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Abstract. Purpose: Knowledge graphs have so far been intensively used in the
cultural heritage domain. Current interaction paradigms and interfaces however are
often limited to textual representations or 2D visualizations, not taking into account
the 4D nature of data. In digital history in particular, where events as well as geo-
graphical and temporal relationships play an important role, exploration paradigms
that take into account the 4D nature of event-related data are important, as they
have the potential to support historians in generating new knowledge and discov-
ering new relationships. In this paper, we explore the potential of virtual reality as
a paradigm allowing digital humanities researchers, historians in particular, to ex-
plore a semantic 4D space defined by knowledge graphs from an egocentric per-
spective. Methodology: We present e7aRDiS: a virtual reality based tool support-
ing immersive exploration of knowledge graphs. We evaluate the tool in the con-
text of a task in which historians and laypersons with a history background explore
DBpedia and Wikidata. We report results of a study involving 13 subjects that in-
teracted with the data in eTaRDiS in the context of a specific task, in order to gain
insights regarding the interaction patterns of users with our system. The usability
of the tool was evaluated using a questionnaire including questions from the Sys-
tem Usability Scale (SUS) in addition to task-specific questions. Findings: The
usability evaluation showed that our tool achieved an overall SUS score of 71.92,
corresponding to a ‘satisfactory’ rating. While the mean score reached with layper-
sons with a history background was quite high with 76.0, corresponding to a rat-
ing of ‘excellent’, the score for historians was lower with 69.4, corresponding to a
‘sufficient to satisfactory’ rating. A qualitative analysis of the interaction data re-
vealed that participants quickly identified the relevant information in the tasks using
a variety of strategies and taking advantage of the features provided in eTaRDiS.
Value: eTaRDiS is to our knowledge the first virtual reality based exploration tool
supporting the exploration of knowledge graphs. The findings of the usability evalu-
ation and the qualitative analysis of exploration patterns show that the system could
potentially be a valuable tool for allowing digital humanities researchers to explore
knowledge graphs as a way to discover new relationships between historical events
and persons of interest.
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1. Introduction

Knowledge graphs have been shown to be useful in the cultural heritage (CH) domain
to connect and access large collection databases originating from multiple sources [1].
Hyvonen et al. [2], for example, have developed the SAMPO data model which provided
the basis for implementing multiple data portals to access information about cultural her-
itage. With this model, content can be made semantically interoperable to support access,
search, and discovery, thus overcoming boundaries of data silos. While interoperability
is an important dimension in providing access to CH data, investigating by which access
paradigms digital humanities researchers can be supported in answering their genuine
research questions using knowledge graphs is also an important research avenue.

In this paper, we are in particular concerned with how to leverage knowledge graphs
for the work of historians. Conceptions of history are widely shared as narratives that
decisively depend on socio-cultural frames of reference and systems of representation
[3]. Exploring and understanding these systems is a central task of the humanities and
cultural studies, with the goal to communicate a spatio-temporal relationship, e.g. a his-
torical moment, which equals the construction of meaning and ultimately knowledge. In
history, agents, places, and events and their relationships play an important role. Events
in particular can be regarded as 4D objects as they take place in a particular geographical
location and have a temporal extension. Agents in turn can be located at different places
at different times and places can undergo changes over time. It is thus key that tools that
provide access to knowledge graphs to historians account for the 4D nature of relevant
entities, allowing to explore the spatio-temporal relationships between entities.

The idea of using virtual reality technology (VR) in the CH domain is not funda-
mentally new. VR has been applied to the visualization of historical artifacts or full mu-
seums to enable a more interactive exploration of such artifacts or museum collections
[4,5,6]. Our approach differs from the virfual museum paradigm in that we do not follow
the paradigm of ‘bringing history to life’ but aim to facilitate the exploration of historical
data networks. J6sza et al. [7] create 4D spatio-temporal models of large dynamic urban
scenes containing various moving and static objects. Although their work has not been
carried out in the CH domain, it shows that VR is an adequate medium to visualize and
explore spatio-temporal 4D data.

Knowledge graphs built from Linked Open Data (LOD) such as DBpedia and Wiki-
data can provide a basis for the construction of different views on networks. From these
knowledge graphs, the resources of historical events, persons, places, etc., and related
multimodal data can be retrieved and organized in a network for analysis in historical
studies. Using the three-dimensional space in immersive scenarios makes it possible to
explore new spatio-temporal relations of historical events, persons, etc. in virtual space.
In this way, it becomes possible to observe the actions of people in a network of space
and time that makes new connections visible [8, p. 8]. According to Ayers, the visualiza-
tion of time happens through the visualization of the movement of events and people in
space [8]. This perception is central to the construction of events [9, p. 193] and persons
[10], which can also be interpreted as specific spatio-temporal relations.

Towards the goal to leverage knowledge graphs for the work of historians, we
present a new approach to the exploration of knowledge graphs that relies on VR to cre-
ate an immersive space in which the spatio-temporal connections between entities can be
explored. Our approach allows to explore the semantic neighborhood of entities from dif-
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ferent perspectives: focusing on entities that are geographically close, temporally close,
or semantically close, depending on the research question.

Specifically, we present eTaRDIiS, a VR application to enable novel spatio-temporal
access to knowledge graphs that allows exploring the neighborhood of nodes by filter-
ing according to different aspects: time, location, and semantic distance in particular.
As a VR tool, eTaRDiS offers a new perspective on spatio-temporal relationships by
deconstructing existing historical narratives, allowing the user to explore, compare, and
(re)order abstract knowledge fragments, i.e. data from a knowledge graph. As a conse-
quence, eTaRDiS can be framed as a “possibility space” [11], a sort of laboratory for
data and an immersive exploration environment. An initial expert review of our approach
gave us valuable insights into the use cases and requirements that guided our develop-
ments [12].

The application consists of two main views: the Hub (see section 3.2.1) and the
Fragmentarium (see section 3.2.2). The Hub allows a user to select a dataset to explore
and a node to start the exploration. The Fragmentarium allows to explore the neighbor-
hood of a given node; we call such neighborhoods that are defined according to some dis-
tance measure historical fragments. The neighborhoods are visualized in VR as labeled
spheres floating around the user. Selecting one of the related data points, in turn, updates
the visualization by showing those data points related to the newly selected one. This
enables the exploration of the network of related agents, places, events, etc. according to
one’s own individual interest.

As a main contribution of this paper, we describe the design and implementation of
the eTaRDiS system. We further present the results of a user study involving 13 partici-
pants. As main result, the study showed that users generally found it easy to identify the
relation between historical fragments using the features of the eTaRDiS VR application
and by exploring the semantic neighborhood of fragments. A qualitative analysis of the
interaction revealed that participants used different strategies to solve the tasks, tested
the boundaries of the rules in our virtual environment, and liked the playful approach
to exploring historical data. In the study, our tool achieved an overall System Usability
Scale (SUS)[13] score of 71.92, corresponding to a ‘satisfactory’ rating. Further analysis
showed that the self-assessment of users regarding their usage of digital media had an
influence on the SUS score. Participants who rated themselves as ‘good’ to ‘extremely
good’ at using digital media have a higher mean SUS score of 77.8 (a rating of ‘satis-
factory to excellent’) compared to the participants who rated themselves as ‘very bad’ to
‘not bad’ at using digital media (mean SUS score: 58.8).

2. Related Work

Virtual reality (VR) has been shown to be a valuable tool for interaction with networks
in several areas, especially in the natural sciences. For example, Pirch et al. [14] devel-
oped the “VRNetzer platform’ for the interaction with large network structures of genes
to identify genes indicating rare diseases (see also the work of Buphamalai et al. [15]).
Some applications, namely HisVA [16], VaiRoma [17], and POLIS [18], have been im-
plemented for the exploration and analysis of data from the Semantic Web through 2D
visualizations. However, no VR applications have been developed in the CH domain and
the digital humanities to explore existing knowledge graphs.
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According to Kidd [19], there is an immersive turn in museums and heritage con-
texts, one consequence of which has been a broader range of digital and other media
utilized in museums. The goal of immersive VR is to give the impression to users that
they are truly in a synthetic world that can be reached via using a Head-Mounted Dis-
play (HMD) because it allows users to focus on the display of projected VR without
distraction [20]. For example, the immersive exploration of CH data in virtual and aug-
mented reality has been proven useful in higher education in Art History [21]. Further-
more, Razum et al. [22] developed the virtual research environment TOPORAZ in which
a 3D model of the main market of the city of Nuremberg is linked to a database in four
time layers [22]. Although we also use immersive VR in eTaRDiS and make use of an
HMD, our approach differs from the approach of Casu et al. [21] and Razum et al. [22]
in that they follow the paradigm of ‘bringing history to life’, while in our approach VR
supports the exploration of a network of historical fragments.

Mclntire and Liggett discussed a bunch of data and information visualization ap-
plications to find out which kind of tasks might benefit or even suffer from a third di-
mension [23]. Among others, 3D proves advantageous to tasks including precise spatial
localization of objects, complex imagery analysis, and manually interacting with data or
virtual information. Furthermore, they found that a 3D visualization can provide perfor-
mance improvements that correlated with cognitive benefits and that facilitate a better
understanding of spatial and/or multidimensional data. Overall, they concluded that 3D
is especially beneficial for data interpretation tasks.

Wagner Filho et al. [24] stated that exploring 3D scatter plots with an HMD leads
to a smaller effort in finding information and offers a much larger subjective perception
of accuracy and engagement as opposed to desktop applications, but may suffer from
occlusions. Kraus et al. [25] investigated the impact of immersion on cluster identifica-
tion tasks in scatterplot visualizations. Their results indicate that task performance dif-
fers between the investigated visualization design spaces in terms of accuracy, efficiency,
memorability, sense of orientation, and user preference. In particular, the 2D visualiza-
tion on the screen performed worse compared to the 3D visualizations with regard to the
measured variables. The study shows that an increased level of immersion can be a sub-
stantial benefit in the context of 3D data and cluster detection. Overall, they state that vir-
tual environments can indeed provide suitable design spaces for abstract visualizations
such as scatterplots. Furthermore, it became apparent that getting an overview of three-
dimensional data can be enhanced by means of VR due to a more natural navigation, and
better orientation and memorability capabilities.

Wagner et al. [26] investigated the effect of exploration mode and frame of refer-
ence in immersive analytics. They found that egocentric exploration of space signifi-
cantly reduced mental workload. Exocentric exploration, in turn, improved performance
on some tasks. They concluded from their research that generally a room-scaled envi-
ronment should be favored if the necessary space is available; both the egocentric and
exocentric perspectives should be offered so that users can decide whether and when to
switch between these perspectives based on their interests.

It can be concluded from previous work that VR seems to be a suited tool to pro-
vide access to historical data from multiple dimensions and perspectives, leading to a
better understanding of the data and of the corresponding relationships inherent in it. The
above-mentioned studies have substantially influenced the design of our application, in
particular the choice of providing an egocentric perspective to the user at initiation in
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order to avoid occlusions. According to Wagner et al. [26], we let the user transform the
initially room-scaled visualization to enable the switch to an exocentric perspective.

3. Design and Implementation of eTaRDiS

This section describes the design and implementation of eTaRDiS. First, we provide an
overview of the types of users that the system is intended to support and how their needs
differ. We then describe the actual implementation of the system, emphasizing our key
design choices to meet the needs of our target users.

3.1. User Groups

Opening up the virtual space for the field of humanities and cultural studies also meant
designing eTaRDiS to be intuitively usable and making it easily accessible to historians,
laypersons interested in history, and people with an affinity for technology and an interest
in VR. The eTaRDiS is intended for three stereotype users: Historians that are experts
in a specific area of historical scholarship or that are academically active in that area,
laypersons who are interested in history and cultural studies, and users who have no
affinity for dealing with cultural or historical data. In our user study, we investigate the
perspective of historians and laypersons.

The user group of historians knows research discourses and their contexts. In the
composition of the sub-dataset, this group is able to translate their research perspec-
tives in a very fine-granular way into the filter options offered by eTaRDiS and thus
operationalize their questions. Exploration in the Fragmentarium not only provides an
overview but also encourages them to change their perspective on a topic. The user group
of laypersons includes not only people who have a basic affinity for history but also those
who are on their way to a degree in the field of cultural and historical studies. In their use
of eTaRDiS and their choice of filters, they are clearly more open and less specific than
described in the first user scenario because they go into eTaRDiS with a broader view.
It can be assumed that they use the insular knowledge they have acquired over the years
and select a topic focus for their exploration against this background. They are concerned
with the controlled reduction and expansion of complex units of information. They use
their time in the Fragmentarium to gain overviews and consume the (text and image) data
deposited for the information much more intensively.

3.2. Implementation

The eTaRDiS system consists of a VR application and a backend database. The VR
application has been implemented using the Unity game engine?, so that it supports the
visualization of and interaction with knowledge graphs in a 3D immersive environment.
The VR application consists of two virtual spaces: the Hub and the Fragmentarium.
These spaces are clearly separated by different purposes and forms of interaction.

2 Although we specialized our developments on the HTC Vive®, the underlying concepts are applicable to
other VR hardware as well.
3https://www.vive.com/de/product/vive-pro/
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3.2.1. Hub

The Hub serves as a central retreat within the virtual environment of eTaRDiS in which
basic settings such as language, type of keyboard input, etc. can be edited. In addition, the
Hub is the starting point for virtual data exploration. An appropriate interface enables the
user to filter the data to create a sub-dataset adequately tailored for individual (research)
interests (see Figure 1), which can then be subsequently visualized and explored in the
subsequent room, the Fragmentarium.

In order to allow users to get an overview of selected data, information about the
filtered sub-dataset is dynamically displayed on a dashboard to allow a user to filter the
dataset according to individual interests. In addition to a display of the total amount of
nodes (fragments) in the created sub-dataset, temporal and spatial information is shown.
Statistics are displayed for the entire sub-dataset, and the spatial distribution of the in-
dividual fragments becomes visible on a world map. Based on this information, initial
considerations can already be made for selected filters.

In addition to filtering, the Hub interface allows loading saved points and presets.
Saved points allow a user to continue a session at a later point in time and thus to start at
the same point in the Fragmentarium, while presets can be used to save and load defined
filters. presets can also be edited later.

Figure 1. Filtering the dataset dynamically updates the statistical information on a dashboard in the Hub.

3.2.2. Fragmentarium

The Fragmentarium is the interface allowing a user to explore the neighborhood of a
node in the knowledge graph selected in the Hub. The visualization consists of a histor-
ical main fragment and related fragments. The user is standing on the main fragment,
represented as a colored circular platform, and is therefore intended to explore the scene
from an immersive egocentric viewpoint. Related fragments are represented as labeled
colored spheres that surround the user (see Figure 2). While the color indicates the frag-
ment’s category (e.g., agent, event), the sphere’s size is related to the number of sources
(i.e., dbo:wikiPageExternalLinks) available in the corresponding DBpedia article.
For the arrangement of the related fragments, two kinds of distance measures are
used. The first one is used to position the spheres on a spherical shell around the user
so that fragments with a low dissimilarity are close to each other. The second one deter-
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mines their individual distances to the center according to their dissimilarity to the main
fragment. The minimal and maximal distances to the center and thus to the user are 1.7 m
and 3 m. A high dissimilarity results maximally in a distance of 3 m to the center.

To position the spheres on a spherical shell, we rely on the UMAP algorithm [27],
which is a dimension reduction technique. With the dissimilarity calculation of the re-
lated fragments among themselves as its input metric and the haversine as its output
metric, UMAP finds a suitable arrangement of the related fragments around the user. To
prevent dislocations of the neck, in our case, the UMAP algorithm gets two additional
artificial points in its optimization process that are fixed on the poles and constantly re-
pel all the other data points, which bypasses constellations in which spheres accumulate
directly above or beneath the user.

We rely on four attributes for which we calculate dissimilarities: i) temporal (¢), ii)
spatial (s), iii) semantic (sem), and iv) categorical (c). Users can define the neighbour-
hoods to explore by arranging other nodes that are closest with respect to these different
dissimilarities. We first compute pairwise distances for the related fragments in one vi-
sualization for each of the above-mentioned attributes and afterwards, scale them per at-
tribute a to an interval from O (which means similar) to 1 (which means maximal dissim-
ilar) to get a normalized measure of dissimilarities for each individual attribute. If there
is no data available for a fragment n € F and one of its attribute values a,, then the value
is considered invalid. More formally, for a visualization with the related fragments F,
the dissimilarity diss for two fragments i, j € F regarding one attribute a € {z,s,sem,c},
with a;,a; being their corresponding attribute values, is defined as:

dist, (i, j) —miny ; disty (k,7) . e .
o disty (7.0 — iy | sty (6] with k,l,m,0 € F,k # 1 if a;,a; are valid,

diss, (i, j) = 0 if a;,a; are invalid,
1 otherwise.

Note that two related fragments may have different dissimilarity values after the
scaling process. This is due to the fact that two fragments may appear hand in hand for
various main fragments which might have distinct sets of related fragments with different
minimal and maximal distances, potentially leading to different scalings. We describe
the way we compute the different distances in what follows:

Temporal distance:  For the temporal distance dist; between two fragments, the minimal
separating interval regarding their time periods #; and ¢; is considered. If there are time
periods provided that do not overlap, then the difference in days is taken into account. If
their periods overlap, or if no time period is given for both fragments, their distance is 0.

Formally, a fragment’s time period ¢; is an interval [t,',mr,;t,-’end} starting with a start
date #; yor; and ending with end date ¢; .4, €ach of which is represented in days (the
number of days that have elapsed from common era to the corresponding date associated
with the fragment). Two time periods #; and ¢; overlap, if their intersection is not empty:
1;(t; # 0. Their temporal distance in days dist; (i, j) can be calculated as follows:

distt (l,]) =

min { | ‘ttﬂstart - tj,end”; Htj,start - ti,end”} if 1 mtj = ®7
0 otherwise.
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Spatial distance: The spatial distance dist; between two fragments is defined as the
shortest distances of the corresponding locations. Since locations are represented in pairs
of longitudes and latitudes (¢, 6), the distance dist; between two locations (¢;, 6;) and
(¢;,0;) can be calculated via the great circle distance with 7.4, = 6371,009 km being
the earth’s radius:

dists (i, j) = rearsn arccos (sin (6;)sin (6;) +cos (6;)cos (6;)cos (¢; — @;)) .

Semantic distance: We make use of the Sentence Mover’s Distance by Clark et al. [28]
which is an evaluation method for multi-sentence texts. As sentence vectors, we use a
fine-tuned sSBERT model [29] based on the pre-trained model ‘all-MiniLM-L12-v2’*. We
applied the Sentence Mover’s Distance to the abstracts as textual descriptions of entities,
and use uniform weights for the sentences in the calculation of the distance.

Categorical distance: The categorical distance is per definition a dissimilarity and esti-
mates to 1 if two fragments do not share the same category. Otherwise, it is set to 0. Given
the categories of two fragments, ¢; and c}, the categorical distance dist. is computed as:

o 1 ifei#cy,
distc (i, j) = {0 otherwise.

The user can choose according to which dissimilarity the data should be arranged.
In our scenario the distance measure that is used as the input metric for the UMAP al-
gorithm takes the dissimilarity values of the categories of the related fragments among
themselves into account while the second one makes use of the semantic dissimilarities
between the related fragments and the main fragment. Thus, related fragments that share
the same category appear in clusters around the user and related fragments that have a
high semantic dissimilarity to the main fragment are spatially distant to the center. There-
fore, the visualization gives clues regarding the relationship between the main fragment
and its corresponding related fragments and regarding the interrelationships between re-
lated fragments at one glance.

3.3. Design Principles

The features in the Hub and the Fragmentarium were developed to meet the requirements
for the scholarly primitives by Unsworth [30] comparing, annotating, discovering,
and sampling. These primitives, among others, are common methods of humanities
researchers, basic functions common to scholarly activity across disciplines, over time,
and independent of theoretical orientation [30]°.

The primitive of comparing is addressed by the so called relation details in the
Fragmentarium, which show pairwise connectivity information for the nodes regarding
space and time (see Figure 2). The annotation primitive is realized by allowing
users to mark nodes to find them later again more quickly. If nodes are marked, their mark
appears in the color of their respective category on the compass, which is a guidance line
in the upper field of view (see Figure 3). Furthermore, for each node, a detail window can

‘https://www.sbert.net/docs/pretrained_models.html
SPacheco [31] gives an elaborate analysis of the scholarly primitives in the digital humanities, also from
other researches over the years.
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be opened with collapsable additional information like its characteristics (e.g., locations,
time period, etc.), an image, and an abstract (see Figure 3). In that window, a space is
reserved for annotation by allowing users to enter notes. The primitive discovering
is addressed with the visualization and features in the Hub and the Fragmentarium as a
whole. The user can apply filters or show statistics on datasets in the Hub. At the same
time, this addresses the requirements of sampling because the filters in the Hub can be
used to select data according to the user’s interests. Selecting a new node of interest with
a ray pointer attached to the user’s controller in the Fragmentarium makes it the new
main fragment and updates the visualization. Thus, the user is able to move from node
to node while inspecting their properties and relations. A history shows the order of the
main fragments visited so far (see Figure 3). Following the recommendations of Wagner
et al. [26], we offer both the egocentric and exocentric perspective to the user, who is
allowed to grab and transform the whole constellation of the related fragments (which
includes translating, uniform scaling, and rotating). Thereby, the user may switch from
the initial egocentric to an exocentric perspective. Finally, the application offers a help
menu that explains all functionalities.

3.3.1. Backend

In order to implement the data backend, we rely on Neo4j® as a graph database de-
signed to manage and query large knowledge graphs. We rely on DBpedia as the main
data source for several reasons. First, DBpedia, being built on top of Wikipedia, is
the most widely [32] used online encyclopedia, and one of the most prominent exam-
ples of truly collaboratively created content. The Wikimedia Commons’ is part of the
Wikipedia encyclopedia family that contains over twenty-five million audio, video, and
image files [33], including scanned books, historically significant photographs, illustra-
tive figures, and maps. Accessing historical data via several media plays an important
role in their exploration and interpretation. Third, DBpedia is interlinked to other related
information and also connected to other datasets [34] that allow us to explore histor-
ical data through semantic relatedness. In addition to DBpedia, we use Wikidata as it
represents information on the time and location of a resource by a set of well-defined
properties, which is crucial for historical data exploration.

First, we extract resources from DBpedia including Wikipedia text, images, video,
and audio files. For each resource, we extract its connections in the forward and backward
directions. After that, we find the equivalent entry in Wikidata, provided via the property
owl :sameAs in a DBpedia resource, and retrieve temporal and spatial information.

In order to integrate data from DBpedia and Wikidata into a knowledge graph
database in the context of historical studies, we have worked with historians in the
eTaRDiS project to develop an appropriate database schema. We re-structured the
classes of DBpedia into the seven categories: Agent, Place, Event, Topical Concept,
Material Object, Cultural Artifact and Miscellaneous. The reason is that
DBpedia classes were not designed for the context of historical data. For example,
the Motherland Calls (i.e., a resource in DBpedia res:The Motherland Calls) is a
statue representing 'Heroes of the Battle of Stalingrad’ but the class of the resource
is dbo:ArtWork in DBpedia, which is re-structured as Cultural Artifact in our

Ohttps://Neodj.com/
"https://commons.wikimedia.org/wiki/Main_Page
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Figure 2. An external view of the visualization shows the main fragment (here Albert Einstein)
represented as a colored platform the user is standing on. Related Fragments are represented as col-
ored, labeled spheres. Their arrangement gives clues regarding the fragments’ interrelationships.

Figure 3. The user explores the scene from an egocentric perspective. For every sphere, its corre-
sponding detail window reveals deeper information on the corresponding fragment by showing up
its time period, locations, a picture (if available), and a describing text. The history localized in the
lower area of the field of view shows the order of the main fragments visited so far (here United
States). In the upper part of the field of view, the compass serves as a guidance line; if nodes are
marked, their mark appears on the compass in the colour of their respective category. The feature
referred to as ‘relation details’ helps to figure out how two fragments are related. It shows the gap
in time, the shortest distance between their locations, and their categorical differences.

database. The resources of class dbo:Person, dbo:0rganization, dbo:Species,
dbo:Language and dbo:EthnicGroup were classified into the category Agent.
Furthermore, the resources of class dbo:MeanOfTransportation, dbo:Currency,
dbo:Device, dbo:Food and dbo:ChemicalSubstance were classified as Material
Object. All the resources that could not be classified into one of the above categories
are classified into Miscellaneous.

In another mapping process, we mapped properties from DBpedia and Wikidata to
a minimal set of descriptive properties for each of our seven categories. The descrip-
tive properties are i) category, ii) locations, iii) name, iv) sub-categories, v) time
period and vi) properties. All properties containing geographical information of lo-
cations are listed. Respectively, all properties containing time information are collected
in the descriptive property time period. Table 1 shows an example of six descriptive
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properties for category Agent (i.e., res: Albert_ Etinstein). The descriptive property
properties consists of 26 properties and some of them are shown in the Table. These
sets of minimal descriptive properties of each resource were used in the detail window
of a fragment in the Fragmentarium as a standardized brief description (see Figure 3).

’ ‘ Descriptive properties ‘ Values ‘
1 | category Agent
2 | name Albert Einstein
3 | locations Germany, United States, Switzerland, Austria
4 | subcategories dbo:Agent, dbo:Person, dbo:Scientist
5 | time period 0.1.01.1879 - 31.12.1955
6 | properties/gender male
properties/positions professor
properties/religion pantheism
properties/abstract ”Albert Einstein was a German-born theoretical physicist,
widely acknowledged to be one of the greatest physicists...”

Table 1. An example of six descriptive properties for the resource res:Albert_Einstein. The descriptive property
properties consists of 26 properties for this resource.

To access a knowledge graph database and apply adequate filter functions, an API
was developed. The API allows us to query the database for specific resources that can
be visualized as historical fragments in the Fragmentarium. In addition, filters could be
applied to query the database for resources in certain geographical places or time frames.
Additionally, the API was used to compute the central and relative semantic distances
between fragments based on the abstracts from DBpedia.

4. User Study

In this section, we present a user study that helped us to gain insights into how users inter-
act with eTaRDiS. The user study was designed with two goals: 1) to evaluate if the user
(a historian or a layperson with an interest in history) could retrieve relevant information
regarding a certain historical question, 2) to assess the usability of the application.

The participants started in the Hub and were asked to open a preset with the main
fragment Hundred Years” War (i.e., the resource res:Hundred_Years’ _War) as the
starting point in the Fragmentarium and got a brief tutorial on the main functionalities.
After the introduction, they were instructed to choose a preset with the fragment Albert
Einstein (i.e., the resource res:Albert_Einstein) as the starting point of four succes-
sive tasks and were asked to “think aloud” (method based on [35]) in the Fragmentarium.
In this section, we describe the tasks, participants, and results of the user study.

4.1. Tasks

The underlying question for the tasks was: ‘What is the relation between the frag-
ments World War II (WWII), J. Robert Oppenheimer (Oppenheimer) and the
Manhattan Project?’. Inorder to answer the question, the participants were first asked
to find the three fragments in the Fragmentarium. As a second task, they had to retrieve
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information on the location and time for each fragment. As a third task, they were then
asked to read the abstract of the fragments and explore the distance to other fragments as
a basis to find the relation between the different fragments. Finally, as a fourth task, they
were asked to assess ‘how prominent the relation between the different fragments was’.
We relied on the System Usability Scale (SUS) developed by Brooke [13] as a basis for
a questionnaire administered to the participants, adapting the questions to the eTaRDiS
setting. The participants assigned a score on a five-point scale from ‘not true at all’ to
‘fully agree’ for each of the ten questions regarding aspects of the usability of eTaRDiS.

4.2. Participants

The participants were recruited through a seminar of historical studies and the digital
humanities and received credits for their participation in the study. In total, 13 students
participated in the user study. The age of the participants was between 24 and 42 years
(average age 29.13). Six participants had a background in historical studies. Three par-
ticipants even had an occupation related to history, e.g., as an archivist, or they were
working in a project related to history. Five participants were interested in history and
had a background in different research areas of social sciences (see Section 3.1). The
interviews were transcribed and analyzed using qualitative content analysis. The total
dataset comprises 2 hours 48 minutes and 41 seconds of audio and video recording.

4.3. Results

For eleven out of 13 participants, eTaRDiS was the first VR experience. All participants
were able to complete the given tasks and eleven participants found the relation easy to
identify. In the first task, the participants needed between 8 and 84 seconds (42.85 sec-
onds on average) to find the three relevant fragments. One participant inferred from the
names of persons on fragments coloured in blue that all blue fragments denote Agents
and used this correct inference to find the (blue-coloured) fragment for Oppenheimer.
Another participant used a sphere’s size to find the fragment WWII, assuming the sphere
for the event to be relatively large. Two other participants used the labels of the surround-
ing fragments to locate Oppenheimer and the Manhattan Project, assuming the fragments
had to be in the proximity of the fragments of physicists. Four participants marked the
corresponding spheres. The proximity of the fragments Manhattan Project and WWII
represented a challenge to the exploration for some participants as the label of one of the
fragments was partially occluded by the open detail window of other fragments.

In the second task, the participants used three strategies to find the location and time
of the fragments. The first strategy used by six participants was to open the characteris-
tics in the detail windows of the fragments and read the information under location and
time period. For WWII, no locations were given but the participants found the relevant
information in the compilation of the place property. The second strategy used by five
participants was to read the abstract of each fragment. The third strategy used by two par-
ticipants was to read the characteristics and the abstracts. In all strategies, the participants
zoomed in or moved the detail windows for a better view of the texts.

In the third task, the participants also used three strategies to identify the topical
relation of the fragments. In the first strategy, three participants read the abstracts. In par-
ticular, the participants used the names of the fragments as keywords to search for rel-
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evant information in the abstracts. In the second strategy, six participants used the rela-
tion details in combination with the abstracts, and in the third strategy, three participants
additionally opened the images given for the fragments. One participant answered the
question without using any of the information or functions in the Fragmentarium.

As stated before, eleven participants out of 13 found the relation of the three frag-
ments easy to identify with the information and functions given in the Fragmentarium.
In the third and fourth tasks, six participants stated that they had prior knowledge re-
garding the relation of the fragments. Five of these six participants were in the group of
historians. The layperson with prior knowledge stated that they knew that “Oppenheimer
invented the atomic bomb [and] that it goes hand in hand with the Second World War, of
course. However, the fact that the Manhattan Project is related to the atomic bomb and
that Oppenheimer also belonged to the Manhattan Project, would not have come to my
mind before”. Several information and functions were seen as helpful by the participants
to identify the relation. One participant referred to the images given for a fragment, and
one participant referred to the proximity of the fragments. Two participants referred to
the relation details, the relative distance weighted by category, or related fragments. Four
participants found the abstract and other textual information helpful.
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Figure 5. SUS scores of historians.

In the evaluation of the usability questionnaire, we computed the SUS score for
each participant, the mean overall, and the mean for each of the two groups, laypersons
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(five participants) and historians (eight participants) (see Figure 4). We use the scheme
of Bangor et al. [36] as a reference for the interpretation of the resulting SUS scores
regarding the acceptability of the system. In addition to the usability scale, we give the
corresponding school grades for the system suggested by Bangor et al. in Figure 5. The
overall mean SUS score is 71.92, which corresponds to a ‘satisfactory’ rating in the
interpretation scheme of Bangor et al. However, the mean of SUS scores is different for
the two groups of participants. The mean score of laypersons interested in history is 76.0,
corresponding to a ‘satisfactory to excellent’ rating. The mean score of historians is 69.4,
corresponding to a ‘sufficient to satisfactory’ rating.

5. Discussion

Most of the participants were able to use the functionalities of the virtual environment
without any problems. They used the existing features and tested the boundaries of the
rules for the interaction with objects in the virtual environment, e.g., when they tried to
use the grab button to move the fragments or other fixed elements (e.g., the windows
of the relation details). Some participants who used a VR application for the first time
stated that they liked the playful approach to exploring historical data. Two participants
who worked in an educational context suggested using eTaRDIiS for knowledge transfer.
Additionally, the participants stated that they learned something new. For example, one
participant said “didn’t know the topic before, but that the connection exists, you could
actually find out pretty quickly by reading the abstract”. Three participants even looked
for information unrelated to the task. One participant stated regarding the information
in the characteristics of the fragment WWIIL: “Yes, that is also interesting. How many
casualties have there been?” (usability study 2023, P9). Another participant looked at
the other fragments related to Albert Einstein and stated: “See what else is around [the
fragment WWII|. Physical review. Munich. Mozart is irritating me a bit. Why is Mozart
there?” (usability study 2023, P4). A general observation was that the participants tried
to explain the proximity of fragments or why fragments were visualized in the Fragmen-
tarium with their prior historical knowledge. Therefore, the VR environment stimulated
the reflection of their prior knowledge and the potential generation of new knowledge by
discovering new relationships between historical fragments.

On the other hand, some participants commented after participating in the study they
felt overwhelmed by the novel visual impressions in eTaRDiS due to their lack of VR
experience. However, in the usability questionnaire, four participants gave five out of five
points (corresponding to the answer ‘fully agree’) and six participants gave four out of
five points for the question if they would like to use eTaRDiS more often. The other three
participants gave three out of five points, corresponding to a neutral answer.

eTaRDiS allows users to take different perspectives on a topic, and the results
showed that the participants found the implemented features helpful for this. In particu-
lar, the participants explored the adjacency of individual fragments to put them into con-
text. In addition, they combined different aspects like the arrangement of the fragments,
their detail windows, and their relation details.

The SUS scores of 76.0 (mean) for the group of laypersons corresponding to a ‘sat-
isfactory to excellent’ rating and the mean score of historians of 69.4 corresponding to
a ‘sufficient to satisfactory’ rating are a promising first rating for our prototype system.
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Another perspective on the SUS scores is gained by considering the participant’s digi-
tal media affinity (DMA), which users were asked to indicate in a self-assessment on a
six-point scale, in addition to their prior VR experience. Our DMA scale ranges from
‘very bad’ to ‘extremely good’. Nine participants who stated that they had a ‘good’ to
‘extremely good’ DMA have a SUS score between 62.5 and 92.5 (avg. 77.8) and four
participants who rated themselves as ‘very bad’ to ‘not bad’ at using digital media have a
SUS score between 45.0 and 70.0 (avg. 58.8). An independent samples t-test between the
groups yields a p-value of 0.039 and an absolute t-value of 2.70, which shows a high in-
fluence of the stated DMA on the SUS score. We observed a positive Pearson correlation
between DMA and SUS scores, r = 0.75. Based on the threshold values of Cohen[37],
these effect size can be considered large. Two participants stated that they are regularly
using VR applications. Their SUS scores are 70.0 corresponding to a ‘satisfactory’ rating
and 82.5 corresponding to an ‘excellent’ rating. Eleven participants had no VR experi-
ence and had SUS scores between 45.0 and 92.5 (avg. 71.1). The broad range of SUS
scores indicates that the lack of VR experience might not be of relevance regarding per-
ceived usability. The p-value of 0.57 in an independent samples t-test for the SUS scores
in the two groups with or without VR experience shows that the difference in the two
groups is not statistically significant. Therefore, the quite high results in the group with
VR experience can be seen as informed trends but need to be validated in further studies.

6. Conclusion and Future Work

We presented eTaRDiS, a VR exploration tool to support access to knowledge graphs for
historians. In the presented user study, our tool achieved an overall SUS score of 71.92,
corresponding to a ‘satisfactory’ rating. While the mean score reached with laypersons
interested in history was quite high with 76.0, corresponding to a rating of ‘satisfactory
to excellent’, the score for historians was lower with 69.4, corresponding to a ’sufficient
to satisfactory’ rating. Further analysis showed that participants who rated themselves as
‘good’ to ‘extremely good’ at using digital media have a higher mean SUS score of 77.8
compared to the participants who rated themselves as ‘very bad’ to ‘not bad’ at using
digital media (mean SUS score: 58.8). The findings of the usability evaluation and the
qualitative analysis of exploration patterns show the system’s potential to be a valuable
tool for allowing digital humanities researchers and laypersons to explore knowledge
graphs. With eTaRDiS, such users are able to reflect on their prior knowledge as well as
generate new knowledge by discovering new relationships between historical fragments.

In future work, we aim to integrate other historical databases to allow more diverse
data to be explored using eTaRDiS. In addition, the feedback of the participants in the
user study provided insights that we aim to integrate into eTaRDiS via further features
specific to research purposes in historical studies.
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