial thinking 
(Wakabayashi and Ishikawa 2011). Studies have confirmed 
that there is not a perfect match between students’ scores on 
psychometric scales and their geospatial thinking perfor-
mance (Ishikawa 2013). There has been a demand for fur-
ther development of instruments that go beyond the 
psychological domain and that better represent geospatial 
thinking. Two such instruments are the Attitude toward 
Spatial Thinking Inventory (Milson and Alibrandi 2008) and 
the Self-Assessment of Spatial Habits of Mind (Kim and 
Bednarz 2013). In 2005, the SST (Spatial-Skills Test) was 
created to examine the effects of GIS learning on the 
spatial-thinking skills of university students (Lee 2005). 
Later, Lee and Bednarz (2009) developed and iteratively val-
idated the STAT through a more rigorous and standardized 
research process, and it remains one of the most widely used 
measurement tools used. The STAT was used to investigate 
the effectiveness of a web-based GIS application in improv-
ing students’ geospatial thinking (Jo, Hong, and Verma 2016) 
and to identify the factors that influence geospatial thinking 
(Uttal and Cohen 2012). However, STAT does possess the 
drawbacks of paper-and-pencil tests. A hands-on approach 
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to assessment was used in creating a “tool to assess learners’ 
spatial thinking about the enhanced greenhouse effect”(Skaza 
2016). Compared with STAT, this spatial thinking assess-
ment project has the characteristics of contextualization, 
overcomes the shortcomings of generality, and focuses more 
on the environmental science content domain. Researchers 
in various fields have attempted to create similar assess-
ments, for example, by measuring spatial thinking in a geo-
graphical context through a 30-question test that identifies 
characteristics of geospatial thinkers at different levels 
(Huynh and Sharpe 2013).

In summary, a number of geospatial thinking assessment 
tools have been developed, but all have their own draw-
backs, and more valid and reliable measures of geospatial 
thinking continue to be investigated. In order to better ana-
lyze and interpret the evaluation scores of geospatial think-
ing, a multi-factor comprehensive evaluation method is 
adopted.

Many-faceted Rasch model

The Rasch model is one of the earliest models proposed by 
item response theory. It estimates individual’s potential abil-
ity or trait by analyzing the response to a series of items, 
which has a profound influence on subsequent psychometric 
models. However, the Rasch model also has some draw-
backs: it only considers the difficulty of the project as the 
only project characteristic parameter, which may not be suf-
ficient to describe all types of test items. MFRM is an exten-
sion of Linacre (1994) to the one-parameter Rasch model 
based on Rasch measurement theory. Compared with the 
Rasch model, this model extends the factors that affect the 
test result to multiple dimensions, including raters, grading 
standards, etc., so as to measure the real ability level of can-
didates more accurately. It has been used to analyze the 
many factors that influence test results including in language 
assessment (Batty 2015). In recent years, the MFRM has 
been used quite frequently in the fields of language assess-
ment (Sims et  al. 2020; Fan and Bond 2016; Hang 2011), 
pedagogy (Basturk 2008) and psychometrics and medical 
technology (Lawson and Brailovsky 2006).

Rater-mediated performance assessment is playing an 
increasingly important role in education and the behavioral 
sciences (Seo and Husein 2013). In assessments and exam-
inations involving raters, there is often a need to face the 
challenge of scoring consistency (Wolfe 2004); that is, that 
scores not be affected by the difficulty of test questions or 
personal characteristics of raters. There is a growing interest 
in the potential of the MFRM to handle the many-faceted 
data that is produced through rater-mediated assessment. 
Related research has focused both on the mathematical and 
statistical foundations of the MFRM (Chalmers and Andrich 
1991; Fischer and Molenaar 1995) and on its application 
(Bond and Fox 2001; Royal 2014).

However, few studies have applied MFRM to the assess-
ment of geospatial thinking. In the past, Classical Testing 
Theory (CTT) was widely used to evaluate geospatial think-
ing to ensure the reliability and validity of the measured 
data. For example, De Miguel and De Lazaro tested the 

spatial thinking level of students through the Learning 
Progression Scale, the reliability and validity of which were 
tested by Cronbach’s α quantization index, but the study 
ignored the impact of subjective differences of raters on the 
scoring results (De Miguel González and De Lázaro Torres 
2020). Toru Ishikawa examined the relationships between 
geospatial thinking and spatial ability. In this study, two 
independent raters scored the geospatial thinking test, and 
the study conducted a scorer reliability analysis on the test 
data to prove the reliability of the score (Ishikawa 2013). 
The correlation coefficient obtained by this kind of tradi-
tional assessment method based on CTT only means that 
the assessment is consistent, but it cannot judge whether the 
score of the rater can accurately reflect the real level of the 
subject.

As one of the models of Item Response Theory, the 
MFRM can effectively make up for the shortcomings of tra-
ditional assessment methods. The MFRM parameterizes the 
various measurement dimensions of the scoring process and 
presents that these dimensions will collectively influence the 
score that testees receive. In the field of education, research-
ers have focused on the effects of test question difficulty, 
task difficulty, rater severity and the influence of dimensions 
like scoring style (Peeters, Sahloff, and Stone 2010). The sta-
tistical framework provided by MFRM can eliminate the 
influence of various factors in the subjective score on the 
score result and improve the reliability of the subjective 
score result (Linacre 1994). Therefore, the use of MFRM sta-
tistical tools can provide more information about the test 
and the candidate’s performance on the test to better analyze 
and interpret geospatial thinking assessment scores.

Methodology

Participants

This study was conducted in the School of Geographical 
Sciences at a teacher-training university in Guangdong 
Province, China, where the quality of pre-service geography 
teachers is among the highest in China. The study used a 
cluster sampling method, and 94 full-time, undergraduate, 
junior geography-science (teacher-training) majors partici-
pated, of whom 18 (19.00%) were male and 76 (81.00%) 
were female. The study took place during a compulsory pro-
fessional course, Geography Pedagogy, and the grade for the 
performance task was part of the grade for the course. 
Because the course was important to the students, most of 
them worked hard to achieve high marks. Prior to this, the 
study participants had taken more than 10 compulsory 
courses in their major, such as physical geography, geological 
geomorphology, human geography, regional geography, car-
tography and GIS, and so had a certain foundation in 
geography.

Prior to the finalization of the research design, an explor-
atory focus interview was conducted to understand 
pre-service geography teachers’ perceptions of geospatial 
thinking. Five researchers in geospatial thinking participated 
in this exploratory focus interview. Three researchers believed 
that Lee et  al.'s geospatial thinking evaluation index is 
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applicable to pre-service geography teachers. Some respon-
dents believed that the difficulty of their test questions may 
be lower than the specific level of pre-service geography 
teachers, and suggested using subjective evaluation methods 
to complete the pre-service geography teacher’s spatial think-
ing ability test.

Orienteering design task: A task-based assessment of 
pre-service teachers’ geospatial thinking

In order to address the pre-service geography teachers’ pro-
fessional attributes to geospatial thinking, the pre-service 
geography teachers were asked to complete an orienteering 
design task, which included designing a one-day practical 
geography activity and recording it on a designated campus 
map. This task requires pre-service geography teachers to 
consult relevant materials and use the LocalSpace Viewer 
software to create a directional off-road map of Cunjinqiao 
Park in Zhanjiang City. The map needs to include 7 passing 
points (including starting point, ending point, and check-in 
point). Pre-service geography teachers need to choose one of 
the layout methods, such as closed, semi closed, open, and 
intersecting, based on factors such as terrain, personnel 
level, venue, time, and season. Moreover, the map needs to 
accurately indicate the starting and ending points, check-in 
points, and walking routes. The route design should con-
sider accessibility and rationality, and be explained using 
text and pictures.

During the process of completing directional orienteer-
ing design tasks, pre-service geography teachers may face 
challenges that require the use of specific geospatial think-
ing abilities to solve problems. For example, when the 

pre-service teachers choose waypoints, they need to iden-
tify point data in spatial information and further deter-
mine the positional relationship between waypoints. This 
requires pre-service geography teachers to have the ability 
to understand the depiction of geographic features and 
search for spatial advantage. Afterwards, the pre-service 
teachers may experience difficulty in positioning during 
the process of drawing maps, which requires them to 
understand orientation and positioning, such as front to 
back, east to west, north to south, east to west, horizontal 
and vertical.

Evaluation criteria

This study used the STAT (Lee and Bednarz 2012), as 
shown in Table 1. Based on the types of geospatial think-
ing ability tested by the questions in the STAT test, this 
paper analyzes the content of 16 questions and obtains 8 
dimensions of geospatial thinking ability indicators: (a) 
understanding direction, (b) comparing map information, 
(c) choosing the best location based on geospatial elements, 
(d) visualizing a profile from a topographic map, (e) 
searching for spatial relevance, (f) visualizing a 3-D image 
from 2-D information, (g) layer overlays, and (h) under-
standing the depiction of geographical features. In order to 
enhance the differentiation of orienteering design task 
scoring and to measure pre-service teachers’ geospatial 
thinking, the 0–1 scoring of the original scale was aban-
doned in favor of a 5-point Likert scale, with 5 = excellent 
and 1 = poor.

To assess the design proposals, six researchers in the field 
of geospatial thinking were selected as scorers, and they 
anonymously scored the designs according to the evaluation 
criteria.

Taking the activity design of Orienteering in Cunjinqiao 
Park in Zhanjiang City as an example, this study gathered 
6 scholars with research experience in geospatial thinking. 
Based on 17 secondary indexes of three first-level indexes, 
namely, geographical practice ability, geospatial thinking 
and creativity, the Orienteering scheme designed by 
pre-service geography teachers is graded, and finally the 
average score of scholars is divided into data to measure 
the completion of pre-service teachers works. Among them, 
the secondary indicators of “geographical practical ability” 
include “spatial orientation,” “access to information,” “scien-
tific demonstration” and “sharing and communication.” The 
secondary indicators of “geospatial thinking” include 
“understanding of direction,” “comparing map information,” 
“choosing the best location based on geospatial elements,” 
“visualizing a profile from a topographic map,” “searching 
for spatial relevance,” “visualizing a 3-D image from 2-D 
information,” “layer overlays,” and “understanding the 
depiction of geographical features.” The secondary indica-
tors of “creativity” include “novelty,” “fluency,” “flexibility,” 
“precision” and “usefulness.”

Taking the evaluation results of the orienteering activ-
ities in Cunjinqiao Park as an example, Figure 1 shows 
the Orienteering Map which was designed by student 
NO.20182621002. This scheme designs Orienteering map, 

Table 1.  Indicators of geospatial thinking.

Indicator Contents

Understanding direction Understand orientation and positioning, 
such as front to back, east to west, 
north to south, east to west, horizontal 
and vertical.

Comparing map information Identify, reason about and graph spatial 
relationships for a single variable.

Choosing the best location 
based on geospatial elements

Using spatial reasoning, visualize, 
superimpose and manipulate spatial 
objects mentally without physically 
superimposing them on a map.

Visualizing a profile from a 
topographic map

Recognize spatial forms such as 
cross-sections, 3D boxplots; transform 
perceptions, representations and images 
from one dimension to another.

Searching for spatial relevance Recognize and reason about the spatial 
relationships between groups of maps, 
including correlating and estimating 
distributional phenomena, and then 
draw spatial representations.

Visualizing a 3-D image from 
2-D information

Reason spatially, orient oneself in a realistic 
environment, and visualize real-world, 
three-dimensional terrain from a 
two-dimensional topographic map.

Layer overlays Reason spatially about maplayer Boolean 
logic (overlay vs. superposition).

Understanding the depiction of 
geographical features

Identify and visualize spatial data (points, 
lines, surfaces) and their spatial patterns 
from spatial information expressed 
visually or verbally; understand spatial 
shapes and patterns.
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and excavates the activity sites with local characteristics 
in the area for contestants to carry out landscape appre-
ciation, landscape identification and other activities. It 
can well reflect the expected goal of “geographical prac-
tice power” and the goals of “understanding direction,” 
“comparing map information,” “choosing the best loca-
tion based on geospatial elements” in “geospatial think-
ing.” At the same time, according to the local actual 
situation, the activity design also pays attention to the 
coverage of the area, excavates the natural and cultural 
landscape of CunJinqiao Park, the purpose is strong and 
the scheme design has good innovation. However, in the 
scheme design, there is a lack of geospatial thinking 
ability, such as “visualizing a profile from a topographic 
map,” “searching for spatial relevance,” “visualizing a 3-D 
image from 2-D information,” “layer overlays” and so 
on. The design of these contents needs to be strength-
ened in the scheme.

Rater training

Before the raters graded the orienteering design tasks, the 
research team explained the purpose of the study and the 
scoring criteria. Then, raters were asked to rate three ran-
domly selected tasks according to the scoring criteria. Items 
with large differences in scoring and parts that the raters did 
not understand were discussed. Finally, all raters graded 
independently.

Data analysis

In this study, 94 pre-service teachers were organized to 
complete “orienteering design tasks,” 94 questionnaires were 
distributed, and 94 questionnaires were returned, with a 
recovery rate of 100%. This study used FACETS (version 
3.83.6) software to create the MFRM and to analyze the 
data. The MFRM is a measurement model that Linacre 
extended from the Rasch model to analyze multiple vari-
ables with potential impact on measurement outcomes. 
FACETS software, which is commonly used to analyze 
MFRM data, is able to include the rater, the assessment task 
and the scoring criteria as three separate facets, so it was 
appropriate for use in this study (Linacre and Wright 2006). 
In this study, three dimensions were created using the 
FACETS software: the geospatial thinking of pre-service 
geography teachers, the difficulty of the evaluation indica-
tors, and the the severity of the raters. Raters were coded as 
judge 1, judge 2, … judge 6. The 94 pre-service geography 
teachers were coded as student 1, student 2, … student 94. 
Eight indicators of geospatial thinking were coded as item 1, 
item 2, … item 8.

The dimensions considered in this study when evaluating 
geospatial thinking were both the difficulty of evaluation 
indicators and the severity of raters. For the nth pre-service 
geography teacher, with a geospatial thinking score of k, an 
evaluation-indicator score of l and a rater-severity score of j, 
the Logit for a rating of k by this rater for this indicator can 
be expressed as

Figure 1. A n example of orienteering design task.
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where Pnljk is the probability that the nth student, with item 
l and rater j, will score k when the student’s geospatial 
thinking score is k; and Pnljk-1 is the probability that the nth 
student, with item l and rater j, will score k − 1 when the 
student’s geospatial thinking score is k.

θn is the score for geospatial thinking of pupil n.
δl is the difficulty of evaluating indicator l.
αj is the severity of rater j.
τk refers to the difficulty boundary between k and k − 1 

on the evaluation scale also known as the threshold difficulty.
The model shows that the pre-service geography teachers 

score for geospatial thinking, the difficulty of the assessment 
indicator, and the severity of the rater are the dimensions 
considered. In terms of assessing model fit, infit MnSq and 
outfit MnSq can be used to measure how well each individ-
ual’s actual score fits the model predictions.

Separation and reliability are used to measure whether the 
difference between individuals for each facet is greater than 
the measurement error. Higher values of separation and reli-
ability indicate greater confidence that the values for that 
facet are significantly different and that there are significant 
differences between individuals. Separation coefficients 
greater than 2 are generally considered to be significantly 
different, and a confidence level closer to 1 means that the 
data are more stable.

Results

This study assessed the geospatial thinking exhibited in 94 
“orienteering design tasks” completed by participating 
pre-service geography teachers. A three-dimensional Rasch 
model was used to calculate students’ geospatial thinking 
and rater severity, using the approach of Zhang and Wu 
(2008), which anchored the difficulty of evaluation indica-
tors at 0 logit.

Summary statistics for the three-dimensional Rasch 
model analysis

The overall estimation results and fit of the model at each 
level are shown in Table 2. Scores for rater severity was 
much lower than those for difficulty of the evaluation indi-
cators, showing that raters’ scores were relatively lenient. The 
performance scores of the pre-service geography teachers 
tested were higher than the difficulty of the evaluation indi-
cators, indicating that most performed quite well. They 
demonstrated a moderate level of geospatial thinking with a 
left-skewed distribution, and the results of the calibration 
were as expected.

In terms of fit, the mean square values for infit and outfit 
ranged from 0.7 to 1.3, which indicated suitability for anal-
ysis using the MFRM and the overall fit of the model was 
good. Reliability values for all dimensions are very close to 
1, indicating a fairly high level of stability for this 

assessment of geospatial thinking. Finally, the significance of 
the overall model was checked with a chi-square statistic 
(Hambleton and Swaminathan 1985), which showed that all 
levels of the model for this geospatial-thinking assessment 
were significant.

The Rasch model also provided the root mean square 
error (RMSE) for each dimension with RMSE values of 0.06, 
0.06 and 0.21 for the evaluation scale, rater severity and the 
level of geospatial thinking, respectively, indicating very low 
measurement error for the three dimensions.

Analysis of three dimensions

Table 2 also presents the difficulty parameter estimates for 
each dimension, including the mean, logical measurement 
value, and degree of fit and separation.

“Measure” indicates the difficulty of the evaluation indi-
cators, severity of the raters, and pre-service geography 
teachers ability on the logit scale, with higher scores indi-
cating greater degree of each dimension. For the evaluation 
indicators, the highest value of 0.91 for “4: Visualize a pro-
file from a topographic map” indicates that the most diffi-
cult task for pre-service geography teachers was to visualize 
three-dimensional topography in the real world from a 
two-dimensional topographic map. Item “6: Visualizing a 
3-D image from 2-D information” was also not easy for the 
pre-service teachers to master. In contrast, indicator “1 
Understanding direction” was the easiest for pre-service 
geography teachers to achieve, presenting lower parameter 
values. As for raters, all raters measured less than 0, indi-
cating that raters as a whole maintained a consistent level 
of severity, they were all lenient. However, certain raters 
were relatively stricter or more lenient, with rater J2 being 
more lenient and raters J5 and J6 being stricter. Table 2 
also presents the data for the 10 pre-service geography 
teachers with the highest scores for geospatial thinking. 
S74 and S82 have the highest values, indicating that they 
are strong geospatial thinkers. At the same time, all the 
pre-service teachers had measurements above 1 logit, indi-
cating that they exhibited a high level of geospatial thinking.

The results of separation and chi-square tests indicated 
that there were significant differences in the evaluation 
indicators and geospatial thinking of the pre-service geog-
raphy teachers. The separation between raters was 17.94, 
with significant differences between raters, meaning that if 
there had been a normally distributed parent group of sim-
ilarly composed judges to this study, the differences in the 
severity of their ratings could have been divided into at 
least 17 tiers, which implies that even with trained and dis-
cussed judges, it is still difficult to disentangle the subjec-
tivity of raters when rating. Meanwhile, estimate 
discrimination, one of the measures of model fitness, 
should reasonably range between 0.5 and 1.5 (Linacre and 
Wright 2006), with all ratings within an acceptable range 
of discrimination.

A review of the calculations of level of geospatial think-
ing in Table 3 shows that the mean progressively increases 
across the different evaluation indicators, that the 
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measurements of category structure (Rasch-Andrich thresh-
olds) for the levels were progressively higher, and that the 
adjacent measurements of category structure were less than 
5 logits in magnitude, which means that the use of five-point 
Likertscales to differentiate between levels of geospatial 
thinking is appropriate (Linacre and Wright 2006). This 
indicates that five-point Likert scales is appropriate for 
applying the evaluation indicators.

Visualization of analysis results

Figure 2 presents three levels of internal variation from 
which the distribution of all objects can be seen. The 
“Measr” column indicates logit metric values ranging from 

−4 to 3, spanning a total of 9 logits. Higher values signify a 
more relaxed set of requirements. The second column, 
“judge,” shows rater severity distributed roughly from 0 to 
−4 logits, with the most lenient rater, j6, at the top. The 
third column, “students,” shows the score for geospatial 
thinking of the pre-service geography teachers, with the 
most geospatially minded at the top of the table. The fourth 
column, “Scale,” presents the difficulty of the evaluation 
indicators, with the easiest being indicator 4.

A concentration trend in scoring can be seen in a prob-
ability plot, which is likely to exist if each band line for 
scores is widely spaced on the plot and has independent 
spikes (Myford and Wolfe 2003). As can be seen in Figure 
3, although there are three separate spikes, the band lines 

Table 2.  Summary statistics for the three-dimensional rasch model analysis.

Facet Reliability Chi-square(df) RMSE Separation Strata Measure
Model 

SE
Infit 

MnSq
Outfit 
MnSq

Obsvd 
Average

Fair(M) 
Average

Estim. 
Discrm

Evaluation indicator 0.99 709.3(7)*** 0.06 9.55 13.07 0.00 0.06 1.00 1.04
1 Understanding 

direction
−0.98 0.06 1.01 1.14 2.51 2.68 0.84

2 Comparing map 
information

−0.32 0.06 0.91 0.95 2.17 2.21 1.10

3 Choosing the best 
location based on 
geospatial elements

−0.29 0.06 1.03 1.09 2.16 2.18 0.90

4 Visualizing a profile 
from a topographic 
map

0.91 0.07 0.89 0.76 1.63 1.47 1.19

5 Searching for spatial 
relevance

−0.27 0.06 1.03 1.00 2.15 2.17 1.05

6 Visualizing a 3-D 
image from 2-D 
information

0.76 0.07 1.14 1.42 1.68 1.53 0.90

7 Layer overlays 0.42 0.06 0.95 0.89 1.82 1.71 1.07
8 Understanding the 

depiction of 
geographical 
features

−0.24 0.06 1.06 1.09 2.13 2.15 0.95

Rater 1.00 1759.4(5)*** 0.06 17.94 24.26 −1.70 0.05 1.01 1.04
j1 −2.05 0.05 0.95 0.96 1.82 1.75 1.01
j2 −3.31 0.07 1.11 1.46 1.35 1.24 0.81
j3 −1.45 0.05 0.99 0.96 2.12 2.16 1.09
j4 −2.28 0.06 1.03 0.9 1.71 1.62 1.17
j5 −0.84 0.05 0.95 0.96 2.44 2.59 1.06
J6 −0.26 0.05 1.03 1.03 2.75 2.99 0.91
Pre-service teacher 0.96 1796.6(93)*** 0.21 4.93 6.90 0.56 0.36 1.00 1.04
s74 2.87 0.42 1.09 0.71 1.13 1.07 1.03
s82 2.70 0.39 0.93 1.62 1.15 1.08 0.89
s80 2.56 0.37 0.47 0.56 1.17 1.10 1.16
s68 2.43 0.35 1.03 0.72 1.19 1.11 1.01
s71 2.01 0.30 0.72 0.44 1.27 1.16 1.19
s57 1.77 0.28 0.70 0.43 1.33 1.21 1.34
s72 1.77 0.28 0.90 0.68 1.33 1.21 1.13
s13 1.42 0.25 1.13 1.03 1.44 1.29 1.00
s53 1.42 0.25 0.72 1.63 1.44 1.29 0.88
s55 1.42 0.25 0.92 1.71 1.44 1.29 0.94

Note. ***p < 0.001.

Table 3. R esults of MFRM – level of geospatial thinking of pre-service geography teachers.

Rasch-Andrich thresholds

Level of geospatial thinking M Outfit MnSq Measure SE Measure at −0.5

Poor (1) −2.98 1.1 (none) − −
Minimal (2) −1.68 1 −1.91 0.04 −2.52
Satisfactory (3) −0.80 1.1 −1.22 0.04 −0.97
Above average (4) 0.18 1.1 0.52 0.06 0.62
Excellent (5) 1.20 1.1 2.61 0.14 2.86
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for the scores are not very widely spaced, thus again show-
ing no significant concentration trend in scoring.

Discussion

We used the MFRM to measure the geospatial thinking of 
94 pre-service geography teachers. From the results for the 
orienteering design tasks they had completed and the scor-
ing data from six professional raters, we used a comprehen-
sive method to analyze the scores of pre-service geography 
teachers and identify those pre-service geography teachers 
who were more geospatially minded.

As an assessment method for geospatial thinking for 
pre-service geography teachers, the MFRM is reliable, 
objective and innovative

Firstly, the MFRM is a reliable analysis method for 
pre-service geography teachers of geospatial thinking 
assessment data. The results showed that the model fit, 
reliability, and separation of the data in this study ade-
quately met model requirements (Lee and Bednarz 2009): 
the stability of the information used met the assumptions 
of the Rasch model’s single-item degree and so was suit-
able for the MFRM analysis. Secondly, analyzing the 
pre-service geography teachers of geospatial thinking 
assessment data by the MFRM made the results more 
objective because facets other than the ability of the par-
ticipant were measured: the rater, the assessment indicator, 
and the task (Peeters, Sahloff, and Stone 2010). The MFRM 
was able to analyze at least three aspects of performance 
(the severity of the raters, the difficulty of the evaluation 
indicators, and the geospatial thinking of the participating 
pre-service geography teachers) in an integrated manner, 
as opposed to separate, single-facet assessments of geospa-
tial thinking. Taking into account a wider range of infor-
mation makes the analysis results more objective. Finally, 
the use of the MFRM to analyze the geospatial thinking of 
pre-service geography teachers is a methodological innova-
tion. In the past, geospatial thinking was generally assessed 
through psychometric tests (Peters et  al. 1995), 
cognitive-ability tests, and other means. The results of 
these assessment methods can be influenced by factors 
such as the reliability of questionnaires and measurement 
methods. In contrast, a literature search has revealed that 
the MFRM has been applied to such topics as the assess-
ment of language tests (Fan, Knoch, and Bond 2019), 
doctor-patient performance (Zhang and Roberts 2012), 
public speaking (Wang et  al. 2020), and travel competitive-
ness (Parra and Oreja 2014), and has been shown to be an 
operational and valid method. Therefore, the application of 
the MFRM to the analysis of geospatial thinking of 
pre-service geography teachers is available, and the find-
ings of the study are meaningful.

Based on the MFRM, this study provides a more 
comprehensive and objective analysis of geospatial 
thinking among pre-service geography teachers

The results of the study show that there are differences in 
the level of geospatial thinking of pre-service geography 
teachers. On the one hand, most are better at perceiving, 
observing, understanding and comparing spatial elements. 
They received their highest scores for “understanding direc-
tions,” “comparing map information,” while “choosing the 
best location based on spatial elements,” “finding spatial rel-
evance” and “understanding the representation of geograph-
ical features” received higher scores. These results may have 
been influenced by factors such as the characteristics of the 
environment in which the pre-service geography teacher 
lived and their degree of directional sensitivity. The ability to 
identify directions had been developed over the years in a 

Figure 2.  Vertical “rulers” for all facets of the MFRM. Measr = score on common 
scale, * = pre-service geography teacher; j = rater: i = indicator of geospatial 
thinking.
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learning context where “understanding directions” is required 
at the primary-school level (Wan et  al. 2017) and has been 
transformed into an essential life skill, which is consistent 
with the findings of the study. Pre-service geography teach-
ers generally have a certain level of geographical expertise, a 
strong interest in learning geography, better map-using hab-
its and geographical problem-solving habits, which can facil-
itate the development of spatial thinking, and therefore they 
have a basic ability to observe, understand and compare spa-
tial elements. On the other hand, the pre-service geography 
teachers had difficulties with spatial visualization involving 
three-dimensional space, and they scored low on the indica-
tors of “visualizing a profile from a topographic map” and 
“visualizing a three-dimensional image based on two- 
dimensional information.” Spatial imagination is the ability 
to mentally create three-dimensional images, which is a type 
of abstract-thinking ability. Abstract thinking develops late 
and with difficulty in humans (Marini and Case 1994), and 
progressive training is often required to improve it. Research 
has demonstrated the role of GIS in enhancing spatial visu-
alization (Lee and Bednarz 2009), which indicates that 
enhancing the geospatial thinking skills of pre-service geog-
raphy teachers through the development of the spatial visu-
alization skills is a direction worthy of attention. Therefore, 
in the process of cultivating pre-service geography teachers, 
geographical landscape images, maps, and other spatial 
imagery can be utilized as much as possible to develop the 
spatial imagination of pre-service geography teachers. 
Meanwhile, teaching pre-service geography teachers how to 
use GIS in daily teaching can cultivate their geospatial 
thinking skills.

Conclusion

In this study, an analysis of the geospatial thinking of 
pre-service geography teachers was conducted by using the 
MFRM to take into account the impact on the results of 
rater severity and of the difficulty of evaluation criteria. 
Firstly, the study demonstrates the reliability, objectivity and 
innovative nature of the MFRM as a method of analyzing 
the geospatial thinking of pre-service geography teachers, 
which can guide assessment creators in selecting appropriate 
raters and assessment criteria that promote fairness and 
accuracy. Secondly, the MFRM analysis was used to under-
stand the actual geospatial thinking of pre-service geography 
teachers. The results indicate that they were more likely to 
have moderate geospatial abilities, finding skills related to 
spatial visualization and spatial analysis more challenging, 
which provides direction for those who train pre-service 
geography teachers and for geospatial thinking development.

There are, of course, certain limitations to this study. The 
pre-service geography teachers completed only one geospa-
tial thinking task within this study, and a single task may 
not fully demonstrate all aspects of the geospatial thinking 
of pre-service geography teachers. Supplementing the study 
data with more work or exploring performance tasks that 
better reflect all aspects of geospatial thinking would help to 
improve the reliability and stability of the results of the 
study. Further, the raters chosen were trained to fulfill  
the fundamental criteria of the research in all indicators, so the 
data given were reliable. However, in future studies, more 
effective methods of rater training could be explored, or a 
pool of expert raters could be created, which would make 
the assessment more objective and valid.

Figure 3. P robability curves.
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