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ABSTRACT
This study examined the effectiveness of Projection Augmented
Relief Maps (PARM)—an emerging display medium in public ed-
ucation spaces like museums—and traditional Digital Maps (DM)
for visualizing geographic information. Our evaluation focused on
four key metrcs: effectiveness, efficiency, memory retention and
user engagement, on basic map reading and comprehension tasks.
The results revealed that neither PARM nor DM consistently out-
performs the other across all tasks, highlighting the importance
of selecting the appropriate medium based on specific contexts.
Moreover, our research identified significant gender differences in
how users comprehend these mediums, underscoring the necessity
for more inclusive and user-centric design approaches. This study
contributes to the field by emphasizing the critical role of task-
oriented media selection and the consideration of user diversity in
designing or choosing geographic visualization tools.
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1 INTRODUCTION
In modern museums or many public education settings, the display
of visualized geographic data plays a pivotal role in enhancing visi-
tor experience and education. These technologies are often utilized
to illustrate historical military routes, dynastic distributions, and
other spatial information. Recently, the mediums for showcasing
these data have diversified into two primary categories (see ex-
amples in Figure 1): electronic screens, including touch screens,
large-scale displays, and interactive panels, and physical models,
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such as 3D printed landscapes and interactive sandboxes, often
enhanced with projections. The novelty offered by physical models
with projections, in particular, has garnered significant attention.
However, their effectiveness in enhancing information comprehen-
sion and engagement within public settings remains unknown.

Much research in recent years has explored the value of physical-
ization. Ren et al. [28] compared 3D pole visualization in physical
and virtual reality(VR) settings, discovering virtual representation
and the VR technology significantly inhibit participants’ ability
to work with the data set. Jansen et al. [13] explored differences
between 3D physical models and on-screen 3D bar charts on task
completion time and error rates, finding that the ability to touch
the physical model supported understanding. Stusak et al. [30] as-
sessed the memorability of physical visualization and on-screen 2D
visualizations, noting that the physical bar chart model led to better
retention after two weeks. Kirshenbaum et al. [14] evaluated the ef-
fectiveness and user engagement of geovisualization data projected
on either a flat 2D surface or a 3D terrain representation. They ob-
served a slight increase in engagement with the 3D representations,
which were also preferred by participants. Despite these findings,
no research to date has compared the effectiveness of Projection
Augmented Relief Maps (PARM) with traditional digital screens for
the general public.

To address this gap, we have investigated the performance of
Digital Maps (DM) with PARM in terms of effectiveness, efficiency,
memory retention, and user engagement in 3 types of map reading
and comprehension tasks frequently engaged in our daily life. This
study contributes to a deep understanding of how different display
media influence reading and learning geographic information in
public environments. Our findings are intended to assist museums
and art galleries make informed decisions about the choice of medi-
ums for presenting geographic data, ultimately aiding curators and
staff in optimizing visitor engagement and understanding.

2 RELATEDWORK
This section summarizes the key articles in the following three re-
lated areas and classifies these studies according to their associated
characteristics.
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Figure 1: A- The PARM at the museum. B- The DM at the museum. Both photos were shot at the China Grand Canal Museum.

2.1 Evolution in Geodata Physicalization
Geographic datasets are well suited for fabrication since they per-
tain to a specific stereoscopic configuration or geospatial setting.
Many studies explored various physicalization approaches and con-
tinuously refined them to depict the topography more effectively. In
contrast to initial solid terrain models either static [4] or configured
by actuators [7], Illuminating Clay [24] examined real-time manip-
ulable alterations of landscapes using computer-based analysis. The
system comprised modifiable clay and laser scanners to monitor
and record its form [19]. It was upgraded to TanGeoMS [34] later
to better capture surface parameters and reproduce feedback infor-
mation after calculation. Afterwards, to offer greater convenience
and flexibility in simulation and operation, based on PARM [26], a
tactile geographic display with projectors reflecting data on CNC-
machined or 3D-printed model, AR Sandbox [31] using sand and
Tangible Landscape [32] using molds launched a series of richly
interactive and dynamic installations. Furthermore, integration of
sensing hardware to track faces and gestures [14, 16] facilitated
a higher level of interaction with and presentation of geospatial
datasets.

2.2 Application of Geodata Physicalization
Benefiting from the affordability and accessibility of fabrication
and projection augmentation equipment and techniques, devices
above tended to march into various utilization settings to demon-
strate their unique allure. In educational contexts, survey results
[15, 35, 37] revealed that students from geoscience subjects were
overwhelmingly positive in their perception of how AR sandbox
improved their understanding of learning objectives compared to
traditional printed maps. When there were PARM displays in mu-
seums, observations and interviews [25, 27] indicated that visitors
were more likely to give their focal attention, show an apparent
expectation for direct immersive interaction, and a deeper compre-
hension in the themes of exhibition. Additionally, in many prag-
matic settings such as ecological design [33] and terrain analysis
[11] before concrete planning and construction stage, experiments
with tangible landscape could encourage different modes of spatial
thinking and strategies for ideation, modeling, and rapid iteration.
Therefore, it is evident that burgeoning physical displays offered
their unique possibilities in enhancing user experience compared
to traditional maps.

2.3 Evaluations on Display Media
To assess whether enhanced physical models improve understand-
ing of geographic information, the research employed a mix of qual-
itative and quantitative methods, including tests, questionnaires,
interviews, and simulations, to evaluate user performance. Com-
pared to flat printed maps, physical ones helped users to quickly and
accurately interpret the landscape, transfer the experience of ex-
ploring new places and learn spatial properties and relations [2, 23].
Physical approach also enabled participants to more effectively
interact with the system and each other, positively impacting their
task-specific knowledge acquisition and sensations of experience
[18]. However, compared to screen-based digital maps, experiments
carried out among college students [14] and by Army Futures Com-
mand [10] showed that media used did not significantly alter the
accuracy in performing normal comprehension tasks, but may have
an effect on complete time on some occasions. Nevertheless, stu-
dents and professionals all performed better in missions with a
higher level of creativity and complexity [12]. They indicated that
such a physicalization is closer to their interactive experiences and
expectations, so they could exploit its natural haptic guidance for
further learning.

2.4 Summary
Despite the progress and ongoing research efforts in geodata phys-
icalization, including comparative experiments to evaluate effec-
tiveness, notable gaps persist. Specifically, there is a need for wider
adoption among general users in practical daily settings and for sys-
tematic studies that quantitatively assess user performance when
using these increasingly popular map media (PARM) compared to
traditional digital maps on screens (DM).

3 EXPERIMENT
To fill this research gap, we compared geovisualization in which
a digital map is presented on a computer with geovisualization in
which the map is projected onto a physical model 3D printed. We
used within-group test, allowing each participant to experience
both geovisualization, and we also designed paired questions to
ensure the same level of difficulty between the two mediums. Our
study has been reviewed and approved by the school’s ethical com-
mittee as well. Performance data of users in the study was collected
anonymously and strictly kept confidential, and will be deleted
permanently after the entire research is published.
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3.1 Apparatus & Setting
The models in our system were 3D printed with photosensitive
resin and the source terrain files were exported and downloaded
from the free service Terrain2STL [3] with box scaling factor of
20, vertical scaling of 4, water drop of 4 mm and base height of
5 mm. A 4K 1700 CVIA projector was placed on a desk of 80 cm
height to forward projection onto the model fixed on the wall at
the same level. The vertical scale in this study was chosen based on
the pilot study results within co-authors. We used the online map
application Mapmaker [21] to design settings and tasks in the same
area of our physical models (see Figure 2). To match the size of the
terrain base and projection area, two 15.6” laptops were selected to
operate the digital experiment platform.

Our experiment was conducted in an on-campus laboratory.
To ensure the clarity of the projected content, the laboratory was
darkened throughout the day by closing the blinds, and participants
were allowed to freely adjust their viewing angles and positions to
observe and read the visualizations.

Figure 2: The experimental device of DM (A) and PARM (B).

3.2 Participants
We recruited 20 college students (10 females) from age 21 to 26
(M=23.80, SD=1.72) in our school. 18 of them had a science or engi-
neering education background (but not geoscience or related fields),
with the other 2 from art discipline. All participants reported having
a basic sense of traditional digital maps (navigation or map applica-
tions on mobile devices etc.), but no prior map reading experience
in specialized mapping system (such as PARM or other similar
innovative geovisualization media). All the participants reported
to have normal visual acuity, could perceive stereoscopic objects
and were not troubled by color discrimination problems (red-green
color blindness etc.). In addition, another two students were invited
to conduct a pilot before the formal experiment. Their performance
data were to help us refine our experiment and were not included
in the final analysis.

3.3 Tasks and Stimuli
For the design of test questions in our experiment, we referred
to Roth’s empirically based taxonomy in geovisualization [29].
We only employed the first three objectives - Identify, Compare
and Rank with the two interaction operands - Space-Alone and
Attributes-in-Space, dropping the last two objectives (Associate,
Delineate) and the last operand (Space-in-Time) in that they tend
to engage more complex interaction with better equipment and
somewhat difficult for common users without certain geography

knowledge. To ensure that all participants go through an identical
test between the two medium, each category of tasks consisted 4
questions in each medium with equivalent difficulties, with a total
of 48 (6×4×2) questions for everyone.

To include the most common types and forms of datasets in
typical maps [17], we picked two layers: hybrid satellite images and
open street maps. They provided all required information, covered
general map reading tasks, and satisfied basic demands in our daily
lives. As for specific location, we selected Chongqing, a city that
features in complex spatial properties both naturally and culturally
to support various tasks [9].

3.4 Procedure
Our experiment was divided into five stages, with an average dura-
tion of approximately 40 minutes per participant.

• In the first stage, the participants were introduced to the
procedure and related details of the experiment, then they
checked and signed an informed consent form. Afterwards,
in the aid of our researchers, they familiarized themselves
with the model, including settings of experimental environ-
ment, some symbols and reading skills commonly used in
the maps.

• In the second stage, a series of objective questions was
raised to test participants’ performance in effectiveness
and efficiency. Then they were instructed that they need
to answer each question sequentially with the provided
medium. They were informed that both completion time
and accuracy would be recorded so that they were sug-
gested to achieve a balance between speed and precision in
their responses. For the 20 participants, the first half started
from DM then PARM, and another half reversed. Within
each half, 5 started from hybrid satellite layer then open
street layer, and another 5 reversed. Therefore, there was an
existence of 4 branches in total, so as to eliminate possible
ordering effects in a counterbalanced way.

• In the third stage, we aimed to evaluate participants’ mem-
ory retention. First, they were told that they needed to
answer six questions, probably about landform features,
street information, and so on, without a specific descrip-
tion. Then the participants were required to pick amodel be-
tween DM and PARM to facilitate their memorization of the
map. After a 90-second glancing period, we intentionally
interrupted the progress by chatting with the participants
about some questions irrelevant to the experiment, taking
a break of around 3 minutes. After the break, we asked the
six questions and recorded the correctness and contents
of their answers. In the end, we asked them whether they
would pick another medium or just confirmed this choice
if provided another chance in a similar context.

• In this stage, the participants were required to complete
a questionnaire to measure user engagement. According
to the refined user engagement scale (UES) [22], the ques-
tionnaire was designed and compromised 4 dimensions :
aesthetic appeal, focused attention, perceived usability and
reward factor. Participants were asked to complete a likert
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Figure 3: The average time (a) and accuracy (b) in answering
all the questions.

scale of 1-5 based on their experience in fulfilling all these
tasks.

• In the last stage, we interviewed the participants about their
overall experience with the two models, any confusing
problems they encountered while completing the tasks,
and some suggestions for refining the apparatus from their
perspective.

4 RESULTS
4.1 Effectiveness & Efficiency
To assess the effectiveness and efficiency of participants’ perfor-
mance in the two distinct media, our study calculated completion
time and accuracy in three kinds (Identify, Compare and Rank).
Through Wilcoxon Signed-Rank Test, selected for abnormal distri-
bution of performance data, we found that the total average time
and total average accuracy of DM were not significantly different
from PARM, as in Figure 3.

Specifically, in the context of average time efficiency, three cate-
gories of tasks demonstrated significant differences (as shown in
Figure 4). For identification in space, PARM exhibited a notably
shorter completion time compared to DM, with a statistically sig-
nificant result (Z=-2.377, p=0.017). Conversely, DM outperformed
PARM in tasks related to identifying and ranking attributes. This
was evident in the identifying category (Z=-2.314, p=0.033) and the
ranking category (Z=-2.538, p=0.011), where DM’s average time
was much shorter. Furthermore, our study also highlighted differ-
ences in average accuracy across the three task kinds, where DM
demonstrated higher accuracy than PARM. As in Figure 4, this
can be observed in identification of attributes (Z=-2.309, p=0.021),
comparison in space (Z=-2.121, p=0.034), and ranking of attributes
(Z=-2.288, p=0.022).

We also conducted a gender-based analysis, revealing that the
average response time among male for digital models was much
shorter compared to female, also with a significant difference (Z=-
2.599, p=0.009). However, as show in Figure 5, no significant gender
difference existed in the average time for physical models and in
the average accuracy for both models.

4.2 Memory Retention & User Engagement
As for memory-related tasks, our study observed that among all
participants, 13 opted for Digital Maps (DM) and 7 chose Projection
Augmented Relief Maps (PARM) to support themselves solving
a set of six questions. We employed Mann-Whitney U Test for
our statistical analysis, given the disparity in sample sizes and the
independent property of samples. When analyzing based on the
type of question, we found no statistically significant difference

in average accuracy between participants using DM and PARM,
as depicted in Figure 6. After finishing the memory test, we asked
the participants whether they regretted their choice of media (DM
or PARM). 19 participants still confirmed their choice and one
participant expressed his willing to change (from DM to PARM
next time). He reflected that, upon getting a fully understanding
of the tasks, he would prefer PARM as it offered a more vivid, three-
dimensional experience in space, convincing him that PARM would
be a better choice for solving similar intuitive problems in the future.

For the evaluation of user engagement, we employed Wilcoxon
Signed-Rank Test to evaluate the discrete rating scores from 1 to 5.
As illustrated in Figure 7, our experiment revealed that there was
no significant difference in user engagement.

4.3 Interview
During the interview, we investigated the reasons behind partici-
pants’ choice of the model and their overall experience with the two
media. For DM, participants indicated that the advantages include
clarity of details, such as distinguishing colors, evident straight
distances, clear symbols, obvious contrast and so on. However, DM
failed to involve stereoscopic information such as height and other
properties of landforms, so users didn’t have a clear perception
when solving related questions. Some participants said that they
were more familiar with traditional digital maps, and DM already
satisfied their basic daily needs, including information for traffic
conditions, navigation, traveling etc.

For physical models, participants indicated that the advantages
were obvious features of the terrain, visible distribution of vege-
tation and buildings above surface, clear positional location, im-
pressive perception of spatial distance and so on. However, PARM
usually failed to present detailed information clearly and quickly,
and the undulating topography did disturb users in some tasks.
Most participants mentioned that DM seemed to be more helpful
in a particular context, for example, leading intuitive navigation
before hiking, traveling, and exploring in parks or facilitating a
better comprehension of processes and characteristics of things
happening in a specific area. Some participants indicated that PARM
was more immersive and appealing to them. They may use it to ob-
serve or learn something when put in a new place or setting. They
also wished that more useful interactive means could be added to the
system.

5 DISCUSSION
The findings from our comparative experiment revealed that the
choice of media plays a significant role in users’ comprehension
effectiveness and efficiency with geographic information, yet this
influence varies considerably based on the context and nature of
the tasks. Our analysis showed no significant differences in overall
effectiveness, efficiency, memory retention and user engagement
when participants used either PARM or DM across a range of task
categories. This suggests that, at a general level, both media are
equally capable of supporting user comprehension of geographic
information. This finding is consistent with previous comparison
between physicalization with other mediums like VR [10, 28] and
comparison of geovisualization data projected on either a flat 2D
surface or a 3D representation of the terrain [14]. However, when
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Figure 4: a- The average time to answer each category of questions. b- The accuracy for each category of questions.(*:p<0.05)

Figure 5: a- The average time to answer all questions among
gender. b- The average accuracy for all questions among
genders. (*:p<0.05, **:p<0.01)

Figure 6: The average accuracy for memory questions.

Figure 7: The rating scores for user engagement.

delving into specific types of tasks, like identifying, comparing, and
ranking, the choice of medium becomes critical. PARM was found
to be more effective for intuitive tasks that required spatial recog-
nition, highlighting its utility in enhancing spatial understanding.
Conversely, DM excelled in tasks that demanded quick identifi-
cation and ranking of attributes, demonstrating its efficiency in
handling attribute-based information.

Furthermore, our study explored the impact of these media on
short-term memory retention, where we found no significant dif-
ference between PARM and DM. This finding aligns with what was
indicated before [30] in terms of memory retention. The medium
does not drastically influence the user’s recall of geographic infor-
mation over short periods. A notable aspect of our research was the
observation of gender-specific differences. When using DM, male
participants completed tasks more quickly than female participants,
despite similar accuracy levels. This gender-based disparity in in-
teraction time suggests that user interface design in geographic
information systems should consider these potential differences to
enhance efficiency and inclusiveness. This result is consistent with
previous exploration in map-related tasks across genders [20, 36].

In the exploration of projectors and physical 3D maps as vi-
sual media, we found that the direction of projection and lighting
conditions emerge as two pivotal factors for effective visual com-
munication. The following analysis will delve into these aspects,
discussing their impact.

5.1 Options and Impact of Projection Direction
In our study, we utilized horizontal projection, a prevalent method
that projects content onto a 3D map’s surface horizontally. This
technique ensures a viewing experience akin to watching electronic
screens, maintaining a consistent perspective. However, it also re-
stricts direct frontal observation of the overlaid information and
the physical map due to the positioning of the projector. As for
vertical projection, it directs content downward onto a map (usually
larger in size) laid on a surface such as a floor or tabletop. This
approach offers flexible perspectives and immersive experience but
poses challenges in viewer positioning and angle, where movement
around the map is necessary. Moreover, when projecting on non-
flat surfaces with height differences of more than 6 cm, it is often
necessary to apply some form of projection mapping [8] to avoid
visible distortions of the projected content, which is discussed in
TanGeoMS system [34]. Therefore, when choosing ways of pro-
jection, we should consider viewer habits, presentation content,
hardware conditions etc. to ensure an optimal visual experience.

5.2 Requirements of Projection Equipment and
Environment

The requirements of projection equipment mainly concerns better
quality of resolution and luminance. High-resolution graphics aim
to clearly provide identical details on digital screens, especially
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when the physical model is large. Higher luminance aim to enhance
the readability of colors, shapes etc. on PARM especially when the
system is placed in a bright indoor setting. In this study, to ensure
optimal projection quality, curtains were used to block out light
in a secluded classroom setting. This suggests that DM might be
superior in multifunctional settings or environments where light
conditions cannot be precisely controlled, while PARM typically
need a darker environment to prevent interference from strong
light, which could diminish the visual clarity.

6 LIMITATIONS & FUTUREWORK
6.1 Sample Limitations and Impact Evaluation
Our study predominantly involved student participants, which po-
tentially restricts the generalizability of our findings. The student
demographic typically exhibits higher adaptability and receptive-
ness to technology, potentially skewing performance favorably
with DM. However, the implications of this demographic bias on
the use and experience of PARM remain unclear. Acknowledging
and assessing the impact of this limitation is crucial. Relevant lit-
erature supported the variability in technology acceptance among
different demographics, highlighting background and culture as
significant factors [1], and some experiments explored possible
influence of background information on geospatial ability [5, 6]. To
enhance the generalizability of future research, participants should
include a broader range of demographic characteristics and explore
cross-national comparisons to examine how geographic informa-
tion visualization tools perform across different cultural settings.
Although our sample is limited, our findings offer valuable prelimi-
nary insights into the application of PARM and DM in geographic
information tasks, laying a foundation for further, more inclusive
research.

6.2 Impact of Scale and Interactivity
Our study is currently limited by the use of devices solely as non-
interactive display units at a uniform size of 15.6 inches. The small
size usually failed to provide enough presentation details and im-
mersive experience as those huge screens or PARM applied in muse-
ums [25, 26] etc. Moreover, this setup restricts our understanding of
how interactive means and techniques might influence the effective-
ness, efficiency, user preference for media types etc. Incorporating
interactive elements into the displays could significantly alter how
users engage with the information, potentially enhancing learning
outcomes and user satisfaction. Moreover, as tasks become more
complex with the introduction of interactivity, effectiveness and
other measurements of different media types could vary, necessitat-
ing a more nuanced structure and approach [29] to evaluating their
impact. Analyzing these aspects more thoroughly could provide
deeper insights into optimizing media for various tasks and user
experiences.

Furthermore, our study did not explore the long-term memory
retention of geographic information with different media. The ex-
tent to which physical and digital models impact long-termmemory
retention is an interesting and unexplored area. Future research in
this direction could significantly contribute to understanding how
different forms of geodata visualization aid in the long-term reten-
tion, to facilitate depiction of geographic information details, to

acquire a structured comprehension etc., which are usually crucial
in educational, academic, and engineering related settings.

7 CONCLUSION
Our research aimed to compare Projection Augmented Relief Maps
(PARM) with traditional Digital Maps on screens (DM) in basic map
reading and comprehension tasks. Although our experiment did
not conclusively prove the overall superiority of either medium, we
observed that the efficacy of each varies significantly depending on
the specific tasks at hand. In particular, PARM demonstrated advan-
tages in spatial identification tasks, while digital screens excelled in
detailed attribute-based comparison and ranking tasks. This finding
emphasizes the importance of task specificity in selecting the appro-
priate medium for geographic information visualization. Moreover,
during our study, we noted that PARM requires more strict hard-
ware and environmental conditions, suggesting that real-world
application decisions should consider multiple factors beyond mere
efficiency and effectiveness under ideal conditions. Additionally,
our exploration of gender differences in map-related tasks high-
lights the need for a more nuanced approach when choosing a
medium, aiming for inclusiveness and user-centric design.
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