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Prehistoric sites are important materials for understanding prehistoric civilization. This study
addresses the limitations of current archaeological databases, which often suffer from fragmented
data structures, weak spatiotemporal integration and an underutilization of GIS capabilities in spatial
analysis and visualization. Therefore, a spatiotemporal data model is designed for the integration of
archaeological information. Based on a framework of archaeological reports for prehistoric sites in
China, afive-dimensional space-time architecture is introduced through the excavation and laboratory
identification of prehistoric sites, namely, site-square unit-layer-feature-cultural periodization. This
architecture enables the integration of multidisciplinary data and achieves a unified representation of
the spatial, temporal and cultural attributes of prehistoric sites. The experiments demonstrate that the
model supports retrievals of spatial relationships among multidisciplinary archaeological entities,
statistics of features and remains, and cultural comparisons within spatial contexts, offering a spatial
perspective for archaeology and provide a robust data and a technical foundation for comprehensive

research.

Prehistoric archeology offers a critical long-term perspective on the
dynamics of human social evolution and the origins of cultural diversity"”.
Prehistoric sites can provide critical insights into prehistoric life and the
development of early civilizations’. However, the study of prehistoric sites is
complex because of the lack of historical records’ and variations in pre-
servation status™’. Archeological databases can integrally store and manage
multidisciplinary archeological information, which enhances the analysis
and utilization of the information of China’s prehistoric sites. Consequently,
archeological databases of prehistoric sites play a crucial role.

Existing archeological databases can be divided into two categories
according to their approach to handling spatial data: non-spatial databases
and spatial databases.

Non-spatial databases mainly employ database management sys-
tems (DBMSs) to record structured archeological data. These databases
consist of many tables with primary keys and foreign keys, and the tables
contain multiple fields that record specific attributes, with defined data
types ensuring the accuracy and consistency of the entered
information”®. Despite the shared structure, they vary in the range and
nature of the archeological attributes and relational elements that
structure the database. Most archeological databases store some com-
mon information with a focus on unearthed artifacts, such as the name,

material, shape, classification, preservation status, and time of the
artifacts”"". Some archeological databases store specific information
based on their design targets. For example, for ceramics and potteries,
details are recorded of the chemical analysis method and results, clay
comment, picture, period, and name of the site where they are unearthed
and recorded'>"”’. However, these types of databases cannot manage
spatial information such as location and geometry, making them
unsuitable for storing data from archeological sites where spatio-
temporal relationships are highly emphasized.

Spatial databases employ spatial DBMS to connect spatial data with
non-spatial data and manage the data integrally. In addition to non-
spatial information, these databases record spatial information from
archeological sites. Some databases only treat archeological sites as
points, record their location, and disregard their shape and size'*"’.
Other databases record the spatial location of archeological sites or
research areas with vector data such as points, polylines, and polygons'”.
Moreover, some spatial databases not only consider the coordinates, but
also record the shapes, sizes, and topological relationships of the sites
and their components to better express the data of archeological sites
spatially'®"”. The studies cited above have carried out data modeling of
archeological information, but they did not document comprehensive
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information about the archeological sites and did not fully reflect the
relationships among different spatial entities.

Unlike archeological databases, the CIDOC Conceptual Reference
Model (CRM) has made some contributions to the semantic unification of
cultural heritages. Its extensions, CRMarchaeo and CRMgeo, provide
semantic specifications for some archeological classes (e.g., “excavation
processing unit” and “stratigraphic unit”) and properties (e.g., “investi-
gated” and “distributed”)***. Despite its broad applicability in archeology, it
is not a database and cannot support the storage and management of spatial
and interdisciplinary information in archaeometry.

Therefore, there is an urgent need to sort and organize archeological
information from various types and disciplines and design a data model to
integrate the multidisciplinary spatiotemporal data of prehistoric sites from
archeological reports. In this study, an approach for the data modeling of
prehistoric sites is proposed, with a spatial architecture of square unit-layer-
feature-remain-cultural periodization to reflect the core principles of pre-
historic site investigation and excavation. In this way, units at different levels
of prehistoric sites can be effectively linked together through spatial rela-
tionships, and data from different disciplines can be interconnected, which
provides a digital infrastructure for the systematic collection, management,
analysis, statistics, and visualization of archeological spatial datasets.

In the next section, the content of the archeological reports is analyzed
as archeological entities and their relationships. On the basis of the entities
and relationships, a conceptual data model is proposed in the section
“Methods”. A case database is then constructed with an ESRI Geodatabase
in the section “Results” to validate the data model, which achieves the
proposed objectives and demonstrates its ability to spatiotemporally inte-
grate multidisciplinary archeological information from prehistoric sites.

Methods

Analysis of archeological report content

Archeological reports are systematic records of the features and remains
unearthed and the coexistence relationships between various artifacts and
features. As primary outputs of fieldwork, they form the essential founda-
tion for archeological analysis and interpretation””. Rich in content,
archeological reports encompass multidisciplinary information such as
archeological stratigraphy, typology, and archaeometry. These reports play a
crucial role in advancing our understanding of prehistoric human behavior,
subsistence strategies, and social dynamics, while also providing key insights
into spatial organization and environmental transformations™ . There-
fore, a comprehensive and effective parsing of the content of archeological
reports is the basis for guaranteeing the rationality of data model design.

In this study, a comprehensive analysis of numerous archeological
reports in China is conducted by examining their structural frameworks,
content, and approaches to data organization and processing, and key
considerations are outlined for interpreting and managing archeological
data. The informational structure of reports on prehistoric sites is sum-
marized in Fig. 1. In this structure, squares primarily represent the key
elements in archeological reports, and the relationships between these ele-
ments form the foundational components of various archeological dis-
ciplines. In addition to the usual text description, the concrete or abstract
information of these elements is often visually depicted through accom-
panying illustrations.

Archeological reports organize materials separately for each type
of spatial unit. The structure of an archeological report usually consists
of three parts: an overview, a description of the archeological fieldwork,
and a conclusion”. The overview section describes mainly the geo-
graphic background of the site and information on excavation activ-
ities, while the conclusion summarizes the age, spatial pattern, and
cultural phasing of the site. The description is the core content of an
archeological report, which is usually divided into the stratigraphic
layer, features, and remains. The stratigraphic layer, as the basic stra-
tigraphic unit in archeological stratigraphy, is described primarily by
its basic information, such as the layer number, accumulation prop-
erty, geometric attributes, and period, and the relationships between

layers and the main excavated objects. Features, which are the evidence
of human activity composed of cultural materials within a cultural
layer after decay or disappearance, are described predominantly by
their geometric attributes and stratigraphic relationships. Compared
with square units (also Wheeler box-grids), features are original nat-
ural units within the site. Therefore, they are usually separated into
different types in archeology, such as ash pits, house foundations, and
tombs. Remains are primarily described by the location, type, quantity,
preservation status, and scientific testing results through experimental
analysis. Archeological reports often adopt a typological approach and
summarize the characteristics of excavated artifact types based on
attributes such as texture or function, type, and model through cate-
gorization and description. The description of each type of artifact is
often followed by a list of the typical individual artifacts unearthed and
introduces information on the place in which they were unearthed and
on their individualized characteristics; it often has an artifact diagram
attached.

The study of biological remains includes the identification of
unearthed plants, animals, and human bones. Archaeobotany focuses
primarily on flotation methods and the statistical analysis of plant
remains®. Plant remains are mainly categorized into plant macro-
remains (crops such as grains and non-crops such as weeds) and plant
microremains (phytoliths, spore pollen, starch granules, etc.)’'™.
Macroremains are further identified by taxonomy and analyzed by
factors such as the excavation location, morphology, degree of maturity,
and preservation status*. Microremains are also reported with statistical
data on their types and numbers. Animal remains are quantified by
indicators such as the number of remains, the total number of fragments,
the number of identified specimens, and the minimum number of
individuals, categorized by taxonomy. Based on these data, further
indicators such as abundance, diversity, and ecological niche breadth are
determined, which shed light on human survival strategies and the
surrounding environment™”. In addition, the study of human bones
includes various aspects such as physical anthropology, paleopathology,
ancient DNA research, and dietary research”. Archaeometric identifi-
cation helps determine a tomb owner’s identity, ethnic background, and
customs, and provides scientific data for understanding prehistoric
societies™.

Stratigraphic layers, features, and remains are interrelated. The plani-
metric map of features depicts the spatial topological relationships between
features and square units in the horizontal plane by emphasizing their
adjacency or separation. In contrast, the profile reflects vertical stratigraphic
relationships and indicates the positioning of remains within stratigraphic
sequences. These relationships typically involve stratigraphic stacking and
disturbance patterns, which are essential for understanding the chron-
ological and depositional context of the site. In addition, the opening layers
are typically used to describe the layer in which the mouth of the feature is
located. Beyond textual descriptions and sketch maps, “connection dia-
grams” (or Harris Matrices) are often used in archeological reports to
represent the stratigraphic relationship between features and the
stratigraphy™.

Design considerations

Archeological data provide rich spatial and temporal information. The
core of archeological excavation is to understand past human behaviors
through spatial sampling®. Settlement archeology, in particular,
includes both the internal structure of sites and their external
relationships*, making spatial analysis crucial for comprehensively
understanding the dynamics and distribution of a site’s components.
Spatialization constitutes the foundation of archeological spatial analysis
and allows the processing and interpretation of spatial data. Spatiali-
zation not only supports multidisciplinary, quantitative research and the
comparative analysis of archeological findings through spatial datasets,
but also provides technical support for the management and analysis of
archeological activities at various macro and microscales.
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Fig. 1 | Content analysis of the archeological report. Each small rectangle represents part of the content of the archaeological report, and lines between the rectangles
represent their connections. The three large rectangles represent the disciplinary affiliations of these archaeological contents.

With respect to the temporal dimension, the history of sites is inevi-
tably related to the chronological sequences. Time and space, as an ordered
system, form the basis for archeological analysis. Only by combining time
and space can cultural and social evolution be better understood. Therefore,
temporal information such as the rise and fall of settlements has also become
important for clarifying the evolution of settlements, which is conducive to
the construction of a vertical development pattern of prehistoric sites.

Accordingly, the three objectives of constructing an archeological
spatiotemporal data model are as follows.

The first objective is spatialization, aimed at capturing the spatial
dimensions of archeological data. It involves reconstructing the ancient
environment by integrating both key parameters and their spatial dynamics.
Additionally, Geographic Information System (GIS) is employed to repre-
sent precise locations and shapes, scaling from the entire site down to its
internal units, which enables detailed analysis of the site’s spatial layout and
structure.

The second objective centers on the comprehensive integration of
multidisciplinary archeological information. It brings together traditional
archeological data from stratigraphy and typology, synthesizing details from
reports on a site’s location, layers, artifacts, and features. Furthermore, it
incorporates archaeometric data derived from scientific analyses, including
technical reports from archaeobotany, zooarchaeology, anthropology, and
chronology.

The third objective is to facilitate spatial statistics and comparative
analysis. This includes conducting statistical analysis on data from indivi-
dual excavation units, incorporating both spatial and non-spatial attributes.
The results are visualized through distribution maps of features and
remains, aiding in the interpretation of cultural evolution within a settle-
ment. The analysis also extends across multiple sites, comparing spatial
distributions to document diverse phenomena and identify broader patterns
linked to environmental and historical factors.

Entities and relationships design
A conceptual model is a type of data model that represents an abstraction of
real-world entities and their interconnections. Such a model serves as the

first and foundational step in database design before the logical and physical
stages. Based on an entity-relationship (ER) model, spatiotemporal objects
such as sites and square units can be identified from archeological reports,
and the attributes and relationships can be designed.

Prehistoric sites exist in certain natural and social environments and
include natural elements such as rivers and terrain, and social elements such
as roads. Archeologists have carried out many excavation activities at pre-
historic sites. Through the deployment of square units by the
Wheeler-Kenyon method, many kinds of features, artifacts, and remains of
plants, animals, and human bones have been unearthed. The stratigraphic
section can be obtained through square units, where the features are exca-
vated. Moreover, the features are buried in stratigraphic layers, which
contain the stratigraphic layer information. In the features, various artifacts
and biological remains are unearthed. The types and styles of artifacts are
representative of the cultural stage, and are used as division evidence for the
cultural periodization of the sites.

According to the conceptual understanding of main objects in arche-
ology and the analysis of the content structure of archeological reports,
several entities are abstracted. These entities can be directly modeled as
geospatial features for GIS analysis, and they provide the foundation for
constructing a conceptual data model of prehistoric sites. The attributes and
spatial information of the site constitute the core content of conducting
archeological research on prehistoric sites, and they are located within a
certain spatial scope and time course. The excavation spot is the location
where excavation activities are carried out. As the basic working unit of
archeological excavation activities, the square unit, with its regular spatial
arrangement, is the basic grid in the process of field archeology. It links the
sites at the macrolevel and the features and remains at the microlevel. The
feature is the basic unit that constitutes the spatial composition of arche-
ological excavation objects. Its geometrical form and spatial distribution are
basic elements that make up the structure of sites. Stratigraphic layers are
spread throughout the excavation area and are reflected in the profiles of
square units. The morphology of stratigraphic accumulations varies across
geographic locations and offers the basic information for studying the
spatiotemporal structure of the sites. Artifacts and biological remains have
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specific excavation sites. A spatial statistical analysis of their related attri-
butes can reveal the basic characteristics of human activities in prehistoric
societies. The above objects with spatial information are designed as the
main spatial entities in the data model and stored as feature classes
(including polygons, polylines, and points).

Different types of elements are designed according to the char-
acteristics of each spatial entity. Every archeological excavation activity
has a defined geographical scope, therefore the excavation spots are
separately modeled as both polygons and points to express their
locations. A square unit consists of three parts: the main body, the
partition beams, and the key columns, and it mainly includes regular
square grids, and each occupies a certain spatial range. Consequently,
they are modeled as polygons. Features have specific forms and occupy
a relatively small area; thus, they can also be modeled as polygons.
Stratigraphic layers are often displayed in the form of profiles. Con-
sidering that archeological fieldwork is primarily performed by sam-
pling, and that stratigraphic data in archeological reports are mostly
presented as cross-sections, the excavated stratigraphic layers repre-
sent only the stratigraphic condition of the line where they are exca-
vated. Additionally, they are not uniformly distributed in space.
Instead of adopting 3D modeling to construct them, we chose the line
along which the profile was drawn as the spatial location of layer
accumulation. Therefore, stratigraphic layers are modeled as polylines.
The volume of artifacts and biological remains is relatively small
compared with that of the excavation area. Therefore, they are modeled
as points.

Because of the differences in the types of features, we also design five
main features as subtypes. These include house foundations, ash pits, tombs,
trenches, and walls, which inherit the attributes from the entity “feature.”
For each subtype, we can design and add specific attributes according to its
characteristics and the needs of the research.

Since a trial trench is a special type of square unit, the entity “trial
trench” is designed to inherit from the entity “square unit”.

Plant, animal, and human bone remains are the most common
biological remains and are collected and identified through archaeo-
metry. They have common information such as excavation location,
chronological information, preservation status, and their own specific
parameters. Hence, they inherit the attributes from the entity “biological
remains” as subtypes. We also add unique attribute fields according to
the research needs.

In addition, regarding the geographical background of the prehistoric
site, we model the entities “river” and “road” as polylines, the entities
“excavation area” as polygons, and the entities “terrain” as raster datasets.

The objects with negligible areas are abstracted as non-spatial entities,
since their geographic location information is difficult to directly express or
is of secondary importance compared with other information. Their spatial
locations are represented by the place where they are excavated. Arche-
ological reports often compile artifacts through the features that are exca-
vated, and these artifacts are often grouped into specific types. The reports
then describe the shared characteristics of the artifacts, which are synthe-
sized from the information of artifacts distributed at multiple points without
explicit spatial information. Different phases represented culturally by dif-
ferent types of artifacts also do not have a clear geographic scope and are
often presented as information tables. Other artifacts from the sites can
reflect the environmental background and events that occurred during the
site’s survival phase. The exact geospatial area where they impact is not clear,
but it can be determined that such events are closely related to the space
where the prehistoric site is located.

We also design six entities, namely, stoneware, potteryware, ironware,
bronzeware, goldware, and jadeware, according to their material categories.
They are designed to inherit the information of excavated artifacts. Under
these circumstances, we design both different attributes for different artifacts
and common attributes such as the age and cultural characteristics.

The environmental information of prehistoric sites specifically
includes the paleoclimatic background, paleoflood events, and paleoseismic

processes. These objects can be reflected through specific stratigraphic
records and the physical and chemical properties of biological remains.
Therefore, we design the entities “climate,” “flood,” and “earthquake” to
inherit environmental information to better store the environmental events
experienced by the prehistoric site.

Cultural periodization involves the cultural characteristics and tem-
poral information of prehistoric sites revealed by archeological spatial
entities. It serves as the basis for dating archeological sites and conducting
comparative studies between sites. By considering the similarity and cor-
relation of different cultures within a certain historical stage, we simplify,
classify, and organize a large amount of complex data obtained from
archeological excavations. Afterward, we divide the sites into different his-
torical stages and cultural types on the basis of stratigraphic relationships.
This process focuses on a comprehensive analysis of the types of cultures
represented by unearthed features and the measurement results.

Consequently, there is a vertical chain of site-square unit-layer-feature-
remain in prehistoric sites that runs through the entire process from field
investigation to analysis of remains. Based on the ER, connections between
archeological entities can be established, which is conducive to the com-
prehensive spatial analysis of different archeological objects. The specific
ERs are shown in Fig. 2 and Table 1.

Attribute design

The attributes of entities are designed according to the content structure of
archeological reports. They are combined with prehistoric site entities and
mutual correlations, following the basic principles of database design. The
designed attributes of the site entities are shown in Table 2. We uniquely
determine the site entities through identifiers and load the site name
information with common names and other names. Additionally, we
express the cultural period in which a site is situated through an era and
culture type; describe its spatial location concerning the province, city,
district (or county); describe the location and coordinates of the center
position; reflect its geometric features and morphology through the peri-
meter, area, average elevation and morphology; and record its preservation
status to provide comprehensive and complete site information.

Square units are divided into different specifications and consist of
three parts, specifically, the main parts, the partition beams, and the key
columns. A square unit has a strict numbering form, which is written in the
style “(Site Partition No.)+T+North-South No.+East-West No.” **. The
square unit number at the same site corresponds to its geographic location;
thus, it is used as the only identifier for square units. Additionally, the
geographic location of the southwest corner of the square unit can be
deduced according to the coordinates of the base point of the excavation
area and the square unit number. Partition beams are retained to draw the
stratigraphic sections of square units, and the key columns combine the
longitudinal and transverse partition beams. If the partition beams and key
column prevent the overall understanding of the stratigraphic layers, then
they can be opened or extended to form an expanded square after the profile
is drawn, so it is also necessary to record this information about the square
units. Its attribute design is shown in Table 3.

A stratigraphic layer is excavated from the profile of a square unit or a
trial trench and demonstrated by stratigraphic sections. Different layers
have different depths, thicknesses, and soil properties (composition, color,
and texture). Therefore, they are designed as important attribute fields.
Moreover, the age attribute for different layers is designed because excavated
features from different layers can represent different ages. As an important
graphic display of the stratigraphic layer, the profile is also added to it as an
attribute. Its attribute design is shown in Table 4.

Features are excavated in square units and sometimes exist across
square units. Their numbering is often sequential and is their only repre-
sentation of information. The first letter of the number represents different
types of features: H-ash pit; F-house foundation; M-tomb; G-trench; J-well;
L-road; Y-kiln; Z-stove; and Q-wall*2. Furthermore, the stratigraphic rela-
tionships of features, including the opening layer, upper layer, lower layer,
and breaking layer, are important. The archeological report has flat and
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Fig. 2 | Conceptual data model for prehistoric sites. Rectangles, ellipses, and
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entities. The model centers on the Site entity, integrating key entities including
Square Unit, Feature, Stratigraphic Layer, Artifacts, Biological Remains, and Cul-
tural Periodization, along with their spatiotemporal associations.

Table 1 | Relationships between entities

Table 2 | Attribute design of site entities

Source entity Objective entity Relationship name  Cardinality Attribute name Attribute description
Sites Environment Info Being within One-to-many Identifier The only identifier of a site.
Terrain Being within One-to-one Common Name The most commonly used name of a site.
Road Being within One-to-many Other Name Other names of a site other than the Common Name.
River Being within One-to-many Period Beginning and ending years of site.
Excavation Spot Carried out One-to-many Cultural Type The archeological culture type a site belongs to.
Square Unit Laid out One-to-many Province The province that a site is located in.
Statioraphiciayen omposed Oncatoamany City The city that a site is located in.
Feature Composed One-to-many County The county or district that a site is located in.
Artifacts Excavated One-to-man R . . . K . .
v Location Description Positional relationship of a site expressed in the form
Biological Remain Excavated Many-to-many of geographic names and addresses.
Cultural Divided One-to-many Center Position Central position of a site expressed in the form of
Periodization Coordinate geographic coordinates.
Sites Compared One-to-many Shape Length Edge perimeter of a site.
Square Unit Stratigraphic Layer Excavated One-to-many Shape Area Area of a site.
FEEIR excavated Sheslosmany) Ave Altitude Mean altitude of the area that a site is in.
Stratigraphic Layer Environment Info Reflected One-to-many 0 Description of a site’s form
Feature Artifacts Excavated CHEA Y Preservation Situation Description of a site’s preservation.
Biological Remain Excavated Many-to-many Memo Sl e
Human Bone Excavated One-to-one
Remain
Stratigraphic layer Being within Many-to-many
Artfact Category N Represented One-to-one category, type, and model. The quantity, preservation status, and age of the
Periodization indicated artifacts are recorded. The common attributes of the design are
Artifacts T T — shown in .Tal.ale 6. For individual artlfach, sgparate eptltles are sle_&gned to
— - - store spatial information and other specific information. In addition to the
Biological Remain Environment Info Reflected Many-to-many

sectional drawings of some of the features, which can be stored as diagrams
in the attributes. Its attribute design is shown in Table 5.

Artifact entities are designed with archeological typology methods to
categorize excavated artifact individuals from aspects of their material,

material, category, type, and model, their special forms, excavation loca-
tions, artifact diagrams, and other individualized information are designed.
These design attributes are shown in Table 7.

For biological remains, the common attributes are designed, encom-
passing basic biological information (including the common name, scien-
tific name, and the different parts and morphology of organisms), statistical
information (including the weight of the remains, number of remains, and
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Table 3 | Attribute design of the square unit entity
Attribute name Attribute description
Serial Number Serial number for a square unit, as the only identifier of a square unit.
Part Part of the square unit, which can be divided into the main body, the partition beam, the key column, and the expansion square.
Size Side length of a square unit, including three specifications: 1, 5, 10 m.
Depth Excavation depth of the square unit.

Memo Other information.

Table 4 | Attribute design of stratigraphic layer entities

Table 7 | Attribute design of artifact entities

Attribute name Attribute description

Attribute name Attribute description

Serial Number Serial number for a layer, as the only identifier of a layer.

Serial Number The only identifier of the artifact.

Unearthed location The serial number of square unit or trial trench where the

stratigraphic layer is unearthed.

Name Name of the artifact.

Unearthed Location Number of square units or features where the artifacts are

Depth min The minimum depth of the layer from the ground surface. unearthed.

Depth max The maximum depth of the layer from the ground surface. Material Material of the artifact.

Thickness min The minimum thickness of the layer. Category Category of the artifact.

Thickness max The maximum thickness of the layer. Type Type of the artifact.

Composition Composition of soil in stratigraphic layers. Model Model of the artifact.

Color Color of soil in stratigraphic layers. Feature Description of outline and shape of the artifact.
Texture Soil texture of stratigraphic layers. Picture Schematic diagram of the artifact.

Period Stratigraphic chronology. Memo Other information.

Picture Profile of stratigraphic layers.

Memo Other information.

Table 5 | Attribute design of feature unit entities

Attribute name Attribute description

Serial Number

Serial number of a feature, as the only identifier of a feature.

Type

Type of a feature, including ash pits, house foundations, tombs, trenches, wells, roads, kilns, stoves, walls, and others.

Location Description

The excavation area (square unit) or a part of the excavation area (square unit) that a feature is in.

Open Layer

Opening stratigraphic layer of the feature.

Upper Stratigraphic layer

Layers stacked on top of the feature.

Lower Stratigraphic Layer

Layers stacked underneath the feature

Breaking Layer Layers broken by the feature.

Picture

Plane and section diagram of a feature

Memo Other information.

Table 6 | Common attribute design for artifact category
entities

Attribute name Attribute description

Identifier The only identifier of the artifact category.

Name Name of the artifacts.

Material Main material of the artifacts.

Category Category of artifacts of the same material.

Type Subordinate type of artifacts of the same category.
Model Subordinate model of artifacts of the same type.
Quantity Quantity of the model of artifacts unearthed.
Feature Description of outline and shape of artifacts.

Preservation Situation Preservation status of artifacts (intact or incomplete).

Period Era or culture periodization the artifacts represent.

Memo Other information.

the percentage of the number and density of the excavation) and basic
archeological information (including the excavation location, preservation
status and era), as shown in Table 8. On this basis, three specific subtypes are
further defined with customized attributes that support species and quan-
titative statistical analysis, namely, plant remains, animal remains, and
human bone remains, as shown in Table 9. More in-depth and specific
attributes of biological remains can also be designed according to actual
research needs. This process should be combined with more biologically
specific parameters.

The attributes of the other entities are designed as shown in Table 10.

Results

Construction of the case database

To verify the conceptual data model, it is necessary to go through the logical
and physical data model stages. The logical data model transforms the
conceptual model into structural components of either an object-oriented or
arelational database, while the physical model implements the logical model
based on a chosen DBMS.
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In this study, Geodatabase is used to design a spatial archeological
database of prehistoric sites. Geodatabase, as the physical data model,
defines a generic model for geographic information, which supports various
user- or application-specific models*’. According to the designed conceptual
data model of prehistoric sites, the entities and relationships in the con-
ceptual model are converted to Geodatabase according to the definition of
basic Geodatabase elements. Entities with geospatial features are converted
to feature classes. Entities without geospatial features are converted to object
classes. The relationships between entities are converted to relationship
classes. The conversion results are shown in the supplementary file.

In this case, the archeological reports of the Baodun site are taken as an
example. The Baodun site, which is located on the Chengdu Plain, southwest
China, belongs to the Baodun culture stage (4.5-3.7 ka BP) of the Ancient

Table 8 | Attribute design of biological remain entities

Attribute name Attribute description

Identifier The only identifier of biological remains.

Common Name Common name or vulgo of biological remains.

Scientific Name Scientific name of biological remains (expressed

with Latin).
Part Part or organ of the remains of an individual creature.
Feature Form and feature of biological remains.

Unearthed Location Serial number of the square units or features where

biological remains are unearthed.

Weight Weight of the biological remains.

Quantity Quantity of the same type of biological remains in the
same excavation unit.

Quantity Ratio The percentage of biological remains in the total number
of animals or plants unearthed within the
excavation area.

Density Ratio of the number of unearthed biological remains to
the volume of excavation units.

Preservation Preservation status of biological remains.

Situation

Period Dating results of the biological remains, indicating
their era.

Picture Schematic diagram of the biological remains.

Memo Other information.

Shu civilization*. Based on the conceptual data model and logical data
model of prehistoric sites, case validation is combined with the parsing
method of the archeological report. For data modeling, we use Geodatabase
of ArcGIS Pro 3.0.0 to construct the spatiotemporal data model of the
Baodun site. The model comprises 3 feature datasets, 20 feature classes, 12
object classes, 20 relationship classes, and a raster dataset. The structure is
shown in Fig. 3.

Query and display of archeological information based on the
spatial entity site-square unit-layer-feature

This case demonstrates the capability of the archeological spatial database
designed according to the data model proposed in this study. This capability
primarily involves the query and display of archeological information to
verify the spatialized integration of multidisciplinary archeological informa-
tion by this data model. The example data are selected to query the infor-
mation of archeological spatial entities from macroscopic to microscopic
inside the Baodun site, as shown in Fig. 4. During the internal study of a single
prehistoric site, spatial entities such as sites, square units, layers, and features
can be viewed for their attribute information. The associated excavated
artifacts and other features can also be viewed for their basic information.

On the one hand, archeological entity information can be queried.
After the entities identified in archeological reports are geographically
aligned and vectorized, the prehistoric site elements in the case database are
loaded into ArcGIS Pro, and the “attribute” tool is used to select the Baodun
site on the map and identify the “site” elements, which can display the name
of the prehistoric site, the era, the geographic scope and other basic attribute
information, as shown in Fig. 4a. For the micro archeological units within
the site, such as square units, layers and remains, their basic information
described in the archeological report can also be queried through this
method, as shown in Fig. 4b-d.

On the other hand, the objects associated with archeological entities
can also be queried. According to the entity relations designed in this
research, the detailed attributes of square unit elements such as IITT1486 and
I1IT1829 can be retrieved by querying square units within the Baodun site
through the association among the entity fields, as shown in Fig. 5a.
Querying the artifacts unearthed from the square unit in the attributes of the
square unit displays the information and artifact diagrams of artifacts, such
as the open-mouth, rounded-foot wine container (Zun) and the Corded
Lace Jar (Guan). Through the interrelationships among the square unit,
feature, and stratigraphic layer, the detailed attribute information of the
related entities can be further queried. An example is shown in Fig. 5b.

Table 9 | Unique attributes of subtypes of biological remains

Biological remain subtypes Unique attributes

Plant Remain

Rice (Length, Width, Thickness, Aspect Ratio), Millet (Length, Width, Scutellum Length), Broomcorn Millet (Length, Width, Embryonic

Zone Length), Green Bristlegrass (Length, Width, Embryonic Zone Length), Wild Peas & Wild Cowpeas (Length, Width)

Animal Remain
Number of Individuals)

Domestication Degree, Trauma Record, TNF (Total Number of Fragments), NISP (Number of Identified Specimens), MNI (Minimum

Human Bone Remain

Length, Trauma Record, Tooth Wear Grade, Paleopathological Characteristics, Name, Gender, Age of Death, Social Status, Cause of

Death. Burial Custom, Burial Style, Orientation, Ethnic Type

Table 10 | Attribute design for other entities

Entities Attributes

Terrain Identifier, Name, Resolution

River Identifier, Name, Location Description, Period, Memo

Road Identifier, Name, Type, Material, Location Description, Period, Memo

Excavation Spot

Identifier, Name, Excavation Time, Excavation Area, Archeological Team, Archeological Report, Memo

Environment Info

Identifier, Environmental Type, Name of Environmental Event, Duration Period, Memo

Cultural Periodization
Architectural Remains, Typical Site, Memo

Identifier, Cultural Type, Period & Phase, Duration Period, Cultural Region, Typical Household Appliances, Typical Production Tools, Typical
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Fig. 3 | Example of a Geodatabase-based database structure for prehistoric sites. This figure displays the entities and their relationships, implemented within a

Geodatabase on the ArcGIS Pro platform.

Statistical analysis of excavated objects based on
archeological units
This case demonstrates the spatial statistics ability of an archeological
database and verifies that the data model proposed in this study can effec-
tively support the quantitative analysis of data based on archeological
reports and comprehensive research. Example data are selected from
archeological units such as square units and probe holes in the excavation
area of the Baodun site, and the spatial statistics of the excavation and
exploration results are provided.

A statistical analysis of the stratigraphic deposition types is conducted
based on probe holes. The vectorized data on the locations of the probe holes

and their drilling results for the inner city of the Baodun site are selected as
example data. According to the classification of the types of drilling results,
we can obtain the distribution of cultural and environmental remains in the
investigation area; this provides not only a reference for the formal selection
of excavation sites and archeological work, but also basic background
information for archeological research. An example is shown in Fig. 6.
According to the distribution of the selected fluvial deposits (triangles) in the
interface, the direction of an ancient river that no longer exists at the site can
be inferred", as indicated by the blue dashed line in the figure.

The artifacts and statistics are analyzed based on square units. The
example data are selected from 9 square units (T1829-2229 and T1830-
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black squares represent lacustrine deposits, and half-red and half-black squares
represent lacustrine deposits with unearthed artifacts. The blue dashed line repre-
sents the ancient river flow direction inferred from the borehole data, which crosses
the Baodun Site.

LTS

Fig. 7 | Statistical analysis of artifacts based on square units. (a) Statistics on the quantity of artifacts based on square units. (b) Statistics on the distribution of different

artifact types based on square units.

2130 in Area III of the 1996 fieldwork of the Baodun site) and the
artifacts discussed in the archeological report. The attributes of the
artifact entities are connected to square units, whose entities are sym-
bolically displayed according to the total number of excavated artifacts,
to obtain a statistical chart of the number of excavated artifacts in each
square unit. As shown in Fig. 7a, the quantity of excavated artifacts in
each square unit is demonstrated through the length of the bar chart. The
excavated artifacts are classified according to the material, and because
the excavated objects in the example data are only stoneware and pot-
tery, the two types of artifacts are counted separately to obtain a statis-
tical graph of the number of stoneware and pottery in the square units,
which visualizes the comparison between the two. As shown in Fig. 7b,
one dot in each square unit represents a piece of pottery, and one tri-
angular dot represents a piece of stoneware.

Statistics of plant remains are analyzed based on features. Example data
are selected to present the flotation results of rice seeds within the excavation
areas of T1829-2229 and T1830-2130 in area III, on the basis of fieldwork in
2009. The different types of rice and their excavated features are summar-
ized and symbolized to obtain a statistical chart of the flotation results of the
rice seeds within the features, as shown in Fig. 8. The heights of the four

columns from left to right represent the number of rice, immature rice, rice
spikelets, and rice embryos.

Comparative analysis of different prehistoric sites from a spatial
perspective

This case demonstrates the role of archeological spatiotemporal databases in
the comparison of archeological information from prehistoric sites, and
verifies that it can carry out spatial comparative studies. The Baodun site in
Xinjin, Chengdu, and the Gaoshan site in Dayi, Chengdu, are used as
examples”, and their basic information is compared as shown in Fig. 9. The
following is a comparative analysis of the cultural types and periodization of
the sites through typical artifact categories within the two sites. In terms of
morphological characteristics, the shapes and sizes of the two sites can be
visually compared. Additionally, through attribute tables, comparisons can
be made between the two sites in terms of three aspects: basic information,
geographical location, and archeological features. Therefore, we can con-
clude that the Baodun site and Gaoshan site are approximately located at the
same latitude and elevation and belong to the same cultural stage; the
Baodun site has a larger area than that of the Gaoshan site, while the
preservation conditions of the Gaoshan site are relatively better.
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Fig. 9 | Comparison of basic information between the Baodun site (right) and the Gaoshan site (left). This figure compares the morphology, area, location, and cultural

phasing of the two sites, using an attribute table for direct side-by-side comparison.

Through the correlations between the sites and their internal
entities, the types of the same artifacts from the two sites can be com-
pared. As shown in Fig. 10, examining the attributes of the two ceramic
wine containers (Zun) artifacts excavated from different sites (Baodun
T1929@:128 and Gaoshan H21®:7), their basic information can be
compared with the pictures of the artifacts. Additionally, through
archeological typology, it can be determined that the two are close to
each other in form with similar patterns, and that they should belong to
the same cultural type of artifacts. Through this method, typological
comparisons between many artifacts can be performed, combined with
comparisons of the relationships between artifacts and layers. It can be

inferred from such a comparison that the remains of ash pits such as H21
and H23, which are located under the 4th layer of the 2014 fieldwork at
the Gaoshan site, should be similar in age to those of the 7th layer of the
Baodun site. Moreover, the 7th layer of the Baodun site belongs to Phase
I of the Baodun culture®; thus, the connections between layers can be
used to determine the correlations between cultural phases.

After the cultural phasing correlation between the layers of different
sites is established, the tomb M3 and other features in the Gaoshan site are
found to be superimposed under the 5th layer through the stratigraphic
relationship, and that its stratigraphic age may be slightly earlier than PhaseI
of the Baodun culture, as represented by the 3rd layer of the Baodun site (Fig.
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Fig. 10 | Comparison of information on open-mouthed ceramic wine containers
(Zun) excavated from the Baodun site and the Gaoshan site. This figure enables a
comparative analysis using both textural descriptions and images, facilitating

v

typological comparison on vessel form and decorative patterns to assess cultural
linkages between the sites.
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Fig. 11 | Comparison of the stratigraphic relationships of different remains within the Gaoshan site. The left panel depicts ash pit H21 below the 4th layer; the right panel
shows tomb M3 beneath the 5th layer. Chronological sequence can be inferred from these stratigraphic relationships.

11). These results further support archeologists” speculation and suggest that
the formation age of the Gaoshan site is slightly earlier than Phase I of the
Baodun culture represented at the Baodun site®.

Discussions

To enhance the digital representation and analytical capabilities of arche-
ological data, this study proposes a spatiotemporal data model based on a
five-dimensional space-time architecture: site-square unit-layer-feature-
cultural periodization. By systematically extracting and structuring data
from prehistoric sites, this model establishes reliable ERs and attributes
within the data architecture and addresses limitations in existing arche-
ological databases. Its development and validation are grounded in the
norms and methods of Chinese field archeology. Through an analysis of the
reports in China, spatial and descriptive information—such as the geo-
graphic locations of square units, stratigraphic layers, and features and
details regarding the location, characteristics, and quantity of remains—is
extracted and organized. This enables the constructed database to support
spatial entity query and visualization, statistical analysis of artifacts, and
comparative studies across sites.

A case database developed through this model effectively supports
statistical and comparative analyses of sites from the Baodun culture,
thereby providing a solid foundation for spatially oriented, multidisciplinary
archeological research. The advantages of the data model are reflected in the
following aspects.

The first is its technical advantages. Core archeological entities are
included in the model to ensure the systematic organization of archeological
data. The entity attributes are comprehensively designed and fully consider
the spatial, temporal, and cultural dimensions of the archeological entities.

Moreover, the ERs are comprehensive and fully reflect the spatial and
temporal relationships of archeological entities.

Additionally, there are several application advantages. The spatializa-
tion of archeological entities makes it more convenient to carry out spatial
analysis in archeological research, supporting a GIS-based visualization and
analysis of spatial patterns. The comprehensive integration of multi-
disciplinary archeological information around archeology makes it more
efficient to store and manage archeological data, which assists in further
advances in archeological research with complex relationships. Further-
more, the data model enables spatial statistical analysis of archeological
remains at both intra-site and inter-site levels and facilitates comparative
studies of the characteristics of artifacts and remains across multiple sites.
Therefore, it provides an effective spatial and quantitative perspective for
comprehensive research between different prehistoric sites.

Because of limited research time and insufficient data, there are lim-
itations of this study that need to be further discussed.

First, considering the complexity of the actual relationships between
stratigraphic entities and other entities, the treatment of stratigraphic data in
this study is presented mainly in two-dimensional form, whose relationships
with square units, features, and remains are reasonably abstracted. The
discussion of the three-dimensional stratigraphic profile depends on the
results of large-scale excavation and exploration, so its realization is more
complicated and is a follow-up research direction.

Moreover, the entity design of biological remains in the data model
mainly serves the statistical analysis of the remains at the spatial level. For the
further study of specific biological remains, it is also necessary to integrate
specialized archaeometric information according to the characteristics of
specific research objects and design specific relationships with the data
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model proposed in this paper to connect and improve the application of this
model in archaeometric research.

Finally, the data model is intended primarily for the digital and spatial
structuring of information in archeological reports, with the goal of
enhancing the capacity for a quantitative analysis of archeological exca-
vation. Given the significant demand for the digital integration of arche-
ological reports among research institutions, the model can serve as a guide
to digitize and integrate reports and to establish spatial databases. As an
infrastructure, it enhances the management and re-analysis of arche-
ological reports. In the future, the model can be further adapted to align
with the basic workflow of field archeology by developing business-
oriented databases for excavation sites, thereby enabling the timely entry of
archeological information, structuring digital information from the
beginning, and laying a digital foundation for subsequent research and
applications. In addition, the system for automatically generating arche-
ological reports based on a business-oriented database needs to be studied
further.

Data availability
All of the data generated or analyzed during this study are included in the
manuscript and supplementary files.
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