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Figure 1: The demonstration of the ARTimeTravel. (a) a visitor using the system in the heritage site; (b) a visitor viewing the
reconstructed ruins overlaid onto the real world; The screenshot of (c) NPC narrative and (d) the LLM chatbot user interface.

Abstract

Heritage sites, as dynamically evolving social spaces, undergo spa-
tial and cultural changes over time that are important for cultural
heritage conservation and visitor experience. Despite this impor-
tance, existing research has gaps in illustrating these temporal
changes, especially in the use of Augmented Reality (AR) for spatial
change demonstrations. In this paper, we propose ARTimeTravel, an
AR-based serious game grounded in the three guiding principles of
Heritagescape theory: boundaries, cohesion, and visibility. ARTime-
Travel aims to demonstrate spatial changes in heritage sites over
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time through immersive experiences. Evaluation results indicated
that it greatly enhances users’ understanding of these changes. We
anticipate that future research will provide a more comprehensive
solution for the presentation of heritage sites, thus contributing to
cultural heritage preservation and education.
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1 Introduction

Heritage sites, as preservers of history, play an important role in
cultural heritage education. These sites are dynamic, ever-changing
social spaces rather than static, homogenized entities [7]. This dy-
namism implies that heritage sites change over time in terms of
physical structure and cultural value reassessment, offering visi-
tors unique opportunities to engage with the past meaningfully
[15]. However, effectively communicating these changes to visitors
remains a challenge. It necessitates a comprehensive understand-
ing of the site’s historical evolution and innovative approaches to
presenting this information engagingly and accessibly.

Traditional methods of interpreting heritage sites, such as static
displays, guided tours, and printed leaflets, provide valuable in-
formation but often fail to capture users’ interest [28] and lack
interactivity [21]. In recent years, digital experiences have emerged
as viable solutions to these challenges. Current research trends em-
phasize the development of augmented reality (AR) in the tourism
field, including visits to historical landmarks and cultural heritage
sites. AR serves as a tool that provides more information about vi-
sualized items while maximizing tourist satisfaction and enhancing
their experience [5]. Some AR applications allow users to select a
historical period and view corresponding AR visualizations, blend-
ing past and present with 3D models or 2D images [14]. However,
these applications often have limited user interaction capabilities.

With the proven effectiveness of enhancing engagement and
interactivity in the learning process, scholars are increasingly ex-
ploring the application of serious games (SGs) in promoting cultural
heritage [12, 19]. Nonetheless, few serious games specifically fo-
cused on communicating the spatial changes of heritage sites over
time. Therefore, this study proposes an AR SG design framework
specifically for showcasing the spatial changes of heritage sites
over time and explores its potential to enhance cultural heritage
education. Specifically, our study aims to answer:

RQ1: How to design an AR serious game that effectively showcases
the spatial changes of a heritage site over time?

RQ2: To what extent can the AR serious game enhance users’ un-
derstanding of the spatial changes of the heritage site over
time?

We conducted design practices around a thousand-year-old her-
itage site (i.e., Shuangta) in Suzhou, China. To begin with, we ex-
plored the spatial changes and cultural values under the theoretical
guidance of Scene Theory [18]. The findings were integrated into
the AR SG design process. Based on the proposed framework, we
designed an AR SG (ARTimeTravel), and assessed its effectiveness
with 12 participants using a combination of quantitative and quali-
tative methods. The evaluation results indicated that ARTimeTravel
significantly enhances users’ understanding of the changes. Further-
more, high scores in user experience and system usability suggested
that ARTimeTravel offered excellent interactivity and ease of use.

Our study made the following contributions: (1) We proposed an
AR SG design framework specifically for showing spatial changes
over time in heritage sites. (2) Based on the proposed framework,
we developed an AR SG (ARTimeTravel) for a local heritage site,
providing users with a cohesive experience. (3) Through an in-the-
wild study, we evaluated the understanding level that ARTimeTravel
provides, as well as the system usability and user experience.
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2 Related Work
2.1 Augmented Reality in Heritage Sites

Heritage sites are repositories of historical and cultural signifi-
cance, and understanding and representing their changes over time
is critical to preserving cultural heritage and promoting a deeper
understanding of the past for contemporary audiences [16]. Many
studies have integrated AR systems to offer historically accurate
visual perspectives of landscapes and objects that no longer exist
in their entirety, achieved through digital restoration. For instance,
Skowronski et al. [23] realized the display of reconstructed mod-
els from different periods of the Temple of Bel overlaid on a map.
Liestol et al. [11] employed AR technology to overlay 3D models
of historical buildings onto modern scenes in a historical square in
Estonia. Similarly, the works of [14] and [3] involve superimposing
virtual reconstructions onto actual archaeological sites. However,
users in these studies primarily remain passive observers, view-
ing the integration of virtual historical scenes with the real world
through devices, resulting in limited interactivity.

In recent years, AR SGs have demonstrated effectiveness in en-
hancing user interactivity and promoting cultural heritage knowl-
edge. Gao et al. [6] introduced a prototype utilizing AR technology
to engage students with campus cultural heritage, enabling them to
explore the site through images and captions of monuments similar
to those found at the university. Xu et al. [27] showed efforts to
enhance visitors’ immersive storytelling and cultural experiences
at historical sites through a mobile AR exploration game. Their
findings indicate that user connections to cultural heritage can
be strengthened by incorporating game features that enhance in-
teraction. Despite these advancements, the understanding of how
heritage sites evolve over time and relate to one another remains
limited [7]. Therefore, we aim to provide a coherent approach to
illustrate the spatial changes in heritage sites over time.

2.2 Theoretical Frameworks for Analyzing
Heritage Sites

Previous studies have presented several theoretical frameworks for
analyzing heritage sites. The Historical Urban Landscape (HUL)
[24] is the main theoretical framework for analyzing the significant
landscape changes of the heritage site. In addition, the Scene The-
ory [18] facilitates the analysis of cultural spaces and their impact
on society. The theory highlights four objective structure levels, in-
cluding neighborhood, physical structure (e.g., architecture), persons,
and specific activities. In addition, a subjective cognitive level of
values nurtured in the scene can be interpreted. This theory allows
a comprehensive analysis of the complex relationships between
heritage site spaces, cultural activities, and broader value patterns.
Moreover, Garden et al. [7] introduced the concept of “Her-
itagescape” as an analytical framework for conducting in-depth
analyses of heritage sites, providing new perspectives and approaches
to understanding their temporal evolution and social construction.
Heritagescape examines the components of a heritage site and their
interrelationships through three guiding principles: boundaries, co-
hesion, and visibility. Boundaries define a site’s spatial extent and its
relationship to its surroundings. Cohesion refers to the integration
of site components, providing a sense of place. Visibility involves
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Figure 2: Summary of the cultural heritage elements identified and selected according to the five categories of Scene Theory.

the physical and cultural visibility of site elements, influencing user
perception. Building on these principles, six dimensions can be
identified: defining and changing boundaries, visible and invisible
cohesion, and physical and cultural visibility. These theories have
been investigated in previous cultural scenarios [2, 25], and we aim
to apply and extend these theoretical frameworks to help design
an AR serious game effectively.

3 Design and Implementation

3.1 Content Development and Requirement
Analysis

To understand Shuangta’s historical evolution and organize cul-
tural elements in the AR experience, we conducted two workshops
with six stakeholders (4 females and 2 males, aged between 21 and
45): three heritage conservation experts, one historic architecture
expert, and two tourists. Each workshop, lasting about an hour
and conducted in participants’ native languages, focused on: (1)
Shuangta’s historical period, (2) its architectural composition, and
(3) its cultural value.

The workshop results were summarized into five categories from
Scene Theory [18, 29], as explained in Section 2.2 and illustrated
in Figure 2. Guided by HUL [24], the historic architecture expert
has decoded the key changes for the architectural activity and
conservation practice Shuangta heritage site. Four physical struc-
tures were selected: the main hall relics, twin pagodas, inscription
gallery, and carved brick gate. Key groups include locals, visitors,

scholars, and managers, engaging in activities like strolling, chat-
ting, photographing, research, and heritage preservation. The site
generates value through its history, tourism, and cultural heritage
preservation. Furthermore, participants identified five key periods
of creation and destruction of the physical structures: Tang Dynasty,
Northern Song Dynasty, Southern Song Dynasty, Modern China,
and Contemporary China. In addition, five key figures (i.e., Sheng
Chul, Wang Wenhan?, Miao Si3, Chen Congzhou4, and Ms. Zhaos)
related to the different periods were frequently mentioned, as they
played a significant role in the spatial changes and protection of
Shuangta.

3.2 Extending the Heritagescape Framework

Based on six dimensions identified in the Heritagescape framework
[7] (see Section 2.2), we propose six key factors (as illustrated in
Figure 3) to enhance the spatiotemporal representation of heritage
sites through AR serious games. Traditionally seen as static rep-
resentations, maps also convey temporal changes and historical
developments, as noted by Hagen et al. [8]. Thus, we utilize the site
map to define and visualize spatial boundaries. Previous research
has demonstrated the importance of AR technology in route plan-
ning for enhancing users’ comprehension of spatial relationships
[30]. Accordingly, we employ route planning to facilitate users’

Tang Dynasty, Scholar

2Northern Song Dynasty, Judge

3Southern Song Dynasty, Abbot

4Modern China, Garden Expert

5Contemporary China, Heritage Conservation Expert
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Figure 3: Our proposed AR SG design framework is based on Heritagescape principles.

represents spatial-related factors,

represents time-based factors, NPC = Non-Player Character, AR= Augmented Reality, and LLM = Large Language Model.
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Figure 4: The design of ARTimeTravel based on the proposed framework.

visual integration of various parts of the heritage site. Additionally,
AR coordinate guidance supplements real-world location mark-
ers, thereby improving physical visibility. Narratives delivered by
avatars can significantly enhance users’ understanding of historical
and cultural contexts [13]. Therefore, we aim to strengthen the in-
visible cohesion of site locations through non-player characters
(NPCs) narratives. Cultural visibility is achieved through AR in-
teractions, a method proven to improve user comprehension and
engagement with cultural heritage content significantly [9]. Finally,
given the potential of large language models (LLMs) to offer
personalized information about heritage sites [26] and significantly
enhance user interactivity in cultural heritage education [4], we
consider them a complementary approach to achieving cultural
visibility.

3.3 Design of ARTimeTravel

We designed a web-based AR SG, ARTimeTravel, to enhance visitors’
understanding of the spatial evolution of the heritage site over time,
as illustrated in Figure 4. It was designed based on the three critical
aspects of the AR SG framework (see Section 3.2): Boundaries,
Cohesion, and Visibility.

Boundaries. We use period-specific 2D maps in application to
illustrate boundaries definitions and boundaries change, helping
visitors understand the site’s spatial evolution.

Cohesion. We achieve visible cohesion through planned tour
routes, linking areas like the main hall, twin pagodas, inscription
gallery, and carved brick gate, enhancing visitors’ understanding
of the site’s structure. Invisible cohesion is achieved via NPC nar-
ratives, with characters from different periods sharing stories and
historical contexts, deepening cultural connections.

Visibility. In addition to the signboards given by the site orga-
nizers, we enhance physical visibility with AR coordinate markers

and real-time distance indicators. Cultural visibility is achieved
through AR interactions and LLM-generated information, allowing
users to explore 3D reconstructions and access an LLM-empowered
chatbot for site-related inquiries.

3.4 Interfaces and Interactions

Figure 1 illustrates the interface components and interactions im-
plemented in ARTimeTravel. To begin with, users access the appli-
cation by scanning a QR code or directly clicking on a web link
to open the web app in the browser on their mobile device. The
interface includes four main pages that users can navigate: AR Ex-
ploration, Chatbot, Checkpoints, and Profile (see Figure 1b-d. On
the AR Exploration page, users engage in conversations with a his-
torical figure of the time period and are guided to complete tasks,
such as searching for a pattern on a stone pillar, and triggering the
reconstructed Arhat Monastery in AR. Completing all tasks at a
specific spatial location will trigger the switch between the site
maps of the next time period (see Figure 4). Users can interact with
the LLM-empowered chatbot at any time by clicking on the Chatbot
icon. The Checkpoints page allows users to take pictures and create
their own collections. These collections as well as their personal
information can be accessed and edited on the Profile page.

3.5 Technical Implementations

As indicated in previous studies [27], avoiding the need for app
download and catering for a wide range of device compatibility are
often desired by stakeholders of heritage sites. Therefore, we devel-
oped a web-based system for easier access. The system, hosted on
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an Aliyun cloud server® for stable delivery, integrates AR technol-
ogy and an LLM chatbot. The technical architecture can be found
in Figure 5.

Cloud Server
Aliyun ECS
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Figure 5: The conceptual diagram illustrating the technical
architecture of ARTimeTravel.

For web-based AR, we used: (1) A-Frameé' , allows creation of
complex 3D and AR scenes using HTML. (2) ARjs®, a lightweight,
web-based AR library that supports image tracking, location-based
AR, and marker tracking. The system uses AR.js to implement
location-based AR by predefining geographic coordinates (latitude
and longitude) for a defined physical structure. It continuously
tracks the user’s geographic location and calculates real-time dis-
tances and viewing angles to these points, enabling dynamic AR.

For LLM integration, the site chatbot is deployed and hosted on
a computer with an NVIDIA RTX4090 (24GB VRAM) for high-speed
processing and precision (FP16). Key tools include: (1) ChatGLM3-

6B°: An open-source LLM for answering visitor questions. (2) Langchain-

Chatchat'?: Facilitates question-answering by processing historical
documents into a knowledge base. The system uses HTTP POST
for API communication, enabling real-time interaction with LLM.

Chttps://www.aliyun.com/

"https://aframe.io/

8https://ar-js-org.github.io/AR js/
“https://github.com/THUDM/ChatGLM3
Ohttps://github.com/chatchat-space/Langchain-Chatchat
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4 Evaluation

4.1 Procedure

The pilot study was conducted in the public area of the heritage site.
Participants were randomly selected from visitors of the heritage
site and guided through the three experiment phases (see Figure 6).
(1) Pre-experiment Phase: Participants were introduced to the
research, provided informed consent, and received task instructions,
and completed demographic and pre-experiment questionnaires. (2)
Experiment Phase: Guided by a trained experimenter, participants
explored the site using ARTimeTravel, and completed the tasks of
chatting with NPCs, navigating to destinations with coordinate
guidance, completing AR interactions, chatting with LLM chatbot,
and viewing maps of the different eras through a time machine
in turn. (3) Post-experiment Phase: Participants completed a
post-experiment questionnaire and participated in an interview to
provide further insights. Ethics approval has been obtained from
our institution’s ethics committee prior to any data collection.

4.2 Measures

This study collected both quantitative and qualitative data to assess
users’ level of understanding, user experience, and system usability.
The detailed measures can be found in Appendix A.

Level of Understanding: We used five multiple-choice ques-
tions about the site’s spatial composition across different periods
to evaluate understanding. Each question had four options plus
an “I don’t know” choice. Correct answers earned 1 point, omitted
answers earned 0.5 points, and incorrect answers earned no points.
The total test score (TS) calculated as Z?:l TS;.

System Usability: Measured by the System Usability Scale (SUS)
[1], comprising 10 questions on a five-point Likert scale from 1
(strongly disagree) to 5 (strongly agree). After reversing scores
for even-numbered questions, the usability score is calculated as
211201 (sus; — 1) % 2.5, with 68 as the average usability threshold.

User Experience: Assessed using the short version of the User
Experience Questionnaire (UEQ-S) [22], which includes pragmatic
and hedonic quality subscales, along with a total score. The UEQ-S
consists of 8 items scored from -3 (horribly bad) to 3 (excellent).
Scores between -0.8 and 0.8 are neutral, while above 0.8 are positive.

®

START

Briefing, tutorial, consent collection &
pre-experiment questionnaire

.---  Pre-experiment Phase ----’

________ 5 min 10 min
— e
=4 0%
/ an
Post-experiment Interview &
questionnaire debriefing

END

~——————

---- Post-experiment Phase ----

Figure 6: A flow chart showing the experiment procedure, including pre-experiment, experiment, and post-experiment phases.
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4.3 Participants

In total, we received 12 responses (7 females and 5 males) between
20 and 54 (M = 33.75, SD = 13.10), among which 5 of them visited
the site for the first time. As for the careers, four of them are clerical
support workers, followed by students (n = 3), professionals (n = 2),
and one freelancer. Participants’ self-evaluations were recorded on
a five-point Likert scale, ranging from 1 (not at all familiar) to 5
(extremely familiar). They showed a moderate familiarity with AR
(M =2.75,5SD = 1.60), LLM (M = 2.75,SD = 1.23), and video games
(M = 2.67,SD = 1.30). The detailed demographic information can
be found in Appendix B.

5 Analysis and Results

We used IBM SPSS Statistics (version 29) to conduct the data anal-
ysis. Shapiro-Wilk tests were conducted to examine the data dis-
tributions. For data that did not conform to a normal distribution,
we conducted the Wilcoxon Signed-Rank Test. The qualitative data
collected from the participants were transcribed and translated into
English by one researcher and checked by another researcher. The
data were analyzed using the theme-based content analysis [17].

5.1 Quantitative Results

Level of Understanding. The results of the Wilcoxon Signed-
Rank Test revealed a significant increase in the understanding
level from the pre-test (M = 1.63,SD = 1.09) to the post-test
(M = 4.04,SD = 1.01), Z = —3.01,p = 0.003 (see Figure 7 for
details). This finding indicates the utilization of ARTimeTravel was
effective in significantly enhancing participants’ understanding.

*k

5 —
4 4
3 -
24 JR
1 -
I Pre-test
0+ [ |Post-est
1.63 4.04 Mean
1.09 1.01 Std.Dev

Figure 7: The results of understanding levels of space changes
over time in the heritage site.

System Usability. The mean SUS score of the ARTimeTravel
was 79.38, which exceeded the threshold value of 68.00, indicating
satisfactory usability of the system.

User Experience. The UEQ-S results also showed positive ratings
(as shown in Figure 8). The pragmatic quality, hedonic quality,
and overall experience had mean scores of 2.31 (SD = 0.72), 2.42
(SD = 0.92), and 2.37 (SD = 0.68), respectively, exceeding the
threshold value of 0.8 [10]. The results indicate that users had
a positive experience with ARTimeTravel. Compared to the UEQ
benchmark dataset [10], the pragmatic quality. hedonic quality, and
overall experience of the ARTimeTravel were Excellent (top 10%).
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Figure 8: The results of user experience, showing the prag-
matic quality, hedonic quality, and overall experience.

5.2 Qualitative Results

Participants generally acknowledged ARTimeTravel effective in
enhancing their understanding of spatial changes over time. As
P2 said, “I like that it sorts out spatial changes according to the
timeline". The web-based access was particularly praised, with par-
ticipants appreciating the convenience: “I really like being able to
access it from a browser; if I had to download an app, I wouldn’t bother
to use it.” (P4). P10 expressed interest in the educational benefits
for children, indicating a willingness to pay for the experience.

In the meantime, participants highlighted areas of improvement.
P2 emphasized the need for more direct AR route guidance to avoid
navigation issues, as she noted ‘T expect a direct AR route guidance
rather than AR marker. This will prevent navigation issues caused by
physical barriers within the site”. Two participants appreciated the
“Time Machine” feature for its ability to illustrate spatial changes
and suggested that it should be further highlighted. Additionally,
participants (n = 4) generally acknowledged the convenience and
high degree of freedom offered by LLM-empowered chatbot in pro-
viding information. However, this freedom also introduces certain
challenges, particularly regarding uncertainty about what to ask,
such as P7 expressed that ‘T don’t know what I can ask”.

6 Discussion and Conclusion

In response to RQ1, Our findings show that the proposed design
framework based on boundaries, cohesion, and visibility effectively
guided the development of the AR SG for heritage sites. This shows
that AR SG is effective in communicating the spatial changes in
historical sites to the visitors. Compared with previous studies, this
study further verifies the effectiveness of AR technology in cultural
heritage education. Notably, the web-based implementation and
integration of an LLM-empowered chatbot introduce new levels of
convenience and accessibility, distinguishing this study from previ-
ous mobile application-based research. Our results also showed that
the ARTimeTravel significantly improves users’ understanding of
the spatial changes of the site, answering RQ2. Consistent with the
study of Nilsson et al. [20], our study also demonstrated that AR SG
can enhance user learning effects. By offering real-time interactions
and narrative-driven exploration, the AR serious game fosters a
deeper understanding of the site’s historical context, thus verifying
the effectiveness of AR technology in cultural heritage education.

Our field study found that many heritage site visitors tend to
come in groups. When invited to experience an AR application,
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one person would use the application while another observed. This
behavior highlights opportunities to design AR experiences that
cater to multiple users simultaneously, thereby enhancing social
interactions and learning outcomes. Furthermore, while LLMs offer
significant advantages in terms of information retrieval, they also
present challenges. The ethical considerations of LLMs and the
challenges of inclusiveness and accuracy cannot be ignored [26].
Additionally, we found that users were unsure of how to effectively
interact with the system. Some participants expressed confusion
about how to utilize its features. Future work could provide clearer
guidance and support to help users ask questions and fully utilize
the potential of LLMs.

In conclusion, this study focused on the dynamic nature of her-
itage sites and the importance of innovative approaches to commu-
nicate their spatial and time transformations. By developing and
evaluating the AR SG ARTimeTravel based on the proposed design
framework, we demonstrated its effectiveness in enhancing under-
standing, which contributed to the integration of AR and serious
games in heritage education. Future work will address user sugges-
tions and conduct a more thorough evaluation of ARTimeTravel,
including comparison of understanding levels with traditional meth-
ods (guided tours, leaflets, etc.), long-term impact on education and
engagement, to further advance AR-based heritage solutions.
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Appendix A The Questionnaire Details

Aspects Code Questions
LU1 During the Tang Dynasty, which of the following architectures did the historical site contain?
LU2 During the North Song Dynasty, which of the following architectures did the historical site contain?

Level of Understanding LU3

During the South Song Dynasty, which of the following architectures did the historical site contain?

LU4 During the modern period, which of the following architectures did the historical site contain?

LU5 Nowadays, which of the following architectures does the historical site contain?

SUS1  Ithink that I would like to use this system frequently.

SUS2  Ifound the system unnecessarily complex.

SUS3  Ithought the system was easy to use.

SUS4 I think that I would need the support of a technical person to be able to use this system.
SUS [1] SUS5  Ifound the various functions in this system were well integrated.

SUS6  Ithought there was too much inconsistency in this system.

SUS7  Iwould imagine that most people would learn to use this system very quickly.

SUS8  Ifound the system very cumbersome to use.

SUS9  Ifelt very confident using the system.

SUS10 Ineeded to learn a lot of things before I could get going with this system.

UEQ1  Obstructive - Supportive

UEQ2 Complicated - Easy

UEQ3 Inefficient - Efficient

UEQ4 Confusing - Clear
UEQ-S [22] UEQ5 Boring - Exciting

UEQ6 Not Interesting - Interesting

UEQ7 Conventional - Inventive

UEQ8 Usual - Leading Edge

Appendix B Participants’ Demographic information

Participant Age Gender Occupation Visited Familiarity Familiarity Familiarity
ID Shuangta with AR with LLM with Video
Games
P1 45 Female  Professional (e.g., instructor, lawyer, Yes 4 2 1
doctor, engineer)
P2 26 Male Clerical support worker Yes 3 2 4
P3 27 Female  Clerical support worker Yes 2 3 3
P4 20 Male Student No 4 5 4
P5 24 Female  Clerical support worker Yes 2 2 1
P6 49 Female  Professional (e.g., instructor, lawyer, No 1 2 2
doctor, engineer)
pP7 54 Male Business people No 1 3 2
P8 24 Female  Clerical support worker No 4 3 3
P9 54 Male Business people Yes 1 1 1
P10 35 Female  Freelancer No 1 2 3
P11 26 Female  Student Yes 5 3 3
P12 21 Male Student Yes 5 5 5
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