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Abstract

[Purpose/Significance] Aiming at archaeological typology, this paper proposes
a knowledge representation model suitable for feature description of unearthed
artifacts, and based on this, proposes corresponding semantic mapping and
ontology extension methods to break through the semantic barriers caused
by traditional typological methods and promote knowledge sharing and reuse.
[Method/Process] First, it analyzes the semantic barrier problems caused by
archaeological typological thought and its traditional methods, and proposes
a targeted knowledge representation strategy for archaeological typology; sec-
ond, combining the corpus characteristics of archaeology and typological logic,
it decomposes the vessel shape description of unearthed pottery along two di-
mensions: genus-species relationship and whole-part relationship; subsequently,
it proposes knowledge representation schemes and feature vector expressions
for pottery parts and types layer by layer, thereby constructing a knowledge
representation model for unearthed pottery vessel shapes; next, based on the
knowledge representation model, it reveals an archaeological typology ontology
extension method based on conditional equivalence mapping to realize the con-
struction of archaeological typology semantic associations; finally, taking two
pottery vessels from the Liujia site in Qinghai as examples, it demonstrates the
form and process of applying the proposed method for typological knowledge
representation and its ontology graph visualization effects. [Results/Conclusion]
Taking pottery vessel shapes as an example, the knowledge representation and
semantic association construction of unearthed artifacts from the perspective of
archaeological typology is a new attempt at digital humanities research in the
field of archaeology, which can provide technical support for the transformation
of typology research from experience-based to data-driven.
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Abstract: [Purpose/Significance] From the perspective of archaeological ty-
pology, this paper proposes a knowledge representation model suitable for de-
scribing the characteristics of unearthed artifacts, and corresponding semantic
mapping and ontology extension methods to break through the semantic barri-
ers caused by traditional typological methods and promote knowledge sharing
and reuse. [Method/Process] First, we analyze the semantic barriers created by
archaeological typological thought and its traditional methods, and propose a
targeted knowledge representation strategy for archaeological typology. Second,
combining the linguistic characteristics of archaeological corpora with typologi-
cal logic, we decompose the shape descriptions of unearthed pottery along two
dimensions: genus-species relationships and whole-part relationships. Subse-
quently, we propose knowledge representation schemes and feature vector ex-
pressions for pottery parts and types layer by layer, thereby constructing a
knowledge representation model for the shapes of unearthed pottery. Next,
based on this model, we reveal an ontology extension method for archaeological
typology grounded in conditional equivalence mapping to achieve semantic as-
sociation construction. Finally, using two pottery vessels from Qinghai Liuyan
as examples, we demonstrate the form and process of typological knowledge rep-
resentation using our method and its ontology graph visualization effects. [Re-
sult/Conclusion] The knowledge representation and semantic association con-
struction of unearthed artifacts from an archaeological typology perspective,
using pottery shapes as an example, represents a new attempt at digital human-
ities research in archaeology that can provide technical support for transforming
typological research from experience-based to data-driven approaches.

Keywords: Archaeological Typology; Unearthed Pottery; Knowledge Repre-
sentation; Semantic Association Construction

Disciplinarity constitutes the core dimension of the three dimensions of digital
humanities. How to consider the development path of digital humanities from
traditional humanities research, and the possibilities for further integration and
development of digital technology and humanities research, are questions that
digital humanities scholars must deeply contemplate [1]. Archaeology is an im-
portant field of digital humanities research. Current digital humanities research
in archaeology has achieved certain results in data compilation and registration
[2], knowledge service platform construction [3], and GIS digital mapping and
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scene reconstruction [4]. However, the truly challenging aspect that can deeply
penetrate archaeological research—employing data science to assist archaeolo-
gists in professional analysis—remains relatively weak. This indicates that the
integration of archaeology and digital humanities has not yet reached a profound
level.

Although there exists a rudimentary conventional terminology system for de-
scribing unearthed artifacts, the field of archaeology has not yet implemented
controlled vocabularies, inevitably generating a series of subsequent semantic
problems due to the randomness of linguistic expression. Sometimes, even
within the same document, corresponding semantic confusion phenomena ap-
pear. For example, for the pottery vessel “dou” (a stemmed bowl), it is gener-
ally believed to consist of three parts from top to bottom: “pan” (plate), “bing”
(stem/handle), and “zu” (foot). However, for the “stem” of dou, some literature
habitually calls it “ba” (handle), causing descriptive confusion with the “ba” of
other pottery types that have handles. Obviously, these two “ba” terms refer
to morphologically and functionally different things in different contexts. This
chaotic state creates widespread discrepancies in descriptions of unearthed ar-
tifacts across documents, preventing some archaeologists from referring to and
reusing existing description norms during original data compilation. This af-
fects the efficiency of archaeological knowledge reproduction and may further
intensify the chaotic state. Yu Weichao pointed out the difficulty in typological
practice of “not knowing what name would be accurate for many vessel shapes.”
He argued that in cross-cultural archaeological research, artifacts with the same
name but different forms undoubtedly cause conceptual confusion, yet unifying
vessel names across all archaeological cultures would be impossible for a long
time [5]. To date, this situation remains largely unchanged.

This paper attempts to propose a knowledge representation model suitable for
describing the characteristics of unearthed artifacts for archaeological typol-
ogy research. By modeling the decomposition of physical features, it aims to
break the semantic barriers caused by archaeological classification problems and
achieve deep, fine-grained representation of archaeological knowledge.

2 Related Research

Currently, only one study addresses archaeological typology knowledge repre-
sentation and semantic association construction. A. Bruno et al. constructed a
corresponding task ontology model using the classification problem of lighting
fixtures in Islamic archaeology as an example, representing a new attempt at
semantic organization for archaeological typology [6]. However, the research
topic, proposed vocabulary, and associative relationships cannot be reused in
domestic archaeological knowledge representation practice, and the typological
foundation of European Islamic archaeology differs significantly from Chinese
archaeology.

Most metadata description specifications and ontology frameworks for cultural
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artifacts are initiated and proposed by collection institutions represented by
museums and museum alliances. Commonly used specialized metadata specifi-
cations include CIDOC Conceptual Reference Model (CIDOC CRM) [7], Cate-
gories for the Description of Works of Art (CDWA) [8], and Visual Resources
Association Core Categories (VRA Core) [9], aiming to provide standard norms
and consistent information description frameworks for the collection, display,
and sharing of cultural resources. The metadata compilation standard system
drafted by China’s State Administration of Cultural Heritage and Peking Univer-
sity covers metadata standards and cataloging rules for various types of cultural
artifacts, with the draft standard publicly released online [10]. These knowledge
representation schemes can provide reliable resource collection and organization
frameworks for cultural heritage protection and collection database construc-
tion, and can provide terminology support in corresponding fields. However,
due to certain differences between archaeology and cultural heritage protection
in terms of description purposes, methods, granularity, and focus, metadata
specifications and ontology frameworks developed from a cultural heritage pro-
tection perspective are generally too general and lack specificity. Their revealed
knowledge granularity is difficult to meet the specific needs of archaeological
typological analysis and cross-cultural research. Currently, few digital humani-
ties studies combined with archaeology can truly penetrate the real difficulties
in the research process, and knowledge representation of archaeological typol-
ogy constitutes a key challenge that digital humanities must address to deeply
engage with archaeological research.

3 Analysis of Current Status of Archaeological Classifica-
tion Knowledge Representation

Archaeological typology is one of the fundamental methodologies of archaeol-
ogy. The most basic problem in typology is classification. Since raw materials
obtained from fieldwork are numerous and fragmented, archaeologists cannot
describe each artifact individually, necessitating classification. Through reason-
able organization of different categories at various levels, a classification system
(hierarchy) can ultimately be constructed [17]. Classification thought has ac-
companied the birth of modern Chinese archaeology for a century. Although
methods have changed several times, the underlying thought remains consis-
tent. It is often combined with “queuing” (sequential arrangement) thought to
reveal temporal development patterns. Classification methods are most com-
monly used to describe pottery, bronze, stone artifacts, and features like tombs
and settlement patterns. Among these, the classification of pottery is almost the
most universal and important issue in archaeological data analysis of prehistoric
periods.
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3.1 Analysis of Knowledge Reasoning Processes in Archaeological
Classification Methods

From a scientific research methodology perspective, archaeological typology pri-
marily uses inductive reasoning, generally defined as reasoning from the partic-
ular to the universal, representing a form of probabilistic reasoning [18]. In ar-
chaeological typology, individual artifacts themselves or other features that can
be directly observed and recorded constitute the “particular” in the definition
of inductive reasoning. The role of induction is to identify commonalities and
differences from these “particular” artifact entities, grouping entities with more
similar features into classes to form “universal” representations that refer to a
category of artifacts. This universal symbolic representation constitutes a type.
Since archaeological excavation itself can be viewed as a sampling-based infor-
mation collection activity, the statistics and induction of pottery shapes from
a site belong to incomplete inductive reasoning activities, producing knowledge
types that constitute incomplete empirical knowledge.

Using pottery cauldrons from the Chawuhu No. 4 cemetery in Xinjiang as an
example, Figure 1 [Figure 1: see original paper] illustrates the knowledge rea-
soning rules of archaeological classification methods. As shown in Figure 1,
three pottery vessels from Chawuhu No. 4 cemetery belong to raw data be-
fore organization. After archaeologists observe and describe them, the recorded
knowledge corresponds one-to-one with individual artifacts. However, at No. 4
cemetery alone, 64 pottery cauldrons were unearthed. Due to limited space
in archaeological reports, it is impossible to describe each pottery vessel indi-
vidually when they exist in batches. Therefore, inductive reasoning methods
must be used to classify similar artifacts, summarizing classes, types, and forms
layer by layer. From the classification results, the detail knowledge units in ar-
tifact classification descriptions decrease sequentially from form, type, to class,
with the thinking process filtering out specificity layer by layer while retaining
commonality. However, archaeologists’ induction of class, type, and form may
not proceed sequentially but can flexibly employ both upward induction and
downward subdivision based on experience. The underlying thought remains
incomplete inductive reasoning.

Although this classification thought provides a structural foundation for knowl-
edge representation, in archaeological typology practice, the standards actually
used for classification are selected very flexibly, even arbitrarily. For example, in
the same-level knowledge induction illustrated in Figure 1, the selected charac-
teristic knowledge units are not unified—some mention overall shape, some refer
to local features and shapes, and some involve comparisons of size or weight.
Additionally, beyond vessel shape, decorative pattern types, positions, designs,
and material characteristics are frequently used in archaeological typological de-
scriptions without fixed sequences or expression levels, and with varying degrees
of detail. This makes it difficult to find a unified knowledge structure framework
when conducting archaeological typological knowledge organization.
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3.2 Analysis of Existing Problems in Archaeological Classification
Methods

When the above classic classification thought is expanded using traditional meth-
ods based on archaeologists’ empirical knowledge, it often presents or creates
the following problems:

3.2.1 Arbitrary Classification Standards

Classification standards correspond to knowledge representation dimensions,
which are prerequisites for achieving unified knowledge representation. How-
ever, in archaeological typology practice, the selection of classification standards
is highly flexible and even arbitrary. As shown in Figure 1, the characteristic
knowledge units selected for knowledge induction at the same level are not
unified. This flexibility, while accommodating the complexity of real-world ar-
tifacts, creates significant barriers to systematic knowledge organization and
computational analysis.

3.2.2 Chaotic Terminology System

Although CIDOC CRM ontology family concepts and other related metadata
models can be reused to represent and organize archaeological domain knowl-
edge, no existing terminology vocabulary can properly handle concepts involved
in archaeological typology. Terminology system chaos frequently occurs in ar-
chaeological practice, as exemplified earlier. Another important issue in typo-
logical description is the extensive use of fuzzy expressions—relative concepts
such as large/small, high/low, thick/thin are widely used, sometimes with com-
parative terms at different levels. This is characteristic of incomplete empirical
knowledge widely present in humanities and social sciences, making knowledge
organization and representation of such descriptions difficult.

3.2.3 Lack of Sharing and Integration Solutions for Typological Sym-
bolic Markers

Current typological symbolic marker methods used in Chinese archaeology have
certain norms, typically presented as “category name (Chinese character) +
type alias (uppercase Latin letter) + form alias (uppercase Roman numeral).”
Archaeologists sometimes reduce or expand levels according to needs and do
not necessarily pursue normative symbolic marker systems. Since archaeolog-
ical reports are usually organized by site, archaeologists maintain consistency
of typological symbolic markers within the same report for convenience in fur-
ther statistics and analysis. For example, in the burial registration form [19] of
Chawuhu No. 4 cemetery’s M229, artifacts can be directly marked as “Cauldron
AI” However, this symbolic marker system is difficult to interoperate across dif-
ferent sites or even across different excavation or organization batches of the
same site. For instance, Chawuhu site’s No. 4 and No. 1 cemeteries were both
excavated by the Xinjiang Institute of Archaeology between 1985-1989, with
complete excavation reports published together as monographs. Yet even the
pottery typological markers between these two cemeteries have minor inconsis-
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tencies: “Lugged Cup Type A” and “Lugged Cup Type B” in No. 4 cemetery
correspond to “Lugged Cup Form II” and “Lugged Cup Form I” in No. 1 ceme-
tery, respectively. This prevents unification of burial goods grade information
in the burial registration forms of the two cemeteries, creating obstacles for
subsequent researchers in data usage and statistics.

Archaeological classification methods are typically applied vertically within a
site or culture as a unit. In cross-site or cross-cultural research, original typo-
logical symbols are often directly abandoned due to lack of integration solutions,
becoming “disposable” symbolic systems. In new research processes, archaeol-
ogists often must re-induce and classify types based on their own knowledge
structures using a small number of comprehensively described original materi-
als, severely affecting work efficiency.

In summary, traditional archaeological classification methods have obvious de-
fects in knowledge organization structure, terminology description systems, and
symbolic representation systems. Together, these create semantic barriers that
hinder knowledge sharing and reuse, and are unfavorable for depicting and
restoring physical objects and factual phenomena. For example, for “Cauldron
CI” registered in M95 of Chawuhu No. 4 cemetery, since it was not separately
expanded in the report, information about this artifact can only be obtained
through deductive reasoning from descriptions of this pottery type. Except for
clearly knowing it has double flat lugs, details such as base shape, belly shape,
and rim shape are all uncertain.

Moreover, the current status of artifact description based on traditional classi-
fication methods is very unfavorable for subsequent introduction of digital hu-
manities methods. Existing typological symbolic marker systems mask detailed
knowledge as feature items, significantly reducing the effectiveness of knowl-
edge applications. Typological symbolic markers contain almost no semantic
information. To illustrate, examining the artifact information in Table 1, their
typological markers are all different, and the artifact class names alone can-
not provide comparable semantic information. Thus, even with corresponding
semantic distance measurement methods, reliable results cannot be obtained.

However, after investigation, the author extracted the classification information
for “lugged cups” from No. 4 and No. 1 cemeteries as shown in Figure 2 [Figure
2: see original paper]. From the descriptions and schematic diagrams, “Lugged
Cup B” from No. 4 cemetery and “Lugged Cup I” from No. 1 cemetery should
belong to the same category. Based on this understanding, comparing the two
burials in Table 1 allows for a more objective assessment of their similarity
in unearthed artifacts. Therefore, how to break through the semantic barri-
ers caused by current archaeological classification methods is a prerequisite for
further knowledge organization and application.
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3.3 Strategies for Archaeological Typology Knowledge Representation

The above analysis shows that the main problems in current archaeological clas-
sification methods lie in the inconsistency of knowledge structure, terminology
systems, and symbolic systems, which significantly reduce the comprehensibility
of their semantic information and limit their effective application scope. To solve
these problems, unified knowledge representation methods must be established
for archaeological typology, with corresponding formalization schemes preset to
enable integration with domain ontologies through mapping methods, thereby
achieving fusion of typological knowledge and archaeological domain knowledge.

The first step in knowledge representation schemes for archaeological typology
is to find universal language from original corpora to describe corresponding
objects. Then, using knowledge units expressed in universal language as basic
units, knowledge representation structural models are established based on the
inherent logical relationships of objects. Universal language mainly divides into
two types: one consists of general concepts understandable through common
sense without any professional background, such as “bowl,” “plate,” “mouth,”
“base,” “large,” “small,” “round,” “flat,” etc. These concepts and their designa-
tions in a language are conventional and rarely cause semantic understanding
obstacles. The other type consists of domain-specific universal language within
the target field, which may require basic professional knowledge, such as “gui,”
“xu,” “ring foot,” “spout,” “flared,” “contracted,” etc. These concepts are uni-
versal within archaeology and museology and require no further explanation or
limitation.

Through examples, we can see that universal language describes very single fea-
tures: “bowl,” “plate,” “gui,” “xu” are all category names for pottery; “mouth,”
“base,” “ring foot,” “spout” are names for different parts of pottery. These
noun-attribute universal languages are often substitutes for objects or feature
subjects, corresponding to entities in semantic webs. “Large,” “small,” “round,”
“flat,” “flared,” “contracted” belong to adjectival modifiers that modify objects
or feature subjects, corresponding to properties in semantic webs. Throughout
typological descriptions, most pottery types are represented by noun phrases
with the structure “adjective + head noun” (adj. + n.), showing certain struc-
tural stability. This indicates that archaeological typology knowledge possesses
a foundation for knowledge representation. Generally, this knowledge structure
can be transformed and represented using feature vectors (eigenvector).

Whether knowledge representation for archaeological typology can break the se-
mantic barriers analyzed in the previous section and promote knowledge sharing
and reuse constitutes the significance of this research. From the “lugged cup”
case, traditional typological symbolic marker systems cannot directly represent
feature details of related vessel shapes, making them contain minimal effec-
tive semantic information. However, if we decompose the universal language
phrases in their descriptions into independent words and characters, reorganize
them according to their original descriptive logic, and establish a knowledge
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representation model, we can structurally store the knowledge units and their
relationships associated with a certain artifact through the knowledge represen-
tation model, laying a foundation for subsequent knowledge application and
introduction of other digital humanities methods.

4 Data Collection and Organization Scheme

Since the categories of unearthed artifacts are complex, this paper selects pot-
tery, the most widely used category in archaeological typology, as the research
object. The sample scope is limited to complete pottery containers and their nec-
essary components like lids. Pottery sherds, pottery tools like spindle whorls and
pottery balls, and pottery figurines, supports, and other uncertain containers
are excluded. This research primarily targets archaeology researchers and their
disciplinary research processes. Therefore, in the knowledge acquisition stage,
we still use authoritative literature in the disciplinary field as the data source for
organizing corpora, extracting and specifying terminology using specific natural
language processing methods, and defining attributes and relationships based
on real samples. Archaeological typology is mainly applied to prehistoric period
research, and the Neolithic period is also the most important stage for pottery
application in archaeological typology research. After comprehensive considera-
tion of data source authority and representativeness, this paper selects Chinese
Archaeology: Neolithic Volume compiled by the Institute of Archaeology, Chi-
nese Academy of Social Sciences [20] as the literature data source for corpus
collection, with some line drawings and case materials supplemented by archae-
ological reports from Qinghai [21] and Xinjiang [19].

4.1 Organization of Original Terminology Vocabulary for Unearthed
Pottery

Pottery unearthed from Neolithic sites is generally the primary identifier of
cultural characteristics. Descriptions of unearthed artifacts in literature data
sources are mainly elaborated in “cultural characteristics.” The corpus collec-
tion and processing strategy in this paper divides into three steps: manually
traverse the entire text content of the literature, extract the parts describing pot-
tery in the main text by sentence units, and store them in serial number form;

split the collected natural sentences, retaining only vocabulary and phrases
related to pottery description, which requires restructuring or semantic comple-
tion of some sentence structures to preserve association information of related
vocabulary; further split the vocabulary and phrases obtained after splitting,
organize, clean, and deduplicate them to form a terminology vocabulary, re-
taining derivable semantic relationships in thesaurus form as a foundation for
subsequent semantic association construction. A specific process example is
shown in Figure 3 [Figure 3: see original paper].

Archaeological descriptions of a pottery artifact typically involve vessel class,
shape, texture, manufacturing technique, slip, painted patterns, and other as-
pects. During corpus collection and original terminology extraction, terms are
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classified according to their described content combined with context, with
genus-species and whole-part relationships organized in thesaurus form. Due
to limited sample size in single cases, some terms not easily classifiable in the
early organization stage will be reclassified as sample size increases. The six
sentences in original corpus 215.2.1 shown in Figure 3 already cover 61 terms
across five aspects. The complete terminology vocabulary involves even more
aspects and levels, making hierarchical division crucial for clear knowledge repre-
sentation. Theoretically, expression of pottery artifact instances can be simply
divided into four description dimensions: shape, texture, technique, and dec-
oration. If archaeological culture-level associations are considered, dimensions
like culture, chronology, and associated objects can also be integrated, thereby
embedding pottery expression itself into existing semantic knowledge networks
for reuse.

Since typology most commonly analyzes “shape,” this paper selects “shape” as
the main object for development. Organizing all original corpora from the data
source according to the above method and extracting the “shape” related cor-
pus portion yields the material library for the next step of feature extraction.
Based on the content of the “shape” material library, the split words can be
divided into five types: shape terminology, part terminology, relative modifi-
cation, descriptive modification, and quantitative modification. Among these
five concept types, shape terminology and part terminology describe the overall
and local features of target artifacts, while the other three modifier types are
attributes that modify the above concepts.

4.2 Dimensions of Unearthed Pottery Shape Description

Traditional metadata applied in museology typically does not delve into the
part level. Even when component descriptions are involved, they are mixed
within shape descriptions. However, from an archaeological typology perspec-
tive, descriptions of pottery parts sometimes become crucial turning points for
distinguishing pottery’s temporal evolution. Moreover, beyond descriptive mod-
ifications of pottery morphology, some comparative relative features and quan-
titative features are equally important in analysis. Therefore, this paper treats
genus-species relationships and whole-part relationships as the two primary di-
mensions for pottery shape description. The genus-species dimension treats
individual pottery as a whole, using its overall shape’s practical function as
the basis for pottery category division. The whole-part dimension structurally
decomposes the pottery whole into several functional components, and further
arranges and combines possible qualitative and quantitative modification at-
tributes for each part to achieve precise description.

4.2.1 Genus-Species Relationships of Pottery Shapes Current archae-
ological typology is a complex field highly dependent on experience, with in-
consistent feature points and widely varying knowledge granularity demands.
The main work of typology is defining the genus-species relationships of pottery
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shapes, with division logic from top to bottom being: variety, type, and form,
from abstract to concrete, ultimately associating with specific artifact instances.

Generally, pottery variety (variety) is predetermined based on prior knowledge,
mainly according to the practical function of certain pottery, such as cooking ves-
sels, drinking vessels, eating vessels, storage vessels, and water-drawing vessels.
Specific vessel shapes usually have conventional category names. Most people
can identify different vessel categories in daily life such as “bowl,” “plate,” “bot-
tle,” and “cup” through common sense. The differentiation of unearthed pottery
categories also mainly relies on experience, with a few ancient vessel types no
longer in practical use referring to appellations and definitions in literature and
classics, such as “ding” (tripod), “li” (tripod with hollow legs), “dou” (stemmed
bowl), and “yan” (steamer). The identification features of pottery categories
can be defined as “class name subjects,” which mainly rely on manual annota-
tion for extraction, with manual extraction results manifested as top-level shape
terminology.

After determining categories, the division of pottery types within the same
category mainly relies on some characteristic partial elements. For example, for
“hu” (jar) in archaeology, typing can divide it into “belly-lugged hu,” “pierced-
lug hu,” “spouted hu,” etc., based on local features. Among these, characteristic
part terminology such as “belly lug,” “pierced lug,” and “spout” can be called
“type features.”

If pottery samples belonging to the same type but with different forms are dis-
covered at a site or within a cultural area, further form division is required.
Form division has no unified standard and sometimes considers factors beyond
shape such as painted patterns, decorative styles, and clay texture and color. If
only shape is considered, the main reference is shape terminology or part termi-
nology with various modification constraints. These features can be collectively
called “form features.” An example of typological description for unearthed
pottery is shown in Figure 4 [Figure 4: see original paper].

4.2.2 Whole-Part Relationships of Pottery Shapes Archaeological ty-
pology rarely specifically discusses whole-part relationships of pottery, but in
typological analysis, pottery part features are major reference elements. For
example, when dividing forms of a single vessel class “belly-lugged hu” from the
same site, its unified type feature “belly lug” and “flat base” should be treated
as fixed parameters. The main feature points are the shapes of mouth, neck,
shoulder, and belly, with comparison knowledge mainly coming from the “rel-
ative modification” level of “part terminology.” When summarizing features of
different types within a site’s different chronological phases or an archaeological
culture, the investigation may expand from vessel classes to cross-vessel-class
part features. For instance, Xinjiang’s Chawuhu culture is typified by spouted
vessels, where the investigation of “spout” in “part terminology” would encom-
pass spouted cups, spouted jars, and spouted hu, crossing vessel classes.
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Currently, no classification research or terminology standardization work for
pottery parts exists in archaeology. This paper can only rely on information
induction from selected literature data sources. To contain and store contents,
pottery containers typically have a mouth-above-base-below structure. There-
fore, this paper divides pottery parts according to their structural positions into
upper parts (PH), middle parts (PM), lower parts (PB), and attachment parts
(PA). The division methods and examples for each part are shown in Figure 5
[Figure 5: see original paper].

Extending from the upper-middle-lower region division method in Figure 5,
expansion marking can also be performed according to the vertical structure of
parts. The numbering rule is that the higher the corresponding part position,
the smaller the serial number. For example, the shoulder of a sample “Hu
(Dahecun T1 :5)” is typically above the belly, so its “broad shoulder” and “belly +
UD” can be marked as PM1 and PM2 respectively.

Each part terminology can also separate many subclasses with modification con-
straints. Statistics from terminology separated from literature data sources show
that modifiers mainly divide into three types: descriptive modification, relative
modification, and quantitative modification. Descriptive modification provides
qualitative description of part features, such as “flat base,” “round base,” “belly
lug,” and “bag-shaped foot.” Relative modification comprises comparative or
fuzzy quantitative modifiers, mostly pairs of words modifying morphology, such
as “large/small, concave/convex, wide/narrow, flared/contracted.” Quantita-
tive modification refers to quantitative attributes of related parts, such as the
number of “lugs” being 2 for double-lugged vessels and the number of “feet”
being 3 for tripods. Beyond representing quantity, dimensions, proportions, an-
gles, relative position coordinates, and other meaningful statistical values may
all be options for quantitative modification, with data types potentially more
flexible and diverse. The subdivision of attributes belongs to archaeologists’
research scope and will not be further discussed in this paper.

5 Knowledge Representation Model for Unearthed Pottery
Shapes

After clarifying the two description dimensions of genus-species relationships
and whole-part relationships for unearthed pottery shapes, we must further
represent pottery shape knowledge. Here, we must still follow archaeological
typology logic for layer-by-layer representation, gradually refining to ultimately
propose an overall pottery shape knowledge representation model.

5.1 Knowledge Representation of Pottery Parts

As shown above, pottery parts are important reference factors for pottery type
division. Therefore, in formal representation, part concepts can be treated as
object properties of pottery types. Since divided pottery parts need to include
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structural position information and three modification attributes for that part,
the formula expression is:

Pmn:{RLﬂRPmaFDaFRaFC}' L€<H7M7B7A)
Where P, represents a specific part; R represents the structural position of
that specific part, with values distinguishing whether the part belongs to upper
(H), middle (M), lower (B), or attachment (A); Rp represents the default part
to which the specific part belongs; 'y, Fip, F; are three attributes of the specific
part, with no limit on attribute quantity.

Parts can be further subdivided according to combinations of the three modifier
terms, so the three attributive modifiers should be represented as data properties
of each part. After division, pottery part knowledge representation needs to
include the part’s structural position and three modification attributes for that
pottery part. Different combinations of modification attributes can all serve
as fine classification criteria for pottery parts. Pottery part description can
only set three levels: the top level is the part’s structural position, marking
whether the part is located at the pottery’s upper, middle, lower side, or as an
attachment; the middle level is the default part (P,,) without any modification
attributes specified, such as general “mouth,” “belly,” “base,” “lug,” etc. The
parts marked with “UD” in Figure 4 have not specified modification attributes;
parts with any subdivision by adding modification attributes below this are
specific parts (P,,,), with bottom-level part descriptions needing to include
specific values.

In actual data sources, all three modification attributes may be unspecified. Un-
specified attributes should be assigned default values, with specific assignment
methods requiring case-by-case analysis.

5.2 Knowledge Representation of Pottery Types

The inherent logic of archaeological typology is the main basis for the following
pottery type division and knowledge expression. Considering only the genus-
species hierarchy and pottery part representation, the logic of unearthed pottery
type division can be simplified as shown in Figure 6 [Figure 6: see original paper].

Figure 6 shows the basic logic but does not cover association information or in-
clude relevant attributes for reasoning and computation. Next, we will expand
pottery shape descriptions layer by layer with rule subdivision to propose a spe-
cific knowledge representation model that supports reasoning and computation.

5.2.1 Knowledge Representation of Pottery Varieties

For variety description, the four aspects mentioned above cover relatively gen-
eral information, with association information written using upward association
methods. The related information written for varieties is the practical function
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of that pottery class. There are many ways to describe outer contour. Im-
age feature annotation methods based on two-dimensional or three-dimensional
coordinate systems have mature applications in image retrieval, but modeling
costs are high and there is no immediate necessity for introduction. Moreover,
pottery of the same category may differ significantly in form and size, which
likely directly reflects functional differences in antiquity and should naturally
not be merged at the variety level. In summary, pottery shape expression can
include four information aspects: relations (R), parts (P), outline (O), and size

(S):

V ={R,P,0,5}

Some common and fixed varieties have specific overall shapes, which can be
decomposed into necessary or excluded parts. For example, the pottery class
“ding” (tripod) must have a “base,” and the base must have divided “solid feet.”
The concept set of “solid feet” has mutually exclusive relationships with “stem,”
“ring foot,” “hollow foot,” etc., creating another necessary relationship between
“ding” and the above parts—“ding” cannot contain the above parts. Conversely,
pottery categories containing the above parts cannot be “ding.” These axioms
can be used in knowledge graph applications to classify some pottery categories
through semantic reasoning. However, the possibility of determining pottery
categories through semantic reasoning is small, as many samples can contain
similar parts and even have similar functions and overall shapes. Under con-
trollable data scales, manual annotation remains the most effective category
division method. Nearly a century ago, scholars like Liang Siyong [22] and Li
Ji [23] already attempted manual annotation of pottery shapes using combined
qualitative and quantitative methods. Similar thinking can still be applied to
future semi-automatic or automatic feature extraction and semantic annotation
processes. Additionally, specifications and dimensions are also references for
type division. Some samples may have similar shapes but vastly different sizes,
likely reflecting functional differences in antiquity and should not be merged
at the variety level. In summary, pottery shape expression can include four
information aspects: relations (R), parts (P), outline (O), and size (S).

The expression for pottery variety can be written as:

— must cannot must cannot __
Vx _{RUsangVI 7PVI } PVI OPVI =0

Where V, represents a pottery variety; Ry .4, represents the possible practical
functions of that pottery class; P7"*** represents parts that must be included

in complete state of that pottery class; P5*""° represents parts that cannot be

included in that pottery class. The values of PJ**s* and P! are usually
default parts. Using “ding” as an example, its variety representation model is
shown in Figure 7 [Figure 7: see original paper].

5.2.2 Knowledge Representation of Pottery Types and Forms
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In the following description of type (V,, ), association information can link to
the URI of its belonging variety information and inherit defined attributes. For
components, the focus is writing the type’s &M type-feature parts. The value
range of type-feature parts is the absolute complement of the “impossible parts”
set of its belonging variety, denoted as Pg*""°*. Similarly, the pottery type level
is still insufficient for morphology and size statistics, so no values are assigned

in the type expression. The pottery type expression can be written as:

_ type type cannot
ny - {RVE’PVMW } Pan - PVl,

Where V,,, represents a pottery type; Ry, represents the direct upper class of

this pottery type, i.c., its direct variety; P{?"° represents the type-feature part
of this pottery type. /

The form (V,,;) expression covers the URI of its belonging type information
and inherits attributes. For components, all specific characteristic parts pos-
sessed by this form of pottery need to be written. Pottery of the same form
usually has similar morphology, so outer contour must be described in pot-
tery form expression. Related algorithms in image retrieval can extract and
annotate sample overall two-dimensional contours and key part features, then
complete pottery category matching and recommendation through similarity
calculation of annotated image features [24-25]. However, under controllable
data volumes, manual annotation and statistics-based descriptions are more
practical in traditional humanities. There are multiple means to describe pot-
tery basic outer contours using statistical methods. Since literature images are
mostly line drawings at eye level and many lack original size annotation, outer
contour depiction requires proportional description, considering only the main
parts of the shape and ignoring attachments. Two methods are feasible: 1)
Tangent point method—align pottery base with X-axis, place the midpoint of
base line at the origin of a right-angle coordinate system, make internal and ex-
ternal tangents to the pottery outer contour, record intersection coordinates of
each pair of tangents, and restore and compare the pottery basic outer contour
through coordinate positions. 2) Cross-section proportion method—applicable
to pottery with symmetrical main shapes, select the maximum and minimum
diameter parts from upper, middle, and lower sides, record diameters of each
part, calculate and write the ratio of diameters of different parts to roughly
determine the basic shape trend. The outer contour descriptions obtained by
the two methods are coordinate sets and arrays respectively, requiring different
methods for similarity calculation. Pottery of the same form often has similar
specifications, and the mean size of representative samples or multiple samples
can be written as reference. The representation of pottery instances obtained
directly through describing specific artifacts is basically the same as forms. The
expression for pottery form and instance can be written as:

szi = {szy» vayia Ovzyivsvzyi}- PVW. CP.n
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Where V_, . represents pottery form or instance; Rsz represents the direct upper

Yyl
class of t}ylis pottery piece, i.e., its direct pottery type (or variety if not typed
or uncertain); Pwai represents all specific characteristic parts of this form or
instance, with value range being specific parts; OVW; represents shape contour
information obtained through contour description methods; Sszz‘ represents

specification and size information of this form or pottery.

5.3 Knowledge Representation Model for Unearthed Pottery Shapes

Integrating existing materials, we can further construct a knowledge representa-
tion model for unearthed pottery shapes combined with examples, as shown in
Figure 8 [Figure 8: see original paper]. This model can represent pottery shape
information extracted layer by layer from archaeological literature descriptions.
Besides integrating structured data from existing databases, its given descrip-
tion methods also facilitate users’ knowledge extraction from literature descrip-
tions or direct observation of physical objects. In the model’s structural layer,
terminology related to pottery types and part features is organized and induced
from archaeological corpora, maximizing reuse of disciplinary terminology and
restoring archaeological expression methods. In the future, terminology col-
lected in the instance layer, after semantic disambiguation and deduplication,
can be provided to users as normative vocabulary in thesaurus form, with as-
sociated terms visually displayed through photos, line drawings, etc., greatly
facilitating archaeologists’ data compilation processes and achieving maximum
terminology reuse and consistent expression.

The structural layer demonstrates value examples for the three modification
attributes of parts. Different value combinations of these three attributes can
achieve precise depiction of any pottery part. Moreover, according to actual
needs, through weight assignment and control, customized knowledge repre-
sentation meeting different contexts can be achieved. The model examples
simplify the settings for the three attributes. Among them, F and F, two
qualitative modification attributes, usually require semantic alignment before
determination. Fp values sometimes need reference ranges given, and quali-
tative attributes may have multiple simultaneous values in application. The
example uses only the “quantity” parameter for Fi, but actual value methods
may be much richer.

Representing unearthed pottery shape knowledge in this way forms the basis
for achieving formal representation. The classification problem in archaeology
is addressed through this structured approach.

6 Semantic Model Construction for Unearthed Pottery
Shape Knowledge

The knowledge representation model for unearthed pottery shapes proposed
above completes the conceptualization of target domain terminology and repre-

chinarxiv.org/items/chinaxiv-202304.00758 Machine Translation


https://chinarxiv.org/items/chinaxiv-202304.00758

ChinaRxiv [$X]

sentation of terminology relationships, mainly solving the process of “describa-
bility of objects.” To truly achieve knowledge organization and representation at
the application level, further formal representation based on ontology is needed
to complete the “machine realizability” function, enabling the archaeological
typology-oriented knowledge representation method provided in this paper to
fuse with domain knowledge graphs and achieve deeper knowledge services.

6.1 Ontology Extension Method for Archaeological Typology Based
on Semantic Mapping

Different from general ontology construction schemes, this paper does not intend
to construct an independent domain ontology model but attempts to propose an
extension scheme for unearthed pottery shape representation that can integrate
with existing relevant domain ontologies. The domain ontology model used for
integration with the pottery shape knowledge ontology in subsequent sections
is an archaeology domain ontology model constructed by the authors based on
the CIDOC CRM ontology family. Since few entity classes in the pottery shape
knowledge ontology can be reused from existing domain ontology models, this
extension ontology can not only interact with specific domain ontologies but also
possesses certain generalizability. The key to achieving ontology integration
is selecting interactive entity classes in the domain ontology and appropriate
semantic mapping methods. Semantic mapping between ontologies is a bridge
between heterogeneous ontologies [26], commonly used in ontology integration,
ontology reconstruction and reuse, and knowledge exchange between ontology
models [27].

The basic logic of typology is induction—selecting parts containing correspond-
ing features from numerous facts to merge into classes. The most basic semantic
mapping rule that can be used to express this knowledge logic is conditional
equivalence mapping, expressed in OWL using the EquivalentTo statement,
which represents equivalence relationships between two entity classes and can
be constrained through object property or data property relationships. The
basic rules of conditional equivalence mapping can be schematically shown in
Figure 9 [Figure 9: see original paper].

In Figure 9, there is entity class A containing instances al, a2, a3; and entity
class B containing instance b. Object property P has domain class A and range
class B. Data property D has domain class A with values m, n.

If we want to extract and induce all instances in class A associated with instance
b through object property P into class A’, the mapping statement is:

A = AN (3P.{b})

Through ontology reasoning functionality, entity class A’ will be inferred as a
subclass of class A, containing instances a2 and a3.
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If we want to extract and induce all instances in class A with data property D
value m into class A”, the mapping statement is:

A” = AN (3D.{m})

Through ontology reasoning functionality, entity class A” will be inferred as a
subclass of class A, containing instances al and a2.

The above lists the most basic forms of conditional equivalence mapping. More
complex mapping conditions can be defined for multi-level nested expressions
in applications, but to ensure rule stability, semantic mapping constraint con-
ditions should not exceed three.

Additionally, in the pottery type representation process, we set certain parts that
a pottery type cannot contain (Pg*""°!). This setting itself is not merely for
knowledge representation but helpszavoid erroneous ontology reasoning results,
improve ontology quality, and play a role in subsequent knowledge computation
when establishing ontology models for pottery classes by setting exclusion con-
ditions through semantic association rules. According to Formula 3’s rules, the
method to constrain P5*""°! in the typology ontology model is by adding Nega-
tiveObjectPropertyAssgrtions entries. Using the pottery class “ding” shown in
Figure 7, which cannot contain the default part “hollow foot,” as an example,
it can be represented as:

not(ding P9_ consists_of hollow foot)

6.2 Research on Archaeological Typology Ontology Extension

Based on the knowledge representation model for unearthed pottery shapes and
the semantic mapping rules for typology ontology extension, the ontology exten-
sion task at this stage is to formally convert each part of the above expressions,
integrate them with the domain ontology according to semantic association
rules, and thereby achieve integration of typology knowledge into the domain
knowledge graph. After analysis, the formalization strategy for the unearthed
pottery shape expression is shown in Table 2 .

As shown in Table 2, knowledge elements in the unearthed pottery shape ex-
pression are defined one by one. The extension model adds two new entity
classes: arc : HE92_Object_Component__Part representing shape parts and
arc : HE93 _Object_Component__ Position representing part structural posi-
tions. Others are entity classes from the original domain ontology, constrained
by conditional equivalence mapping rules, used for hierarchical representation
of pottery shape parts and pottery types. This achieves formal semantic repre-
sentation of archaeological typology, enabling it to fuse with knowledge graphs
in archaeology or cultural heritage fields. Due to data integrity and space lim-
itations, Table 2 does not expand the form expression but treats it directly as
instance processing. Its formal representation method is similar to that of types.
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The interaction position between the typology extension ontology and the most
general CIDOC CRM model is between HFE92 Object Component_Part
and F19_ Physical_objects, with their direct association represented by
P9 forms_part_of (consists_of). Under HE93_Object_Component_ Position,
four subclasses are defined to represent upper, middle, lower, and attachment
structural positions: HFE931, HFE932, HE933, and HE934. In general
applications, these four subclasses do not directly participate in knowledge
representation, but they can serve as framework nodes in knowledge compu-
tation processes to determine branch conditions of knowledge structure trees.
Additionally, in practical applications, the structural positions of pottery
parts can help represent knowledge about incomplete parts of some unearthed
pottery.

7 Empirical Study of Unearthed Pottery Shape Knowledge
Representation

This paper still uses the two pottery vessels from Qinghai Liuyan shown in
Figure 8 as examples to demonstrate the effect of pottery shape classification
knowledge representation. Both painted pottery belly-lugged hu examples are
from the Liuyan cemetery, with artifact excavation numbers Liuyan M528:1 and
Liuyan M578:4, both belonging to the Majiayao culture, with cultural phases
being early Banshan type and early Machang type respectively. For convenient
representation, this paper simplifies the original report’s type division, with the
simplified classification structure shown in Figure 10 [Figure 10: see original
paper].

In Figure 10, the pottery variety is “hu” (jar) (Vy). “Hu” in pottery is a very
common storage vessel, whose must-include parts are “mouth,” “neck,” “belly,”
and “base,” with generally no limited impossible parts. Therefore, the knowl-
edge representation for the variety “hu” of the two artifact examples is:

Vs = {Rysage = storage vessel, P = {mouth, neck, belly, base}, Py = )}

The type is “belly-lugged hu” (Vj,), whose associated upper class is “hu” (Vj),
with type feature being “double belly lugs” (PA;;), represented as:

Via = {Ry, = hu, P;'" = {double belly lugs}}

The forms are “belly-lugged hu A” (Vg4 4) and “belly-lugged hu B” (Vi 5). Omit-
ting contour and specification information, their expressions are respectively:

Veas = {Rv64 = belly-lugged hu, PVEW = {straight mouth, straight neck, round shoulder, flat drum belly, doul
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Veap = {Ry,, = belly-lugged hu, Py = {flared mouth, short neck, broad shoulder, deep belly, double belly I

For the specific parts appearing in Vg, 4 and Vg, 5, taking “short neck” (PHy,),
“flat drum belly” (PM,,,), and “double belly lugs” (PA;;) as examples, the
addition of modification attributes yields:

PH21 = {RL = H, RPm = neck, FR = ShOI‘t,FO — 1}
PMyy, = {R, = M,Rp = belly, F}, = flat, F}, = drum, F, = 1}

PAy ={R, = A,Rp_=lug, Fp = belly lug, F, = 2}

Transforming the hierarchical feature vectors into semantic information accord-
ing to the association rules shown in Table 2, the formal representation of the
two pottery examples is shown in Table 3 .

Inputting the above data into the ontology editing tool Protégé 5.5.0, the on-
tology graph interface generated using the OntoGraf tool is shown in Figure 11
[Figure 11: see original paper]. The figure identifies entity classes according to
the CIDOC CRM ontology concept hierarchy. If pottery shapes are expanded to
the “type” (HE91164_ Vg, belly-lugged hu) level, the hierarchy of the extended
domain ontology model can be extended to the instance layer.

Conclusion

The thinking of precise description and quantitative comparison of unearthed
artifacts from a typological perspective was proposed at the inception of mod-
ern archaeology, yet effective practical methods remain lacking today. Guided
by the inherent logic of archaeological typology, this paper attempts to de-
scribe unearthed pottery shapes from two dimensions—genus-species relation-
ships and whole-part relationships—and uses a feature vector model to represent
knowledge of different parts and type hierarchies of pottery, thereby construct-
ing a typology-oriented knowledge representation model for unearthed pottery
shapes. On this basis, we propose an archaeological typology ontology exten-
sion method that integrates extended ontologies with existing domain ontologies
through conditional equivalence mapping, promoting the fusion and sharing of
typological knowledge and domain knowledge.

Using pottery shapes as an example for knowledge representation and semantic
association construction of unearthed artifacts from an archaeological typology
perspective represents a new attempt at digital humanities research in archae-
ology. It is expected to provide archaeologists with consistent structured termi-
nology vocabularies and formalized typological ontology models in applications.
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Related methods help efficiently solve deep, fine-grained representation prob-
lems of unearthed artifact types. Knowledge applications and services based on
this foundation are expected to promote knowledge sharing and improve reuse
effects in archaeology. Digital humanities applications in archaeological research
are still in their infancy, and current research has many directions for further
exploration. Due to the lack of large-scale publicly available digital corpora, this
study only targeted and organized a small amount of data for experiments. Sub-
sequent knowledge organization efforts should, on the basis of mature datasets,
attempt to solve large-scale automatic semantic annotation and knowledge ex-
traction problems for archaeological typology corpora. In terms of knowledge
services, we need to explore digital implementation of archaeological typology
applications based on semantic similarity computation.
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