
ST-Map: an interactive map for discovering spatial
and temporal patterns in bibliographic data

Chenyu Zuo, Yifan Xu, Linfang Ding, Liqiu Meng

Angaben zur Veröffentlichung / Publication details:

Zuo, Chenyu, Yifan Xu, Linfang Ding, and Liqiu Meng. 2024. “ST-Map: an
interactive map for discovering spatial and temporal patterns in bibliographic
data.” Journal of Geodesy and Geoinformation Science 7 (1): 3–15.
https://doi.org/10.11947/j.JGGS.2024.0102.

Nutzungsbedingungen / Terms of use:

Dieses Dokument wird unter folgenden Bedingungen zur Verfügung gestellt: / This document is made available under
these conditions:
CC-BY-NC-ND 4.0: Creative Commons: Namensnennung - Nicht kommerziell - Keine Bearbeitung
Weitere Informationen finden Sie unter: / For more information see:
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de

CC BY-NC-ND 4.0

https://doi.org/10.11947/j.JGGS.2024.0102
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de


i
i

i
i

i
i

i
i

ZUO Chenyu, XU Yifan, DING Lingfang, et al.
DOI:10.11947/j.JGGS.2024.0102.

Journal of Geodesy and Geoinformation Science
http://jggs.chinasmp.com

Article Open Access

ST-Map: an Interactive Map for Discovering Spatial and
Temporal Patterns in Bibliographic Data

ZUO Chenyu1,2, XU Yifan2, DING Lingfang3, MENG Liqiu2

1 ETH Zurich, Zurich 8050, Switzerland;
2 Chair of Cartography and Visual Analgtics, TU Munich, Munich 80333, Germany;
3 Norwegian University of Science and Technology, Trondheim 7491, Norway

Getting insight into the spatiotemporal distribution patterns of knowledge innovation is receiving increasing
attention from policymakers and economic research organizations. Many studies use bibliometric data to analyze
the popularity of certain research topics, well-adopted methodologies, influential authors, and the interrela-
tionships among research disciplines. However, the visual exploration of the patterns of research topics with an
emphasis on their spatial and temporal distribution remains challenging. This study combined a Space-Time
Cube (STC) and a 3D glyph to represent the complex multivariate bibliographic data. We further implemented
a visual design by developing an interactive interface. The effectiveness, understandability, and engagement
of ST-Map are evaluated by seven experts in geovisualization. The results suggest that it is promising to use
three-dimensional visualization to show the overview and on-demand details on a single screen.
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1 Introduction

Economic growth theory suggests that geograph-
ical knowledge spillovers and regional growth are
strongly correlated[1-2] . There is a growing need
for policymakers and economic research organiza-
tions to understand the spatial and temporal dis-
tribution of knowledge innovation[3] . For instance,
Csomós, Vida, and Lengyel[4] analyzed high-impact
collaborations among cities with the aim to reveal
and finally reduce the geographic barriers; Liter-
atures [5–6] demonstrated that the knowledge on
regional innovation configurations and its intrinsic
networks and linkages with industry is the founda-
tion for regional agglomeration analysis. Moreover,
the spatial distribution and temporal development

∗ First author: ZUO Chenyu
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of the knowledge landscape are crucial for under-
standing economic dynamics[7] . In particular, geo-
graphic clusters in specific industries are important
for policy-making, such as launching science parks
and industry zones[8-9] .
Bibliographic data is frequently applied to ana-

lyze and derive knowledge innovation patterns. It
contains rich metadata on scientific publications,
such as title, author, publication time, and publi-
cation venue. This information is helpful to, e.g.,
analyze the literature landscape and identify fu-
ture research opportunities[10] , discover the lead-
ing universities in certain research domains[11] , and
analyze the relationship between knowledge inno-
vation and business services over time[12] . The af-
filiation information in the bibliographic data can
be used to derive the geographic information that
is important for understanding the geospatial as-
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pects of knowledge innovation patterns. For exam-
ple, Nascimento, Ávila, Taranto, and Kurozawa[13]

used the geographic location of the authors to an-
alyze the research collaborations between 60 coun-
ties over 40 years. In addition, identifying and cat-
egorizing research topics help to understand what
was studied to bring an overview of studies from
an aggregated view Kleminski, Kazienko, and Ka-
jdanowicz[14] . Further studies Kemeny and Stor-
per[15] , Bottazzi and Gragnolati[16] , Guido Buen-
storf and Medrano[17] analyzed the temporal trends
and the regional agglomeration patterns on multi-
ple geographic scales, with different industrial do-
mains on aggregated and detailed levels.
Besides the aforementioned work that mainly

uses statistical methods for analyzing bibliographic
data, many studies[18-19] employ various visualiza-
tions to represent the body of literature, trends in
specific research topics, and citation networks. For
example, line charts are used to show the tempo-
ral trends of cited times, histograms are used to
compare the cited literature from different fields,
and network graphs are widely used to show the
author cooperation networks and co-citation net-
works[20] . Moreover, the visual representation of the
geospatial distribution patterns of research domains
is widely studied to understand geographic clusters
of knowledge production. However, efficient visual-
ization tools to represent the spatiotemporal pat-
terns of the structure of research domains in both
holistic and detailed views are still largely missing.
Designing and developing such visualization tools
face several challenges. First, it is hard to cate-
gorize the semantic information of research topics
and embed them into the geographic space. Second,
the temporal development of spatial patterns is of-
ten shown in a series of maps, but these separate
views are hard for readers to memorize and compare
the complex research structures. Third, bibliomet-
ric data is often big and complex. When visualizing
these high-dimensional data, well-designed user in-
teractions as a fundamental component are highly
needed but currently often lacked to support ef-
fective data exploration and knowledge discovery.

Therefore, it is highly needed to design visualiza-
tion methods that can address these issues.

In this study, we proposed an interactive map
ST-Map that enables the exploration of spatial,
temporal, and semantic patterns in bibliographic
data that reflects knowledge innovation. More
specifically, we focused on the visual analysis of the
variables related to knowledge domains and their
spatiotemporal distribution. We adopted the space-
time cube visualization method and designed a 3D
symbol to encode the aggregated research domains
of bibliographic data on a single screen. We further
evaluated the effectiveness, understandability, and
engagement of ST-Map with a set of benchmark
tasks and objective questions. The findings suggest
that a space-time cube with embedded symbols is a
promising visualization method to provide a com-
pact view to identifying the patterns of multivariate
data.

2 Related Work

2.1 Bibliometric data analysis

Bibliometrics are the study of academic pub-
lishing that use statistics to measure the scien-
tific production (in quantity, quality, and impact)
on various topics, journals, authors, and coun-
tries[21-22] . Bibliometric data usually includes meta-
data of scholarly publications, such as title, author,
keywords, journal, publish time, citation, and ab-
stract. With the aid of data mining technologies,
insightful information of scientific production can
be revealed from bibliometric data, such as net-
work analysis, text mining, time series analysis,
and spatial analysis methods. Among them, con-
structing and analyzing networks of co-authorships,
citations, and co-occurrences can unpack intellec-
tual structures in terms of major scholars and top-
ics[23-25] . Many studies focus on developing statis-
tical methods to discover the evolution of fields,
knowledge gaps, knowledge clusters, networks of re-
search fields, and social processes supporting knowl-
edge development[26] . Moreover, analyzing biblio-
metric data can have social contributions in terms
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of discovering knowledge clusters and social geo-
graphical patterns. Some spatial aggregation and
clustering methods are used to reveal such pat-
tern[27-28] .
Recent studies adopt various visualization meth-

ods to ensure that complex patterns of bibliomet-
ric data are easily understandable[29] . Bibliometric
visualization is a field that empowers people to un-
derstand the body of literature with computational
methods and visual analytical methods[30] . Many
studies proposed interactive visualization methods
to allow interpretation of the body of literatures,
especially the reference linkages, in diagrams from
bibliographic data. For example, some interactive
tools are developed to show the emerging trends
and transient patterns in scientific literatures[31] ,
and timelines are used to show the temporal devel-
opment of selected fields[32] .

However, many advanced bibliometric visualiza-
tions were mainly proposed to discover research
temporal trends and to find correlations between
literature networks[30] . Little research was focused
on designing geovisualizations to reveal spatial bib-
liometric distributions. In a previous study, Zuo et
al.[33] developed a map-based dashboard to show
the collaborations among cities, regions, and coun-
tries in different research domains. They high-
lighted the geospatial distribution of co-authorship
networks. However, they showed the research do-
mains in an aggregated view with a treemap, the
regional bibliographic configuration remain hidden
from the viewers.

2.2 Visual analysis of spatiotemporal data

Representing spatial and temporal characteristics
of data can guide readers to acquire an overall struc-
ture. Aigner et al.[34] summarised 158 visualiza-
tion methods for representing time-oriented. Based
on their study, we further categorized the visual
metaphors of time-oriented spatial data into five
groups, including symbols[35] , layers[36] , angle[37] ,
height[38] , and abstract location[39] .
Despite many existing visualization methods,

identifying data characteristics by comparing mul-

tiple map views is difficult[40-41] . It is more efficient
for readers to compare the spatial and temporal
patterns while they are all presented in a single map
view. STC is a widely adopted visualization method
that can map spatiotemporal data in a single 3D
view, which is beneficial for readers to acquire an
overall spatiotemporal structure[42] .
STC was first proposed by Il agcrstrand[43] ,

which extends 2D maps to 3D showing time on the
z-axis. It compresses the spatial and temporal infor-
mation in one single scene. STCs are increasingly
used to reveal spatiotemporal patterns in diverse
datasets, for example, Andrienko et al.[44] superim-
posed 250 trajectories of cars to show where the cars
were suspended, and Peters et al.[45] adopted STC
to visually analyze the spatiotemporal clustering of
lightning data.

In an STC, a 3D symbol can be designed and em-
bedded to represent future data variables. Hewaga-
mage et al.[46] proposed a spiral STC map to show
periodical spatiotemporal patterns of human ac-
tivities. They represented an activity as a line,
time period of activity as line length, activity cat-
egory as color, and data file as icon attached to
the 3D spirals, as shown in Fig. 1(a). However,
it is hard for viewers to obtain an overall pattern
of the represented activities because of occlusion.
Zuo et al.[47] adopt the space-time cube method, as
shown in Fig. 1(a), to provide a holistic overview
and to enable visual queries of geo-metadata, such
as geospatial coverage, topic information, data size,
data type, and data quality. Applying different col-
ors and sizes on dispersed 3D symbols to represent
the data attributes reduced occlusion. We identified
that the dispersed 3D symbols have more potential
to represent data variables.

3 Data Description and Preprocess-
ing

We used a dataset collected from the ACM Dig-
ital Library as our test data. The ACM Digital Li-
brary (see in https://dl.acm.org/) is a community-
based repository related to computing research and
practice. It collected articles from journals, mag-
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azines, proceedings, and books. We collected the
metadata of the articles from 1st January 2017 to
30th December 2020 by using its API. In this study,
we selected China as the study area. It includes
23 385 published articles from 2017 to 2020, 48 808

authors, and 5387 institutes, accounting for 17.0%,
16.0%, and 13.8% of the globe, respectively.
The collected metadata includes multiple at-

tributes, i.e., title, names of the authors, author
affiliations, published time, index terms, and the
URLs of the articles in the ACM Digital Library.
The index term is a computing classification system
used to categorize the keywords or research domains
of the articles in the ACM Digital Library. Tab. 1
shows an example of the collected metadata of an
article.
The data preprocessing in this study is com-

posed of three steps, including georeferencing
the affiliations, categorizing the index terms, and
geographic aggregation. The georeferencing con-

verts affiliations into geographic coordinates. We
used the open-source service Nominatim (see in
https://nominatim.org/) to obtain the longitudes
and latitudes of the affiliations. Regarding the cat-
egorization of the index terms, we adopt the widely
used ACM Computing Classification System (see in
https://dl.acm.org/ccs) as a semantic vocabulary
to reflect computing disciplines. This system has a
hierarchical structure to describe the computer sci-
ence related domains. It has 2112 index terms in
13 categories, and each category is further divided
into sub-categories with a maximum of nine levels
of depth. Fig. 2 shows the poly-hierarchical struc-
ture of the example article (as shown in Tab. 1) in
four levels. The categorized index terms are finally
aggregated to the provincial level to discover the
regional differences. We chose the provincial level
because the research institutes are mostly located
in provincial capitals. To effectively reveal the spa-
tial distribution, temporal evolution, and multivari-
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ate patterns, we aggregate the number of articles
based on the 13 categories and 84 subcategories of
the ACM Computing Classification System, the lo-
cation of the author affiliations are aggregated to
the province level, and the publication time is ag-
gregated on a yearly basis.

4 Visualization Design Method

In this study, we design an interactive map that
can show the spatial and temporal pattern of bib-
liometric data, represent the research domain into
their natural categories, and allow viewers to filter
data on their demands. As mentioned in Section
2, STC has the advantage of giving an overview
of spatial and temporal distributions, we therefore
adopt this method to show the distribution of bib-
liographic data. In addition, we integrate carto-
graphic design methods to generalize and symbolize
data. This help users to gain an holistic view and fo-
cus on important patterns without overwhelmed by
too many details. This section introduces the sym-
bol design to represent the hierarchical structure of
the publications and the interactive map design.

4.1 Symbol design

Bibliographical data can be used to extract the
domain information, which is labeled by index
terms in the ACM digital library. The index terms
can be aggregated into a hierarchical structure to
outline the trend of specific domains. Moreover, re-
vealing connections and composition of research do-
mains is important in bibliometric analysis.

We designed a three-dimensional symbol to rep-
resent the hierarchical structure of the index terms
on an aggregated level. Fig. 3 shows the symbol
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Theory of computation

Human-centered computing

Information systems

Computing methodologies

General and reference

Social and professional topics
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Hardware
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from a top view. We chose a cyclic symbol to re-
veal periodic structures. The whole symbol repre-
sents the number of publications with the author
affiliations within a certain geographic area, such
as a city or a region, and the legend of the cat-
egories. The symbol is composed of an inner ring
and an outer ring, representing the category and
sub-category of index terms. Each category is rep-
resented by one color as the legend shows. Although
some colors might look similar, the users can hover
over the arcs to trigger the pop-up windows to read
the names of the categories.

θi = 2π × pi (1)

Di = d×
(
1 +

fj
Fj

)
(2)

Where the central angle θ is the proportion p of
a general category i; Di is the width of the outer
torus; i represents a sub-category; f represents the

frequency of a sub-category; F represents the fre-
quency of a general category. The width of the inner
torus d is a constant.

To show the temporal patterns, we used the
z-axis to represent the time dimension. Fig. 4
shows the vertically stacked three-dimensional sym-
bol from a bird view, horizontal view, and top view
respectively. Each ring represents the aggregated
articles in one year.

4.2 Interactive interface design

We created the ST-Map in a 3D scene for users to
interact. Users are allowed to explore the space-time
cube by rotating, zooming, panning, selecting, fil-
tering, clicking, and changing the viewing perspec-
tives. The symbols show the aggregated patterns
and users can retrieve more details through inter-
actions.

Fig. 5 shows the ST-Map interface, which consists
of six panels. Panel A is a location and time selector
that allows users to select single or multiple regions
and time periods to be shown on the map. Panel B
allows users to highlight one region and learn the
temporal patterns of the semantic patterns of index
terms. The 3D symbol rotates horizontally to show
the viewers the index terms on different positions
of the ring. Panel C allows users to further select
one specific time period and one index term. In ad-

A D

B

C

E

F
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dition, it highlights the proportion of categories in
a 2D donut chart and the temporal trend of a se-
lected category in a bar chart. Panel D is a map
view with embedded STC. The map color shows
the number of publications in each province. The
3D rings show the proportion and number of pub-
lications in various categories. Moreover, users are
allowed to zoom and rotate the map scene. Panel
E is a pop-up window with detailed textual infor-
mation whenever a mouse hovers over the symbols
in Panel A, B, C, and D. Panel F is an information
panel that provides usage tutorials on clicking the
⃝i icon at the top-right corner and the legend of
the map and the symbols. Panel A, B, and C are
control panels that can be hidden so that the map
can be resized, zoomed, and rotated. Last but not
least, the placement of the panels follows the order
from general to detail in Panels A, B, and C from
top to bottom. It can guide users to learn the data
patterns from a general context to detailed values.

The interactive interface is implemented with
open-source libraries. We used Python to process
data, PostgreSQL to store data, and JavaScript for
interface development. The map is developed with
Leaflet, the 3D scene is developed with three.js,
and the symbols are implemented with D3. The
interactive map is developed can be opened with
a modern web browser, such as Google Chrome,
at https://gracexu108.github.io/Spatiotemporal-
Patterns-of-Scholarly-Domains/dist.

5 User Study
ST-Map is implemented as a prototype to test the

potential of STC in showing complex spatiotempo-
ral data. We therefore conducted a user study to
have a more in-depth understanding of the user
experience rather than usability. Our user study
focused on finding out how users read bibliomet-
ric information from the interactive STC and how
users regard the insights they have obtained from
the visual interface. Such deep reflections require
the participants to have a professional background
in geovisualization design. To guide the partici-
pants through ST-Map in a standard manner, we

designed an ST-Map usage tutorial and four bench-
mark tasks. We then ask eight questions on under-
standability and engagement to the participants.
Seven domain experts were carefully selected to
participate in this survey. Their age range was be-
tween 24 to 36 with an average of 28. The par-
ticipants were composed of four females and three
males.

5.1 User survey design

This user study is conducted via an online survey
of the ST-Map. The participants were invited via
email and were recommended to perform the survey
with a laptop or desktop but not a mobile device.

The introduction part of the survey includes a
short textual description of the whole procedure
and a tutorial on the interface. The four bench-
mark tasks are predefined to test the interface in
empowering users to acquire insights from biblio-
graphic data. The four tasks require users to ac-
quire certain information from the interface, and
they are designed with increasing information com-
plexity. To conduct the benchmark tasks, the par-
ticipants were required to verify four statements by
exploring the interface. There was no time limita-
tion for the participants to perform the tasks. Tab.
2 lists the statements and the corresponding oper-
ations that can verify them. They were asked to
verify the statements and mark them with one of
the four options: True, False, Not Given, or Not
Sure.

After performing the benchmark tasks, the sur-
vey measured the user experience in two types,
i.e., understandability and engagement, as shown
in Tab. 3. The participants can rate these two mea-
sures on five scales from Strongly Agree to Strongly
Disagree. Following each rating, the participants
were asked to write the reasons in detail.

5.2 Results

We analyzed the survey results in three parts.
The effectiveness of the symbol and map design for
insight acquisition is analyzed via the calculation
of the success rate of the benchmark tasks. The

ZUO Chenyu, XU Yifan, DING Lingfang, et al. page 9-15
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understandability and engagement of the interface
were analyzed through the rating of their metrics
respectively.

Fig. 6 shows the success rate of the benchmark
tasks. Except for Task 3, the success rate of bench-
mark tasks was high. The success rate from Task
1 to Task 4 does not show a decreasing trend as
the information complexity increases. It might in-
dicate that the symbol design and map design can
in general support spatiotemporal insight acquisi-
tion. We did not receive the answer “Not Given”
from any participants, which suggests that the par-
ticipants believed the statements could be verified
by using the ST-Map interface. Specifically, Task 1
required the participants to identify the value of a

certain place at a certain time. Task 2 required the
participants to identify the temporal trend of an at-
tribute of a certain place. Both Task 1 and Task 2
were completed with a relatively high success rate.
It might indicate that the interface can effectively
support the users in finding values and identifying
semantic and temporal patterns. Task 3 asked the
participants to summarize a spatiotemporal distri-
bution of attributes in multiple places. Task 4 asked
the participants to predict and compare the spa-
tiotemporal trend of an attribute in multiple places.
Both Task 3 and Task 4 involved multiple spaces
and time periods, however, the success rate of Task
3 was much lower than Task 4. One possible expla-
nation is that the mental effort of Task 3 was much
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higher than Task 4 in practice. Because Task 3 in-
volved eight places, whereas Task 4 requires four
places. Two participants reported with “Not Sure”
to Task 3 which indicates that the participants had
difficulties conducting this task. Another possible
explanation is that the participants learned how to
identify the complex spatiotemporal patterns from
Task 3, which might lead to a better performance
in Task 4.

We examined four aspects that related to un-
derstandability, i.e., spatiotemporal patterns (U1),
three-dimensional symbols (U2), user interaction
(U3), and the layout of the interface (U4) as shown
in Tab. 3. Fig. 7 shows the rating of the four met-
rics from the participants. The results suggest that
applying 3D symbols in space-time cubes can help
people acquire an overview of a complex dataset
(U1). Surprisingly, the stacked ring symbol can be
understood easily as shown by all the seven partic-
ipants who agreed with U2. In addition, the user
interactions, including selection, mouse hovering,

U4U3U2U1
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Disagree

Strongly Disagree
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clicking, zooming, and panning, are easy to under-
stand as suggested by the results of U3. However,
as reported by U4, the layout is not optimal to be
understood easily. Furthermore, in-depth answers
from the participants help the authors to under-
stand better the design issues. In summary, the
STC as a visualization method using the z-axis to
represent time is understandable. The layout of the
interface provides contextual information for users
to connect the visual symbols to bibliographic data.
In ST-Map, the layout should be improved accord-
ing to the users’ feedback.

Four metrics related to user engagement were
asked (as Tab. 3 shows), i.e., visual attractiveness
(E1), entertainment (E2), trustworthiness (E3),
and confidence (E4). In addition to the ratings, the
participants were asked to explain their answers in
detail. Fig. 8 shows the rating results from the sur-
vey. E1 shows that six participants thought the vi-
sual design was appealing. They reported the rea-
son as, “the interface is clean, the color palette is
appealing, and the arrangement of visualizations is
natural from overview to detail.” One of the partici-
pants disagreed and this person stated as “the dark
background color caused uncomfortableness to the
eyes and prefer light background color like grey.”
The results of E2 show five participants held posi-
tive on the entertainment of the ST-Map. The rea-
sons were stated as “much valuable information is
provided and the multidimensional spatiotemporal
information can be perceived with a few clean op-
erations.” Two participants held negative impres-
sions because they experienced that the interaction
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with the map was slow and hard to find the cities.
We found that the support for knowledge discov-
ery increased entertainment, while the difficulty of
user interactions (like hover-over) reduced the en-
tertainment level. It might be sometimes difficult to
hover over a small arc of the 3D symbol. It suggests
that error-free user interactions do not necessarily
contribute to user entertainment, but deficient in-
teractions decrease user entertainment. The results
of E3 show that the trustworthiness of the inter-
face is in general good, with six participants trust-
ing and one having a neutral opinion. The people
who held positive opinions have stated that “the
interface gave me much data support and the in-
formation the interface presents is consistent with
my perception.” The person reported neutral be-
cause “I only used part of the interface and ‘I don’t
know if I should trust the interface since I do not
have any (bibliometric analysis) background knowl-
edge.’ ”. The comments show that trustworthiness is
gained through using the interface to acquire mean-
ingful insights, rather than simply viewing visual
elements (like map style, color, and text). The re-
sults of E4 show that the confidence level is lower
than the other metrics. The positive comments are
“I found all the graphic clues, I can exactly find
the answers to the questions, and the interface is
present in a simple way.” The reasons that lead to
neutral opinions are “I am not sure if I understood
the task correctly and hard to understand Task 3.”
It might indicate that the high mental effort can
overwhelm the users and decrease their confidence
in the interface.

6 Discussion
This study designed the ST-Map that incorpo-

rates a space-time cube with coordinated views,
which allows an effective exploration of multivari-
ate bibliographic data. ST-Map shows the hierar-
chical structure and composition of the literature
along with their spatiotemporal distributions. In
particular, the 3D stacked ring symbol embedded
in a space-time cube encoded the spatial distribu-
tion and temporal trend of research domains along

with the hierarchical structure and proportions of
research fields. Compared to a previous study that
provided spatial information, proportion, and hier-
archical information in separate views[33] , ST-Map
represents the bibliographic data in a compact view,
avoids excessive visual clutter, and provides de-
tailed information on demand. The usability and
user experience are evaluated by a preliminary user
study with benchmark tasks and in-depth ques-
tions. The results show that encoding spatiotempo-
ral multivariate data in a 3D environment can guide
users to gain an overview, find patterns, and com-
pare values easily. Although the authors assumed
the complexity of the 3D visualization might over-
whelm the users, which is partly confirmed by the
response of U4. Nevertheless, the participants can
understand the symbol and find the needed infor-
mation by completing three of the benchmark tasks
and strongly agree with U1, U2, and U3.

However, there is some potential space to lift the
usability of ST-Map. Occlusion is a common issue
in 3D visualization because some objects are hid-
den by those in the foreground, which might lead
to a loss of the overview. ST-Map provides user
interactions to reduce occlusion. More user inter-
actions could be introduced to reduce the occlu-
sion. For example, changing the unselected arcs to
semi-transparent colors. Moreover, some of the arcs
with the same color are not vertically aligned, which
might cause difficulties for users to compare them.
Although users can use the bar chart in Panel C
to compare the temporal trend of a selected index,
the 3D symbols should allow users to realign the
arcs. In addition, the symbols could utilize more
visual variables to represent even more data fea-
tures, for example, using the radius of the ring
to show the number of articles, allowing users to
view the monthly trend in addition to the yearly
trend, extending the 3D symbol to represent the
nine-level depth of the index terms, and providing
different aggregation methods for users to explore
spatial patterns. In the future, the data preparation
module of the ST-Map should provide more user-
friendly functions, such as allowing users to upload
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their own datasets, supplying various aggregation
methods, and ordering methods for location search-
ing.

We evaluate this work using ST-Map as a proto-
type to show the potential of the space-time cube
method. It is important to obtain the first round of
feedback from a small group of experts, their valu-
able feedback will serve as suggestions for future
improvement. After the improvement, a user study
on understandability and engagement will be car-
ried out with a larger group.

7 Conclusion and Outlook

This study explores the possibility of extend-
ing the space-time cube with embedded symbols
to represent the semantic information of multivari-
ate bibliographic data. ST-Map shows the spatial
and temporal distribution of multiple research do-
mains and their interrelations. The use of interac-
tive visual interfaces brings understanding and en-
gagement in knowledge discovery in bibliographic
data. The method could be extended to show
the overview of patterns of knowledge spillover,
entrepreneurship, economy, market, funding, and
their linkages. Supporting visual pattern discovery
is at the interface of information visualization, data
science, human-computer interaction, cartography,
and cognition science. Proposing ST-Map helps us
to identify the potential of the space-time cube and
expose some of the design issues. Especially, we con-
ducted a preliminary user study with in-depth re-
flections of seven domain experts. It shows that the
STC method is promising for discovering complex
geospatial insights, although finding the 3D scene
requires a high mental effort at first sight.

This study shows the potential of extending vi-
sual analytical methods to a 3D environment, which
can give the visualization more viewing perspec-
tives and interactions to encode and elaborate the
multivariate data. Future experiments could ex-
plore more 3D symbols, such as 3D radar charts or
3D trees, to represent multivariate spatiotemporal
data. However, the challenge remains in designing

sophisticated visualization methods to show com-
plex datasets while ensuring good understandabil-
ity and engagement. Furthermore, this study ex-
poses that user experience is more related to users’
prior knowledge and usability, rather than the vi-
sual design style. A large-scale user study will be
carried out to investigate how visual design can bet-
ter support multivariate data exploration.
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