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miniature experience
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As an important material cultural heritage of China, pottery granary buildings embody the rich social
landscapeandcultural significanceof theHanDynasty.Due to thecurrent relianceonstatic displaysor
fragmented interpretations, it is difficult to intuitively present the relationship between architectural
structures and cultural symbols. This study proposes an immersive “miniature experience” framework
for digital reconstruction and interactive display. Based on 84 excavated pottery granary samples, the
study systematically extracts planar images, chromatic characteristics, and three-dimensional
structures to reconstruct three-dimensional virtual models. Using modular modeling techniques,
three-dimensional virtual models are constructed, and virtual characters are designed to explore the
interior spaces of the buildings. Usability testing (n = 80) revealed that, compared to traditional static
displaymethods, theminiature experience significantly enhanced engagement (mean=3.55 vs. 2.025)
and cultural understanding. This study provides innovative strategies for the multidimensional
integration of heritage conservation, cultural heritage, and interactive design.

Han Dynasty pottery buildings, as invaluable material cultural heritage,
serve as crucial carriers of Han Dynasty culture. Their painted decorations,
color combinations, and external formsmore intuitively reflect the aesthetic
tastes, social hierarchy, regional customs, and economic prosperity of the
HanDynasty1–4.With the rapid advancement of digital technology, the field
of cultural heritage is undergoing a profound digital transformation. Digi-
talization has not only become an important means of protecting cultural
heritage but also a pathway to presenting cultural value5. Through the digital
reconstruction of Han Dynasty pottery buildings, static physical artifacts
can be integrated with dynamic virtual digital technologies, offering new
approaches for their popular science education, dissemination, and aca-
demic exchange.

China boasts a long history and rich cultural heritage. Since no intact
wooden structures from the HanDynasty have been discovered to date, the
architectural mingqi (pottery buildings) unearthed from tombs serve as
invaluable material for exploring Han Dynasty architectural styles. Han
Dynasty pottery granary buildings arewidely distributed,with their primary
concentration in theCentral Plains (centeredonHenan), aswell as in Shanxi
and Hebei provinces6. Notably, Jiaozuo in Henan (formerly Shanyang
County of Henei Commandery) is part of the core area of Central Plains
culture. To date, approximately 110 Han Dynasty pottery buildings have
been excavated in Jiaozuo7, mainly concentrated in adjacent tomb clusters

such as Baizhuang, Mazuo, and Sulin. Given the concentrated distribution
of these artifacts, it is hypothesized that local artisans likely crafted these
exquisite pottery buildings8. Therefore, in this study, no strict distinction is
made between the specific excavation locations of different tomb clusters
within the Shanyang region when discussing typical pottery granary
buildings from Jiaozuo.

Early studies on Han Dynasty pottery granary buildings, both
domestically and internationally, have primarily focused on image analysis
and discussions of stylistic features, aswell as scientific analyses ofmaterials,
techniques, and pigment compositions6,9. However, systematic three-
dimensional virtual reconstruction studies of Han Dynasty pottery gran-
ary buildings remain relatively scarce. Therefore, this study starts from the
perspective of design and cultural heritage digitization.Moreover, due to the
scarcity of painted artifacts available for reference, we had to rely solely on
existing image data as a foundation for digital transformation. Given the
remote antiquity of the HanDynasty, most of the painted pottery buildings
unearthed in Jiaozuo remained incomplete, posing significant challenges for
effective restoration. Due to the scarcity of painted cultural relics available
for reference, we could only use existing image data as the basis for digital
transformation. The core objective is to extract their typical visual features
through digital design, aiming to restore the lost colors and painted patterns
of the pottery granary buildings.
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Additionally, the internal space of the pottery granary building is
presented through interaction with participants via virtual scenes and
miniature virtual characters.With the aid of digital technology, participants
can gain a deeper understanding and appreciation of the cultural sig-
nificance inherent in these invaluable cultural heritages.

With the continuous advancement of digital information technology
amidst technological development, methodologies for digital research on
cultural heritage have progressively matured. Virtual reality (VR) offers an
immersive and interactive experience of scenes, exerting a significant
influence on the realms of digital cultural heritage and serious games10,11.
Early international research primarily focused on digital acquisition and
cultural heritage documentation. Harvard University’s Giza Project12

employs panoramic scanning technology; the Massachusetts Institute of
Technology (MIT) has developed virtual experience projects centered on
historical narratives13, and numerous other cases and practices utilize VR to
showcase cultural heritage14–17. However, none of the aforementioned for-
eign studies have addressed the digital transformation of funerary archi-
tecture and funerary objects, thereby providing innovative opportunities for
this research.

Within China, scholars have extensively explored the digital pre-
servation and restoration of cultural material, such as murals18,19 and
costumes20. Digital restoration techniques have been successfully applied to
the color and image restoration of Dunhuang murals and computer
prototyping21–23. Regarding the digital research of cultural heritage from the
Han Dynasty in China, the Institute of Han Tombs and Art at Peking
University has established the “Chinese Han Dynasty Image Information
Database,” utilizing three-dimensional modeling to depict the location of
each stone relief in the tombs. However, scholarly research on the digital
preservation, restoration, and interactive exhibition of architectural tombs
—particularly pottery granary buildings—remains scarce. Thedevelopment
of databases for Han Dynasty unearthed artifacts and tombs still calls for
substantial breakthroughs, whereas digital interaction24 and virtual reality
technologies have beenwidely applied in the field of digital cultural heritage,
emerging as an inevitable trend for future advancement.

Against this backdrop, the present study focuses on the pottery granary
buildings from the Han Dynasty unearthed in Jiaozuo. It reconstructs vir-
tual models through digital approaches and enables viewers to conduct
explorations within these virtual environments. In the methodological
phase, visual analysis is employed to extract the planar and three-
dimensionalmorphological features of ceramic granary structures, followed
by color restoration andmodular combination design. In terms of results, a
high-precision three-dimensional model of a seven-story painted ceramic
granary tower is constructed, and user exploration paths in the virtual
environment areplanned.Virtual characters are introduced toallowusers to
explore the internal spaces of ceramic granary towers from a miniature
perspective, thereby enhancing immersion and depth of understanding.
User experiments are conducted to test the experience effects among dif-
ferent audience groups, evaluate the effectiveness of the design scheme and
user experience, and summarize the advantages and development prospects
of digital display in presenting traditional cultural relics.

This study fills the gap in the reconstruction of 3D virtual restoration
models for architectural funerary pottery granary buildings unearthed in the
Jiaozuo region during the Han Dynasty. As a research initiative integrating
material cultural heritage with digital technologies (modeling, VR, and
interaction design), it provides new research pathways for digital transla-
tion, virtual reconstruction, and immersive experience of archaeological
materials.

Methods
Data collection and preprocessing
Visual information processing dominates human sensory perception, and
vision enables individuals to extract crucial information from cultural
heritage and convert it into digital visual formats. Thedigitizationof cultural
heritage involves the use of planar images, three-dimensional structures,
colors, interactions, and computer technology to capture multidimensional

visual information. This study focuses on the Han Dynasty pottery granary
buildings in the Jiaozuo area. By integrating their planar composition ele-
ments, color schemes, and three-dimensional structural characteristics, a
visualizable 3D model is constructed to provide basic data for virtual
restoration.

This study first systematically collected open data on pottery granary
buildings unearthed in the Jiaozuo area. Through the compilation of
numerous archeological excavation reports, relevant literature, and
museum collection catalogs, a total of over 90 images of pottery granary
buildings have been collected. To ensure the authenticity and reliability of
the image information, the images used in this paper are sourced from four
verified databases:
(1) Authoritative published catalogs: Books compiled by the Henan

Museum and published by the Jiaozuo Museum7,25,26.
(2) Detailed data comes from archeological excavation reports27–29.
(3) Website resources are sourced from the Henan Museum (Seven-story

Painted Connected Hall with Pottery Storage building-Henan
Museum),ChinaArcheologyNetwork, and theHanPaintingResearch
Institute of Peking University (Han Painting Research Institute of
Peking University website).

(4) Images taken on-site at the Jiaozuo City Museum.

The standardized screening of over 90 collected images was conducted
to exclude samples with missing critical information caused by incomple-
teness or shooting angle deviations (with an exclusion rate of 10% of the
samples), ensuring the accuracy of the research data. Eventually, 84 pottery
granary structures were selected as the core samples for this study, and
information such as their types, dimensions, and excavation sites coded and
recorded. The Eastern Han Dynasty represented the heyday in the devel-
opment of pottery granary buildings unearthed in Jiaozuo. Three typical
forms—courtyard-style, connected-pavilion-style, and granary-style were
selectedaskey researchobjects to ensure the representativeness and research
significance of the samples.

This paper mainly adheres to the principle of conducting design and
restoration based on iconographic evidence. As products of the funerary
system, Han Dynasty pottery granary buildings were simulations of the
ideal dwellings in the afterlife envisioned by the tomb owners. Their
structures (multi-layered design) and painted decorations all carry
symbolic meanings. As funerary objects made of pottery, their key dif-
ferences from actual granaries in the Han Dynasty are as follows: First,
earlier scholars believed that pottery buildings were miniature archi-
tectural model (Mingqi) from that era30,31, and their various forms
reflected different types of above-ground structures in the Han Dynasty,
as well as the miniature forms of regional granaries. Second, the internal
space of the pottery granary buildings, which could store a limited
amount of grain32, was more of a carrier of favorable wishes and spiritual
expectations33. Third, the difference lies in the number of layers and the
height of the pottery buildings. The high-rise granary buildings (such as
the seven-story one) in the Jiaozuo area embody the pursuit and yearning
for the concept that “immortals prefer to live in tall buildings” during the
Eastern Han Dynasty. Craftsmen realized this symbolic meaning through
exaggerated structural features (such as multi-layered pottery buildings).
Fourth, the materials used are different: actual granaries were mainly
made of wood, earth, bricks, or stones, while pottery granary buildings, as
burial objects, took clay as their core material. Craftsmen produced them
through processes such as clay body making, shaping, decoration, and
firing. Due to the shrinkage property of clay, there are slight deviations in
the numerical values of each layer of the existing pottery granary
buildings. Fifth, there are differences in structure and technology: actual
granaries followed mechanical principles, with their design focusing on
load bearing, sealing, moisture-proofing, and earthquake resistance; in
contrast, the structural craftsmanship of pottery granary buildings
prioritized decoration, with details and structures simplified. For exam-
ple, the dougong (bracket) components were only used to showcase their
frontality and decorativeness, and there were no strictly defined mortise-
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and-tenon interlocking structures or load-bearing functions in the seven-
story painted pottery granary buildings.

Based on the above differences, the restored seven-story pottery
building in Jiaozuo does not strictly adhere to architectural accuracy. Unlike
the digital restoration of practical buildings (which pursues structural
authenticity), this study prioritizes the modular composition and inter-
relationships of the pottery building, takes into account both its symbolic
meaning and form, takes the real pottery building (the pottery granary
building in themuseum) as the benchmark, and appropriately incorporates
design expressions.

This paper divides the designmethodology into three parts: planar and
3D feature extraction, color restoration, and module and combination.

Planar and 3D feature extraction
Digital image acquisition enables thepreservation of large amounts of image
data. Images collected from books, articles, online resources, and museum
photographs often suffer from color distortion and low resolution34. This
loss of information stems from the poor quality of the original images or the
use of inappropriate shooting methods. Image smoothing is key to com-
puter vision and graphics applications35. Therefore, the collected image
resources need to be integrated and extracted36.

First, visual elements that can discern the object’s contour are extracted
and transformed into graphic symbols. Simultaneously, the shape and
decoration of the Han Dynasty pottery granary buildings unearthed in
Jiaozuowere retained andartistically refined to formacomprehensive visual
design prototype. Second, through the classification and analysis of the
forms of pottery granary buildings in the Jiaozuo area, commonalities were
identified, and the typical shape outlines of these buildings were extracted.
Taking the four-story courtyard-type pottery granary building as an
example, the outer contours were extracted sequentially from the images
numbered 07, 08, 09, 10, and 26. The contours of each pottery granary
building were extracted, and the contours of the overlapping parts were
integrated for correction and simplification Fig. 1.

Thedecorativepatternsof theHanDynastypottery granarybuilding in
the Shanyang region enriched the structure and morphological appearance
of the pottery building while also reflecting the esthetic preferences of the
Han people. The decorative patterns that frequently appear in the samples
are primarily categorized into five types: geometric patterns, figure-and-
story motifs, animal motifs, plant motifs, and structural decorations. The
typical elements of these patterns have been extracted, summarized, and
simplified (Fig. 2). By analyzing the positioning of the patterns, it is observed
that the geometric patterns were predominantly used to decorate the front
body and corridor sections of the pottery granary building. In contrast,
plant, animal, and character patterns are more commonly found on the
front and sides of the courtyard and both sides of themain tower.Due to the
large surface area of the walls on both sides, intricate storylines can be
depicted, enhancing the narrative and entertainment value of the pottery
granary’s decorative elements.

Based on the decoration of the four-story paintedHanDynasty pottery
granary building unearthed in Jiaozuo, the plane-painted decoration was
decomposed.Using geometric forms, the plane image of the pottery granary
building was sequentially unfolded from the left, front, right, and back. The
front, side, andbackdecorationdrawingsof eachfloor of thepottery granary
buildings are then inserted, resulting in a complete, plane-decorated, color
drawing building (Fig. 3).

The decoration diagram of the courtyard pottery granary building
unearthed in Jiaozuo reveals that the main building’s decoration primarily
consisted of geometric and combined patterns. Ancient decorations served
not only esthetic purposes but also carried symbolic meanings. Evergreen
trees and shield-bearing warriors are commonly seen on the courtyard’s
front wall, while Han Dynasty portrait bricks also feature evergreen tree
patterns, believed to ward off evil spirits. From the bottom to the top, the
back of the main building and the granary body display story-themed
paintings such as dragons dancing, dragons distributing rain, and a tiger
devouring a female deity. A vermilion evergreen tree is depicted on the

granary body with a dragon painted on the right side to invoke rain and
resist drought. The fourth floor of themain building features the painting of
a tiger consuming a female deity, symbolizing rain prayers and harvest. The
decoration on the back of the pottery granary building reflects the abun-
dance of grains. The distribution of decorative patterns correlates with the
wall area; window partitions result in smaller wall-painting areas, pre-
dominantly featuring simple patterns. In contrast, the walls on both sides of
the granary and building bodies are intact, displaying narrative character
patterns. The front of the pottery building emphasizes geometric and
structural decorative patterns as the primary content, whereas the sides and
back feature secondary elements in the form of intricate patterns depicting
characters, animals, and plants.

Overall, the patterns in the pottery granary buildings in the Shanyang
region exhibited a relatively symmetrical layout, with the wall sections lar-
gely painted. The decorative patterns in the colored paintings combine
curves and straight lines, and the boundary parts of the building structure
are adorned with patterns resembling the dougong (bracket set) style. The
pottery granary buildings unearthed in the Jiaozuo area exhibited symme-
trical, coordinated, and vivid decorative features.

Color restoration
Color can directly influence visual experiences and is crucial in the practice
of digital material heritage. Therefore, extracting color samples from cul-
tural heritage sites is necessary, as it pertains to the accuracy and repre-
sentativeness of digital color representation. Color configuration holds
equal importance in digital design.

The painted pottery granary buildings from the Jiaozuo region, having
been buried in a high-humidity environment and subjected to environ-
mental changes after excavation, exhibit such phenomena on their surface
paintings as discoloration, peeling, curling, and blistering37. The restoration
workwas based on the partial painting remains, and the painted resultswere
based on historical materials38. The color restoration data in this study is
based on the existing colors of the pottery granary buildings, aiming to
restore the original color presentation of the Han Dynasty pottery granary
building. This study primarily drew on previous scholars’ colorimetric
analysis of the painted pottery buildings from theHanDynastyDaquTomb
in Beijing9; the analysis and restoration of painted pottery granary tower
fragments unearthed in the Jiaozuo region of Henan Province39; and the
analysis of pigment types and colorimetry of the five-story painted pottery
granary buildings from Jiaozuo under a polarized light microscope40.
Sample analysis was conducted on the seven-story painted pottery granary
tower, revealing that its colors include reddish-brown, white, purple, and
green. Pigment analysis identified the red and reddish-brown samples as
cinnabar41. Building on previous research, the color restoration in this study
involves making appropriate adjustments to the lightness and hue of the
colors within the environmental context, ensuring the integrity of the
restored colors in the virtual environment.

Graphic scientists have developed various color models to quantita-
tively describe colors. Common color extraction theories include threshold,
colormodel, clustering, andML-basedmethods42. Taking theHanDynasty
pottery granary buildings unearthed in Jiaozuo as the research object,
researchers extracted reddish-brown, white, and black-and-white colors
from the front wall, side walls, and que (watchtower) structure of the fourth
floor of the pottery granary building40. This study employed k-means
clustering and color mirror clustering techniques. Based on the color ana-
lysis of the seven-story painted pottery granary building conducted by
previous scholars, it applied k-means analysis to two samples of pottery
granary buildings with relatively intact colors (Fig. 4). Furthermore, the
color mirror method was used to conduct a more in-depth analysis of color
proportions to ensure the accuracy of subsequent design and restoration.

The k-means clusteringmethod is employed tomodel and analyze the
pixel color distribution of an image, extracting dominant colors and their
respective proportions in this study. First, the image data is transformed
from a three-dimensional RGB matrix (height × width × channels) into a
two-dimensional one, where each row represents the RGB values of a single
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pixel. This preprocessing step simplifies the problem from spatial dis-
tribution to color distribution, allowing each pixel to be represented as a
point in color space.

In the clusteringprocess, the k-means algorithm is applied to classify all
pixels into k-clusters. The algorithm partitions the image matrix
X ¼ fx1; x2; . . . ; xng, where xi 2 R3 represents the RGB values of the i-th

pixel into k disjoint clustersfC1;C2; . . . ;Ckg. This is achieved by iteratively
minimizing the following objective function:

J ¼
Xk
j¼1

X
xi2Cj

kxi � μjk2; ð1Þ

Fig. 1 | Outline extraction process diagram of the Han Dynasty pottery granary buildings unearthed in Jiaozuo (Image Source: Jiaozuo Pottery Granary Buildings).
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Fig. 2 | Characteristics of decorative patterns on the Han Dynasty pottery granary building unearthed in Jiaozuo.

Fig. 3 | Planar decorative colored drawing of a four-Story Han Dynasty pottery granary building.
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Where μj is the centroid (mean RGB value) of cluster Cj, defined as:

μj ¼
1

Cj

��� ���
X
xi2Cj

xi ð2Þ

At each iteration, the algorithm alternates between two main steps. In
the assignment step, each data point xi is assigned to the nearest cluster
centroid based on the Euclidean distance, ensuring that:

Cj ¼ fxi : kxi � μjk2 ≤ kxi � μlk2; 8l 2 f1; . . . ; kgg: ð3Þ

In the update step, the centroids are recalculated as the mean of the
points assigned to each cluster, using:

μj ¼
1
jcjj

X
xi2Cj

xi ð4Þ

These steps repeat until convergence, typically defined by minimal
changes in the centroids or reaching amaximumnumber of iterations.After
clustering, the number of pixels in each cluster, jCjj, is calculated to deter-
mine its proportion relative to the total number of pixels n, as given by:

pj ¼
jCjj
n

× 100%; ð5Þ

where pj represents the percentage of pixels in clusterCj. These proportions
indicate thedominanceof each color in the image, and theRGBvalues of the
cluster centers μj serve as numerical representations of the dominant colors.
To enhance interpretability, the clusters are sorted by their proportions pj in
descending order, prioritizing the most significant colors.

Next, color data from the main areas of the pottery granary buildings
was collected using the Image Color Summarizer tool, and the analysis

revealed that red accounts for the highest proportion. Six primary colors are
identified.Among them, red, brown, andblack are thedominant hues,while
purple andwhite serve as auxiliary colors. A total of six primary colors were
identified. Among them, the brown areas are mainly where the white
background has peeled off; therefore, the dominant colors in the painted
pottery granary towers are red, white, and black, with purple and green as
auxiliary colors. Inside the pottery granary building, red and white form a
strong visual contrast—red outlines the architectural contours and acts as a
symbol for floor division, while white serves as the background color of the
building9, highlighting the decorative elements. White and red are also
colors specifically used in burials: white symbolizes death and yin energy,
while red represents life and yang energy43. As a part of the Han Dynasty
funeral culture, the pottery granary building reflected the social demands
and norms regarding funeral customs and rituals of that time.

Serving as amedium for information transmission, color has symbolic
significance. Perceiving and understanding the cultural significance of
colors in a virtual cultural heritage experience can significantly improve
participants’ learning outcomes44. The diverse colors in the pottery granary
building of theHanDynasty reflect the color systemand symbolicmeanings
of the Han Dynasty. During the Han Dynasty, the theory of divination and
the five elements was prevalent, leading to the gradual formation of a five-
element color system at the color level. The Jiaozuo pottery granary build-
ing’s paintings extensively utilize the colors red, black, and white from the
five-element system. The colors of the Han Dynasty carry special symbolic
meanings. Each color embodies a specific symbolism. For instance, red
symbolizes yang, life, and immortality. Its use in tombs implies the trans-
formation of life and the ultimate destination of the tomb owner. From the
Han Dynasty pottery granary buildings, we uncovered a unique color sys-
tem of material cultural heritage sites.

Modules and combinations
"Module" refers to replaceable components45. A particularly distinctive
feature of the design and production of Han Dynasty ceramic architectural

Fig. 4 | Color restoration process of a Han Dynasty pottery granary buildings.
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models is their modular structure and the capacity for free combination of
various components46. The three-dimensional modular structure is a
quintessential visual aspect of theHanDynasty granary buildings unearthed
in Jiaozuo. Craftsmen making pottery employ the techniques of mass
production and modular construction. For instance, the Lian’ge-style pot-
tery granary building is comprised of 31 modules47, each of which can be
disassembled and reassembled.

Taking a five-story courtyard-style pottery granary tower as an
example, its modules are divided into the courtyard, which includes double
"que", enclosing walls, double-faced main gates, and roofs. The first and
second floors of the granary body serve as grain storage areas, with external
semi-corridors and staircases acting as dividing markers. The main struc-
ture comprises the third to fifth floors, along with partial components such
as dougong (brackets) and pottery figurines (Fig. 5).

To validate the feasibility of the previously extracted pottery building
elements for digital applications, a seven-story pottery granary building
connected to an annex building unearthed in Jiaozuo was chosen as the
prototype for digital transformation (The M6 tomb area was excavated in
1993 at the Baizhuang Railway Freight Station in Jiaozuo). The reasons for
selecting the seven-story pottery granary building for digital reconstruction
are twofold. First, it is uniquely unearthed in the Jiaozuo region and has
distinctive regional characteristics. Second, the majority of the existing-
colored paintings on the seven-story pottery granary buildings have faded.
Restoring the color and texture of cultural objects to their original appear-
ance enhances understanding of their initial state48. Digital reconstruction
can provide a crucial reference for restoration.

The four-story, five-story, and seven-story courtyard-style painted
pottery granary buildings unearthed in the largest quantities in the Jiaozuo
areahave theirfirst and secondfloors as an integral, connected spacewithno
internal partitions. This design symbolizes a granary spacefilledwith grains.
For this reason, the number of stories of the pottery granary building is not
determined by the roof and the ground, but by the relatively special red
borders that mark the structure and number of stories of the building for
separation49. In the restoration 3D model, the red border outline lines and
structural lines of each floor are visible.

Secondly, each floor of the pottery building is a cube enclosed on all
four sides, with an extremely regular shape. Moreover, the archaeological
excavation reports in the Jiaozuo area have provided detailed specific
information on the size of each floor, which also provides a reliable basis for
the accuracy of the restoration work.

In the reconstruction diagram, the red border outlines and structural
lines of each floor are clearly visible. Secondly, each floor of the pottery
building is a cube enclosed on all four sides, with a highly regular shape.

Moreover, the archeological excavation reports for the Jiaozuo area provide
detailed parameter information for each floor50,51. To ensure data accuracy,
information and data from three seven-story pottery granary buildingswere
recorded, which also serves as a reliable basis for the accuracy of the
restoration work.
• No. 37 (Seven-story connected-hall pottery granary building

unearthed from Tomb M6 in Baizhuang, 1993)
• No. 38 (Seven-story connected-pavilion-style pottery granary building

unearthed from Tomb M1 in the Bo’ai Segment of the Renmin Road
Extension Project, Jiaozuo, 2010)

• No. 41 (Pottery granary building unearthed from Tomb M25 at the
Lihe Tomb Construction Site for East Affordable Housing, Jiaozuo,
2008) for comparison

However, some of the data, such as the recorded facewidthofNo. 38 in
the archaeological report, is considered incorrect in this study. According to
Han Dynasty Tomb No. 1 in Boai County, Henan Province52, the face width
of the first floor is 24.5 cm. Nevertheless, judging from the recorded face
width of the courtyard, there is a significant discrepancy between the face
width of the first floor and that of the courtyard. This study argues that,
based on the courtyard’s face width, the face width of the first and second
floors should range between 59 and 60 cm. Therefore, a comparison and
cross-referencewere conducted using the specific parameters andwidth-to-
depth ratios of the three seven-story pottery granary buildings (Table 1).

Based on the above module analysis, the seven-story connected-
pavilion-style pottery granary tower can be divided into 12 independent
modules (A to L) with a left-center-right symmetrical layout. This structure
is further divided into three perspectives: left, center, and right. For instance,
ModuleA includesA1, locatedon the left side of the courtyard;A2 serving as
the courtyard and entrance hall area; and A3 on the right side.

Due to severe color peeling of the seven-story painted pottery granary
buildings, the color and pattern decorations on the front part of the
courtyardhave vanished.Thewall decorations ofA1 (left) andA3 (right) are
symmetrically arranged, and the extracted mural decorative patterns are
relatively consistent (e.g. the patterns on A1 and A3 are symmetrical)
(Fig. 6).

The two sides of the pavilion corridor,which connect themainhall and
auxiliary buildings, are not decorated with colored paintings. Taking A3 as
an example for pattern extraction, lines are extracted. In this paper, an edge
extraction method with multi-stage preprocessing is applied to the images
(Fig. 7and Fig. 8).

First, non-local means (NLM) filtering is applied to denoise the image
and mitigate the effects of random noise. NLM filtering computes a

Fig. 5 | Component diagram of the five-story Han Dynasty pottery granary building unearthed in Jiaozuo.
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weighted average based on the similarity of pixels within a local region,
effectively smoothing the noise while preserving edge details. The processed
image significantly improves fidelity to weak edges. Subsequently, surface
blur is employed to further smooth low-frequency regions while main-
taining edge sharpness. Surface blur is implemented using Gaussian blur,
with the formula:

Isðx; yÞ ¼
1
Z

X
u;vð Þ2N x;yð Þ

Idðu; vÞ � exp �ðx � uÞ2 þ ðy � vÞ2
2σ2

� �
; ð6Þ

where σ controls the degree of blur.
To address potential uneven illumination in the image, a histogram-

based brightness balancing technique is applied. By computing the local
mean brightness μðx; yÞ and local standard deviation σ lðx; yÞ, the intensity

of each pixel is standardized using:

Ibðx; yÞ ¼
Is x; y
� �� μ x; y

� �
σ l x; y
� �þ ϵ

; ð7Þ

where σ is a small positive value to prevent division by zero, this step
mitigates inconsistencies in edge gradient magnitudes caused by lighting
variations. Following brightness balancing, linear stretching is applied to
enhance the global contrast of the image, normalizing the intensity range to
[0, 255] and improving the prominence of edge regions.

After preprocessing, Sobel operators are used to compute image gra-
dients. The horizontal and vertical gradient components, Gx and Gy , are
obtained via convolution operations, and the gradient magnitude is

Table 1 | Parameter Data of the Seven-story Painted Pottery Granary Building in Jiaozuo

Number Floors of Pottery Granary Building Parameters of Pottery Granary Building (CM) Parameter Ratios

Total Height Face width Depth Depth to Width Ratio Width to Total Height Ratio

No. 37 Pottery Granary Building overall 193 168 78 1:2.15 1:1.15

Main building 1st & 2nd floors 62 62 26 1:2.38 1:1.00

3rd floor 22.5 45.2 15.6 1:2.90 1:0.50

4th floor 21.4 54.8 24.8 1:2.21 1:2.56

5th floor 41.5 41.5 14.2 1:2.92 1:1.00

6th floor 21.2 51 30.2 1:1.69 1:2.41

7th floor 22 18 16 1:1.13 1:0.82

Auxiliary Building base platform 12.8 31.8 26.8 1:1.19 1:2.48

1st & 2nd floors 71 22.5 17 1:1.32 1:0.32

3rd floor 25 26.6 22.5 1:1.18 1:1.06

4th floor 26.2 31.5 27 1:1.17 1:1.20

Corridor overall 18 53 10 1:5.30 1:2.94

No. 38 Pottery Granary Building overall 199 166 86 1:1.93 1:1.20

Main building 1st & 2nd floors 59.5 24.5 27 - -

3rd floor 20 46 19 1:2.42 1:0.43

4th floor 20.5 56.5 27 1:2.09 1:2.76

5th floor 20 42 16 1:2.63 1:2.10

6th floor 21 52 25 1:2.08 1:2.48

7th floor 20 19 16.8 1:1.13 1:0.95

Auxiliary Building base platform 13 31.5 26.5 1:1.19 1:2.42

1st & 2nd floors 60 22.8 18 1:1.27 1:0.38

3rd floor 23 27 22.5 1:1.20 1:1.17

4th floor 25 31.2 27 1:1.16 1:1.25

Corridor overall 17.5 55 11 1:5.00 1:3.14

No. 41 Pottery Granary Building overall 185 162 62.3 1:2.60 1:1.14

Main building 1st & 2nd floors 53.5 57.8 32.8 1:1.76 1:0.93

3rd floor 21.5 42.6 26.5 1:1.61 1:0.50

4th floor 19.4 54.5 27 1:2.02 1:2.81

5th floor 21.4 41 15.5 1:2.65 1:1.92

6th floor 21 52.5 24.6 1:2.13 1:2.50

7th floor 22.8 22.2 19 1:1.17 1:0.97

Auxiliary Building base platform 11.1 34.7 30.2 1:1.15 1:3.13

1st & 2nd floors 58 22.6 18.4 1:1.23 1:0.39

3rd floor 27.2 26.6 22.8 1:1.17 1:0.98

4th floor 30 31.2 26.9 1:1.16 1:1.04

Corridor overall 20 43 10 1:4.30 1:2.15
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computed as:

Gðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gxðx; yÞ2 þ Gyðx; yÞ2

q
ð8Þ

According to the above steps, edges are extracted using a thresholding
operation, where the threshold T is manually determined. Finally, the
extracted area, which is of interest, is manually selected and filled with black
within certain edge curves.

One of the key principles in creating new combinations lies in the
interchangeability of modules. The main building modules of both the
courtyard-style and the multi-story connected pottery granary build-
ings are identical, with the upper floors of the multistory connected-
type replicas of the lower modules. The assembly of these modules
adheres to Han Dynasty rules, allowing for adjustments in local sizes
and details to fit specific locations. For instance, the corridor module
can be modified to form a half-space and integrated with stairs to
create a cohesive unit. The pottery modules unearthed in Jiaozuo
during the Han Dynasty can be disassembled with slight variations in
shape and size, yet they follow a consistent pattern of combination.
The construction of these pottery granary buildings follows fixed
proportions rather than standardized dimensions, making it difficult
to find two buildings of the same size. Despite potential deviations in
measurement and firing by Han Dynasty craftsmen during produc-
tion, the proportion between width and depth remains balanced.
Taking the seven-story multi-story connected pottery granary build-
ings unearthed in Jiaozuo as an example, the main body comprises
seven floors, divided into three groups of modules: the bottom granary
section (first and second floors), the middle section (a combination of
the third and fourth floors), and the top pavilion layer (seventh floor).
The similarity in module sizes between the third and fourth floors,
particularly the close correspondence in form and face width
dimensions.

The decorative design of the seven-story Lian’ge-style pottery granary
building encompasses line contours, color schemes, and pattern

Fig. 6 | Module combination of the seven-story connected pavilion-style Han
Dynasty pottery granary building unearthed in Jiaozuo.

Fig. 7 | The Extraction Process of Murals from the Seven-Story Connected Pavilion- Style Pottery Granary Building.
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compositions. Through digital restoration techniques, we enhance the color
brightness and incorporate geometric patterns. Initially, we integrated the
architectural features, simplified the line contours, and redrew the painted
murals. Subsequently, based on the six extracted colors, we prepared a
reasonable color palette dominated by red, brown, green, and white, with

purple, blue, and black as complementary hues. Color matching adheres to
the Han Dynasty’s yin-yang and five-element philosophies. Adjustments
are made to the color purity and brightness of the pottery granary building,
with the saturation of the red framing increased to emphasize its outlines
and structures. The front wall of the main building is adorned through the

Fig. 8 | Decorative patterns on the seven-story connected pavilion-style pottery granary building.
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repetition, rotation, and simplification of geometric motifs, while the left
and right sides feature symmetrical animal and tree patterns.

Ethics approval and consent to participate
This study has been granted an ethical review exemption by Jingdezhen
Ceramic University. Prior to the commencement of the study, all parti-
cipants were informed of the data usage purposes and privacy protection
measures, and were explicitly informed that their personal identity
information would be strictly kept confidential. The research results will
be presented in an anonymized form, and all participants have consented
to the use of relevant research data for the academic publication of
this paper.

Results
3D model construction
Cultural heritage can be converted into 3Dmodels to facilitate learning and
observation by future generations53. The 3Dmodeling transformation of the
pottery granary building unearthed in Jiaozuo during the HanDynasty was
completed based on the design and information derived from its 2D plan.
The purpose of constructing the pottery granary building model is to cap-
ture its three-dimensional spatial form, and the development of the 3D
model is crucial for virtual miniature experience scenarios. The realism
represented by 3Dgraphics enhances the authenticity of the virtual world in
terms of sensory and cognitive interaction54. Currently, various modeling
techniques are available, such as using cameras or scanners for modeling or
image-based modeling. The 3D reconstruction process generated a digital
twin of the pottery granary structure, enabling dynamic interaction and
analysis of its preservation status.

The visualization of 3Dmodels encompasses three primary stages: 3D
modeling, layered texturing, and rendering (Fig. 9). The proportions of the
pottery granary buildings are extracted from the image as a reference, from
which the dimensions and data for the 3D model are obtained, resulting in
the establishment of the 3D model. Subsequently, the details of the 3D
granary building model are refined, restoring elements hidden or obscured
in the image until its contour and form align with the connected pavilion-
style pottery granary building. UV unwrapping is performed on each floor
of the pottery granary building to prepare it for color applications. The
pottery granary building is then grouped by different areas and colors to
facilitate the painting of various floors.

Regarding the coloring treatment of the pottery granary building, each
module (including its front and side surfaces) is designed with features
corresponding to the painted murals. The restored decorative patterns are
then integrated with the 3Dmodeling (Supplementary Table 1). The design
of each floor is integrated with the pottery granary building, followed by
adjustments to the color layout details of eachfloor of themain building and
the addition of color to the annex buildings. The next step involves
enhancing the material texture effect of the pottery granary building, with
aging andwear treatments applied across four aspects: color,metallic finish,
roughness, and normals. Lighting plays a crucial role in rendering the
pottery granary building. It is primarily adjusted through key light, ambient
light, and fill light. Spotlights are utilized to improve the overall lighting
effect in the interior and dark corners of the building (Fig. 10).

Virtual scenes
Understanding the three-dimensional spatial characteristics of pottery
buildings is crucial for planning two-dimensional routes. During the tran-
sition from three-dimensional to two-dimensional space, it is essential to
construct the path of the pottery buildingwithin the plane.Pottery buildings
unearthed in Jiaozuo frequently accentuate frontal chromatic paintings and
possess relatively narrow building widths.

The scene design centers on the functional logic of the seven-story
connected-pavilion-style pottery granary building, integrating the social
characteristics of theHanDynasty to plan the spatial layout and exploration
paths, thereby achieving the dual goals of “structural restoration” and
“experience guidance.” The main building area of the seven-story pottery

granary building is meticulously planned, with each floor serving a distinct
function (Fig. 11).

The first and second floors are granaries. The third floor hosts defen-
sive figurines, while the fourth floor is an entertainment venue showcasing
figurines engaged in playing the LiuboGame, reflecting the popularity of Bo
games in theHanDynasty. The fifth floor serves as a rest area, and the sixth
floor boasts a lookout figurine to safeguard the security of the pottery
granary building.

The original interior of the pottery granary building featured no dec-
orations and no staircases connecting the upper and lower floors; each floor
had only two large circular holes. These holes are remnants of HanDynasty
pottery-making techniques, intended to reduce the building’s weight.
During the re-optimization process, a navigable structure with rectangular
passages and staircases was designed to ensure the smooth movement of
virtual characters between different floors.

The ascent route begins at the entrance outside the courtyard,
proceeding through the grain intake on the second floor of the pottery
granary building. The second floor has stairs for ascending and des-
cending, connecting the third floor, and culminating in access to the
highest attic on the sixth floor. Several options are available for des-
cending: first, returning to the third floor from the seventh and exiting via
the fourth floor of the annex building; second, jumping from the sixth
floor to the corridor outside the fifth floor, navigating along the eaves to
the attic, and re-entering the main building via the third-floor corridor;
third, exploring alternative routes and discovering new paths indepen-
dently. These routes are designed to stimulate participants’ curiosity and
enhance their understanding of the layout and dimensions of the Han
Dynasty pottery granary building.

Virtual character
Virtual characters serve as "avatars" for participants during explora-
tion, and their design must balance historical authenticity with
interactive adaptability. In terms of visual design, elements such as
hairstyles, makeup, and clothing colors55 of the virtual characters are
all derived from Han Dynasty murals and terracotta figurines. Addi-
tionally, the characters adopt a cartoon-style design with a 1:3 head-
to-body ratio, presenting a compact and miniaturized feature. The
height of the characters is set at 8 centimeters, which not only matches
the height of the terracotta warehouse building but also ensures
compatibility with the dimensions of the stairs and passages in the
virtual scene (Fig. 12).

Virtual interactive design
Virtual interactive technology facilitates a closer dialog between cultural
heritage and visitors. Virtual technology creates a virtual space for cultural
heritage, allowing viewers to explore it. It offers virtual immersion in
reconstructed scenes at various levels through projection systems, holo-
graphic applications, immersive audiences, and augmented reality (AR)56.
Creating a virtual world necessitates multifaceted techniques to capture the
real world, model and create scenes, and incorporate narratives and inter-
active elements. To experience the virtual world, devices such as immersive
displays, motion tracking, environmental awareness systems, and com-
mand and control technologies are required57.

Through the initial 2D character imagery, a 3D character model is
created.Virtual sceneswere developedusingUnity 3D,withHMDs (Oculus
Quest 2) and controllers for navigation. Lighting effects (spotlights for
interiors) and texture mapping (surfaces via roughness/normal maps) were
optimized for realism. The virtual environment was developed using the
Unity 3D engine and is compatible with the Oculus Quest 2 headset and its
accompanying controllers. Character movement is controlled via the
WASD keys, with the spacebar regulating jumping actions to simulate a
real-time exploration experience. Lighting effects (including indoor spot-
lights) and texture mapping, where surface effects are achieved through
roughness and normal maps, have been optimized to enhance realism
(Fig. 13).
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Usability test design
The test was conducted using a comparative experimental design58, divided
into two modes: “virtual miniature experience” and “traditional static
viewing.”Participants were split into two groups: one engagedwith a virtual
3Dmodel through theminiature experiencemode, while the other adopted
the traditional viewing mode. By randomly assigning participants to each
group, baseline characteristics were balanced to minimize bias. This design
facilitated the collection of both quantitative and qualitative data, thereby

providing a comprehensive view of the differences in experience between
the two groups.

Game-based learning is increasingly being utilized in virtual museums
to enhance cultural awareness and motivate public engagement with cul-
tural institutions59. Studieshave shown that immersive virtual environments
enhance participants’ comprehension of complex information, as multi-
sensory interactive feedback significantly facilitates knowledge absorption60.
On the other hand, miniature interactions can swiftly capture participants’

Fig. 9 | 3Dmodeling of theHanDynasty seven-story connected pottery granary building unearthed in Jiaozuo. PanelA–C illustrates the 3Dmodeling workfl ow. Step A
involves creating a 3Dwhitemodel and performingUVunwrapping. Step B includes groupingmodel components and assigning colors to themain building and annex. Step
C covers fi nal adjustments to the overall model, including details and surface texture.

https://doi.org/10.1038/s40494-026-02367-0 Article

npj Heritage Science |          (2026) 14:104 12

www.nature.com/npjheritagesci


attention, enabling them to establish an interactive connection with the
pottery granary scene. Virtual heritage is a learning medium, but it focuses
on the audience learning for themselves the significance and value of the
heritage content that is digitally simulated61. By manipulating virtual
characters to enter the pottery building space, it emphasizes “human-
computer collaboration.” Therefore, it is imperative to conduct user
experience testing on the newly constructed virtual pottery granary scene,
allowing users to provide positive feedback and suggestions for further
enhancement.

To evaluate the effectiveness of the miniaturized experience, 80 par-
ticipants were divided into two groups: the experimental group engaged
with the miniaturized interactive device, while the control group viewed
static 3D models.

The participants consisted of 80 volunteers (aged 24-45, standard
deviation = 8.5 years) recruited via email, online platforms, and cultural
heritage forums. To ensure sample diversity, the cohort included 33

undergraduates, 18 graduate students, 15 cultural heritage enthusiasts, 8
doctoral students, 5 majors in archeology and museology, and 1 computer
science major. Among them, there were 38 males and 42 females. Partici-
pants were randomly assigned to the two groups:
• Experimental group (n = 40): Participants engaged in a “miniature

experience” of the seven-story pottery building. Using miniature
virtual avatars, they entered a 3D virtual reconstruction of the scaled-
down seven-story pottery building, where they accessed interactive
information and dimensional details of the structure. This experience
was facilitated via VR headsets and interactive controllers.

• Traditional group (n = 40): Participants in this group viewed the seven-
story pottery building independently via a desktop interface, with
interactions limited to traditional visual browsing and textual
descriptions of the exhibit. They were unable to access the interior of
the seven-story painted pottery building and had no virtual character
experience.

The participants’ experience phase is as follows. First, both groups
received 5minutes of basic instruction and 5minutes of free exploration
time. Next, the experimental group operated the joystick and explored the
virtual building for 20minutes, while the traditional group browsed static
models and related text information for the same amount of time. Finally,
after the experience, the participants immediately completed the user
experience questionnaire. The User Experience Scale (UES) was adopted,
with details presented in Table 2. A 5-point Likert scale62 was utilized for
data collection through questionnaires, where responses were scored as
follows: 1 = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, and 5 =
strongly agree. This scale assessed five dimensions to evaluate Engagement,
Cultural Understanding, Interaction Satisfaction, Digital Form Perception,
and Cultural Heritage Promotion Effectiveness. Data analysis, including
t-tests and regression analysis, was performed using SPSS 26 software. The
validity of the questionnaire was verified through a pre-experiment, with a
Cronbach’s α coefficient of 0.87. Since this value is greater than 0.7, it
indicates that the questionnaire has good reliability. Independent samples
t-tests compared groupdifferences (α = 0.05). Regression analysis examined
the relationship between engagement and cultural understanding. Effect
sizes (Cohen’s d) were calculated to quantify practical significance.

In terms of the degree of participation, theminiature experience group
scored an average of 3.55, while the traditional group scored an average of
2.025, as shown inTable 3.Thedifferencebetween the twogroupswas1.525,
indicating that the average participation level of the miniature experience
groupwas significantly higher than that of the traditional group. According

Fig. 11 | Regional planning diagram of the seven-story Han Dynasty pottery granary building.

Fig. 10 | 3D Restoration Model (Front View) of the Han Dynasty Seven-story
Connected-pavilion-style Pottery Granary building Unearthed in Jiaozuo.
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to the results of the independent sample test regarding participation vari-
ables, the F value of Levene’s test for homogeneity of variance was 1.557,
with a p-value of 0.216, suggesting that the variances of the two groups were
equal. The t-value of the independent sample test was 6.616 (p < 0.001), as
shown in Table 4. Overall, the miniature experience group significantly
outperformed the traditional group regarding participation, demonstrating
the positive role of miniature experiences in enhancing engagement.

Participants’ understanding of the Han Dynasty pottery granary
Building was measured through their experiences. The miniature experi-
ence group scored an average of 3.45, while the conventional experience
group scored an average of 2.4(t78 = 4.12, p < 0.001, d = 0.93).

Levene’s test for homogeneity of variances yielded a result of p > 0.05,
indicating that the data satisfied the homogeneity of variances assump-
tion. Further analysis using an independent samples t-test confirmed that
the experiential perceptions between the two groups were statistically
significant and practically meaningful: theminiaturized experience group
outperformed the traditional group in terms of immersion, scene
immersion, and information acquisition efficiency. This discrepancy can
be attributed to the active interaction model of “virtual character control
+ spatial exploration” in the miniaturized experience. In contrast to the
traditional group, which passively observed static models, the experi-
mental group established an “operation - feedback - cognition” closed-
loop through actions such as character movement and perspective
switching.

Engagement: The experimental group exhibited significantly higher
engagement (Mean=3.55, SD = 1.01) compared to the control group
(Mean=2.03, SD = 1.05; t78 = 6.62, p<.001,d = 1.51). This notable difference
can be attributed to the “Miniature experience” featuring interactive ele-
ments such as character navigation and jumpmechanics. Unlike some prior

studies where passive viewing was the norm, these interactive features
actively invited participants to engage, fostering a more immersive experi-
ence. The large effect size(d = 1.51) indicates that these design elementswere
highly effective in promoting active participation, aligning with and
extending the findings of a previous study on cultural heritage experience
design.

Culture Understanding: A positive correlation was found between
engagement and culture understanding (r = 0.80, p <.001). During the
experiment, participants who actively explored the virtual building spent
more time observing details. For instance, they manipulated virtual models
to examine multi-story modules from different angles. Such embodied
interactions led to a deeper comprehension of architectural features, sug-
gesting that hands-on engagement significantly enhances knowledge
retention.

Interaction:The interaction score of theminiaturized experience group
(M= 3.53, SD = 1.09) was significantly higher than that of the traditional
group (M= 2.08, SD = 1.05; t78 = 6.08, p < 0.001, d = 1.36). This result
confirms the effectiveness of the “humanmachine collaboration”design: the
size of the virtual characters (8 cm in height) is appropriately scaled to the
proportions of the pottery granary building space, enabling participants to
naturally perform coherent actions such as ascending and descending stairs
through interactive controls (e.g., VR controllers).

Digital Form Perception: The micro-experience group achieved a
significantly higher score (M = 3.50, SD = 1.20) than the traditional
group (M = 2.15, SD = 1.05; t78 = 5.36, p < 0.001, d = 1.21). This super-
iority can be attributed tomulti-dimensional visual presentation, such as
layered deconstructed 3D models and dynamic color reproduction.
Participants were able to “enter” the interior of the granary pottery
building via virtual characters, thereby intuitively perceiving the spatial

Fig. 12 | Virtual character design chart based on Han Dynasty element.
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relationships among “outer contours, internal structure, and decorative
details,” whereas the traditional group only had access to static external
renderings.

The regression model, as shown in Table 5, indicates that partici-
pation has a significant predictive power for the level of understanding of
Han Dynasty pottery granary building knowledge (β = 0.8, p < 0.001),
accounting for 64% of the variance (R² = 0.64). Specifically, for every
1-unit increase in participation, the cultural understanding score
increases by an average of 0.78 units. This result empirically supports the
theory that “active participation promotes knowledge internalization”.
By independently exploring details such as the “storage functional
zones” and “defensive structural design” of the pottery warehouse,
participants construct a more comprehensive knowledge framework.
For example, 33 out of 40 participants in the experimental group (82.5%)
could correctly describe the functional layering of the pottery warehouse
as “lower level for grain storage - upper level for defensive observation,”
while only 18 out of 40 participants in the traditional group (45%) were
able to do so.

This study, through data analysis, reveals that the digital dissemination
of cultural heritage must extend beyond the single dimension of “visual
reproduction” and shift toward a multimodal integration of "interaction-
perception-cognition." The advantage of miniature experiences lies in
transforming abstract architectural knowledge into operable spatial
exploration, enabling the cultural connotations of "earthenware warehouses

as funeral symbols" (such as decorative patterns, colors, and morphological
characteristics) to be naturally perceived through interactive behaviors,
rather thanbeingpassively receivedor explained through text. This provides
a replicable design paradigm for future cultural heritage digitization pro-
jects. It is recommended to prioritize the integration of “role-based
exploration” and “scenario-based interaction” elements to balance aca-
demic rigor with public accessibility.

Discussion
This paper employs methods such as three-dimensional modeling, vir-
tual scene construction, interactive design optimization, and user
experience testing to establish a virtual miniature experience system for
theHanDynasty Jiaozuopottery granary buildings,with a typical seven-
story connected pavilion-style pottery granary building in the Jiaozuo
region used as a case study for system validation. Characterized by
architectural form restoration, colored decoration reproduction, mod-
ular interactive design, and user cognitive load optimization, this
experience system can effectively achieve immersive display and in-
depth interpretation of cultural heritage architecture. Furthermore, the
effectiveness and application value of the system have been verified
throughobjectivedata frombetween-groupcomparisonexperiments (t-
tests), quantitative feedback fromuser experience scales, and behavioral
analysis of scenario-based exploration. The main contributions of this
study are as follows:

Fig. 13 | Interaction diagram of a seven-story painted Han Dynasty pottery granary building and virtual characters.
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(1) The virtual miniature experience system constructed in this study
breaks through the limitations of traditional static displays. Through a
three-tiered design consisting of “architectural restoration, scene
narration, and interactive exploration,” it provides a new approach for
the digital interpretation of cultural heritage buildings, enriching
theoretical research on the integration of cultural heritage and digital
technologies.

(2) The system offers practical tools for the digital preservation of archi-
tectural artifacts such as Han Dynasty pottery buildings, the supple-
mentation of archeological information, and public education, thereby
facilitating innovation in museum exhibitions and the living trans-
mission of cultural heritage.

However, this study also has certain limitations that merit further
discussion. First, the virtual reconstruction was limited to a single
model object, which may have led to inflated engagement scores in the
experimental testing. While this object’s design and evaluation process
are detailed, other cultural heritage items may utilize different digital
mechanisms and cater to various audiences. Future research should
strive to recruit more diverse and representative samples. For instance,
stratified sampling techniques could be adopted to include individuals
with varying levels of interest in cultural heritage and technical pro-
ficiency. This would help ensure that the research conclusions can be
more accurately generalized to different demographic groups. Future
research can further assess its effectiveness based on the usability
evaluation conducted in this study. Second, the system was created by
using and redesigning available open data, instead of including every
detail about the Jiaozuo Pottery granary buildings. The actual height of
the Jiaozuo seven-story pottery granary buildings ranges from 185 to
199 centimeters63, and a full-scale scanning analysis is currently not
feasible. Moving forward, more detailed virtual 3D models (such as
those of Han Dynasty cluster-style pottery building complexes) could
be constructed via design modeling to further explore the architectural
combination patterns embodied in Han Dynasty architectural arti-
facts. Third, this study aims to propose a design strategy, it has yet to be
systematically evaluated and verified. Future research can further

Table 3 | Group statistics

Evaluation Group Type Mean SD Std.
Error Mean

Engagement Microscale
Experience Group

3.5500 1.01147 0.15993

Conventional group 2.0250 1.04973 0.16598

Cultural
understanding

Microscale
Experience Group

3.4500 0.98580 0.15587

Conventional group 2.4000 1.27702 0.20191

Interaction Microscale
Experience Group

3.5250 1.08575 0.17167

Conventional group 2.0750 1.04728 0.16559

Digital form
perception

Microscale
Experience Group

3.5000 1.19829 0.18947

Conventional group 2.1500 1.05125 0.16622

Cultural heritage
promotion

Microscale
Experience Group

3.5250 1.17642 0.18601

Eeffectiveness Conventional group 2.8750 0.96576 0.15270

Table 2 | Han Dynasty Earthen Pottery Granary Building Virtual Experience User Experience Scale (UES) Questionnaire

Number Item Dimension Options

1. I was able to stay focused while exploring the earthen pottery granary building. Engagement 5-point
Likert scale

2. I would take the initiative to explore architectural details (such as murals, structural features, etc.). Engagement 5-point
Likert scale

3. The entire experience kept my interest throughout. Engagement 5-point
Likert scale

4. I have a clear understanding of the functional layers of the earthen warehouse (the lower level for
grain storage and the upper level for defensive purposes).

Cultural Understanding 5-point
Likert scale

5. Through this experience, I have gained a deeper understanding of the characteristics of Han
Dynasty architectural funerary earthen pottery granary buildings (such as bracket systems,
modular structures).

Cultural Understanding 5-point
Likert scale

6. I can understand that the decorative patterns (murals) belong to traditional Chinese funeral motifs. Cultural Understanding 5-point
Likert scale

7. The control of the virtual character (such as moving, jumping, viewing details, etc.) is smooth and
intuitive.

Interaction Satisfaction 5-point
Likert scale

8. I can easily switch between different floors and spaces of the earthen pottery granary building. Interaction Satisfaction 5-point
Likert scale

9. Mouse or controller operations conform to intuitive interaction logic. Interaction Satisfaction 5-point
Likert scale

10. The 3Dmodel intuitively presents the structural details of the Han Dynasty earthen pottery granary
building.

Digital Form Perception 5-point
Likert scale

11 The color restoration (such as red, black, white, etc.) is visually consistent with the descriptions in
documents (the theory of Yin-Yang and Five Elements in the Han Dynasty).

Digital Form Perception 5-point
Likert scale

12 The virtual environment helped me intuitively understand the relationship between the interior and
exterior spaces of the building.

Digital Form Perception 5-point
Likert scale

13 This experience has increased my interest in Han Dynasty cultural heritage. Cultural Heritage Promotion
Effectiveness

5-point
Likert scale

14 This experience has enabledme to understand howHanDynasty earthen granary buildings reflect
Han Dynasty society (such as grain storage, architectural forms, etc.).

Cultural Heritage Promotion
Effectiveness

5-point
Likert scale

15 I believe that such digital experiences can effectively enhance the public’s attention to
archeological artifacts.

Cultural Heritage Promotion
Effectiveness

5-point
Likert scale
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assess its effectiveness based on the usability evaluation conducted in
this study.

In summary, this study extends the concept of digitization to thefieldof
cultural heritage preservation. Constructing a virtualmodel ofHanDynasty
pottery granary buildings, it fills a gap in the virtual reconstruction and
interactive testing of Han Dynasty pottery granary buildings. The research
aims to realize the comprehensive protection andwidespread dissemination
of this precious Han Dynasty cultural heritage, with the expectation that it
willfindbroader applications in archeological research and serious games in
the future.

Data availability
Due to the ongoing nature of the research and concerns regarding partici-
pants’ privacy, only the data presented in this article are publicly available.
However, upon reasonable request and with appropriate ethical approval,
the corresponding author can provide representative processed data.
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