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Abstract—Patents represent a rich source of design inno-
vations, prompting the application of different technologies.
Machine learning, text and data mining, similarity scoring, and
evolving ontology methods are among the various approaches
applied in the literature. This study introduces a schema-free
graph data modelling of Functional Analysis Diagrams (FAD)
extracted from Patents and their associated Auto-CAD models.
It aims to represent mechanical design patents semantically. The
schema-free graph model allows for a flexible evolving ontology
of known geometries, interactions, and functions. This evolution
enables comprehensive queries and ensures efficient storage that
is compatible with visualisation libraries. The developed PatMine
SolidWorks Add-in ©streamlines CAD design comparison with
stored patents’ FAD annotations by highlighting shared concepts.
It also enables comprehensive full-text and semantic search
queries, similarity scoring, and efficient storage compatible with
visualisation libraries. The extraction of functional analysis and
geometric features empowers the patent database with capabili-
ties for seamless integration with graph analytics and machine-
learning approaches for future endeavours.

Index Terms—Patent Mining; Semantic Analysis; Functional
Analysis Diagrams; Graph Data Modelling; Visualisation; Simi-
larity Scoring; Big Data Analytics; Machine Learning; Artificial
Intelligence

I. INTRODUCTION

A significant challenge in big data management is managing

patent data, including initial filings, applications, storage, and

archiving. Automated mining techniques are necessary for

knowledge discovery and understanding of prior art. Patent

mining is unique compared to other data and text mining

methods. Document classification, reference searches, and

innovation-based decision-making are all part of Patent min-

ing’s distinctive approach to pre-filing. Following filing, ongo-

ing activities involve the upkeep of the accepted patents dataset

and its representation to assess potential infringement against

existing patents. Analytical endeavours within patent mining

encompass a range of tasks. These include classification,

retrieval, visualisation, and valuation, which cover innovation

scoring and infringement determination, as detailed in [1].

Addressing these challenges effectively requires a multifaceted

approach. This approach leverages various technologies and

methodologies to uncover and analyse the information in

patent documents.

This study introduces a novel methodology that integrates

ontology and semantic databases within a graph data model

to represent the Function Analysis Diagram (FAD) extracted

from patents, subsequently stored in a comprehensive patent

knowledge base. This approach offers enhanced performance,

visualisation, similarity scoring, other analysis insights, and

greater adaptability to emerging technologies than conven-

tional methods. The objectives of this research encompass

establishing a semantic database utilising a suitable data

model, visually presenting patent contents through informative

diagrams, and facilitating the scoring of similarity and the

other tasks in patent analytics.

The paper begins with a literature review, followed by a

section on methods that outline the proposed graph modelling

approach for representing FADs extracted from mechanical

engineering patents. Subsequently, the results section details

user interface (UI) specifications, search methodologies, sim-

ilarity scoring mechanisms, and visualisation strategies. The

paper concludes with a summary of its findings and remarks

encapsulating the critical insights obtained.

II. LITERATURE REVIEW

A patent file encompasses structured data, such as patent

numbers, inventor details, filing, issue dates, and assignees.

They also include various forms of unstructured content,

including abstracts, claims, descriptions, specifications, and

illustrations. Despite possessing more structure than web

pages, patents present challenges for effective full-text key-

word searches due to their length, technical terminology, legal

jargon, and multilingual content. This inherent complexity

makes patent analysis challenging, even for seasoned ex-

perts [1]. Systematic approaches in the literature to extract

knowledge from engineering patent documents include the

Theory of Constraints (TOC), Quality Function Deployment

(QFD), Axiomatic Design (AD), and Value Analysis (VA).

For instance, the TOC method enhances keyword selection

by incorporating physical analysis and leveraging an energy

converters database and technical system evolution trends [2].

The evolution of data models, progressing from file systems

to relational database management systems (RDBMS), has

seen the emergence of various alternatives such as object-

oriented (OO), XML, RDF, OWL, NoSQL databases, and

Graph Databases. Alongside these advancements, several

graph query languages like SPARQL, GraphQL, Gremlin, and

OpenCypher have emerged, each offering distinct strengths



and limitations [3]. Graph data modelling is particularly ad-

vantageous in scenarios where interconnections or topology

play a crucial role, especially when dealing with datasets with

unknown or dynamic schema or where not all values are

present.

Ontology designs are vital in patent informatics research,

employing controlled vocabularies, taxonomies, and semantic

relationships for systematic storage in semantic databases.

This facilitates subsequent querying and analysis tasks. On-

tology building for CAD/CAM models involves intensive data

handling and often necessitates using controlled taxonomies

in the initial design. Various previous work proposed CAD

ontology building approaches [25]–[27]. The need to for-

malise ontology-building approaches for consistent migration

between products is identified in an earlier work proposing

various standardisation approaches [28], [29].

The Function Analysis Diagram (FAD) method simpli-

fies form-dependent functional descriptions through intuitive

graphical notation, effectively capturing intricate functional

interactions [6]. However, employing structured semantic

databases for FAD models presents challenges such as lim-

ited visualisation options, performance issues with relational

databases, and difficulties quantifying similarity between com-

plex FAD models. To address these challenges, utilising graph

databases for semantic FAD models offers notable benefits.

Graph databases enable evolving ontology-building taxonomy

as more products are annotated. The most suitable taxonomy

can be reached by consensus using automated voting if crowd-

sourced, or expert annotations and corrections. Product ab-

stract similarity can be computed using network alignment

algorithms to align patents’ graph models, facilitating accurate

similarity score calculation. Alignment allows for compar-

isons at a conceptual level with variable penalties for inser-

tions, modifications, and deletions of geometries, interactions

and/or functions, enhancing the effectiveness of patent analysis

methodologies.

III. GRAPH MODELLING OF FAD ONTOLOGY

This paper introduces the PatMine prototype ©, which em-

ploys graph modelling of FAD models using Neo4j. The pre-

sented prototype illustrates the interactions among fundamen-

tal geometric features and their functional behaviours, referred

to as Functional Geometry Interactions (FGIs). FGIs also

group the geometric features according to their topological

relationships. The design’s innovative operational principles,

termed Key-FGIs, are incorporated into the FAD model. The

FAD model is organised into three tiers. At the abstract level,

functional design claims are recorded in natural language.

Geometric features are outlined at the following level, and

composed of detailed subcomponents. The third level illus-

trates how functions are realised through interactions between

geometric features of the system.

FAD intuitively facilitates graph modelling using a set of

FGIs as edges between geometric features serving as basic

node types. Additional information can attribute nodes and

edges as properties. For visualisation, carefully choosing la-

bels and properties simplifies complexity, ensuring that only

necessary node types are displayed in graphical representa-

tions. However, queries for statistical analysis can reveal the

hidden complexity in property values. FAD annotates a design

outlined in a patent document or a fresh CAD model to be

compared with other FAD models stored in the proposed

database. Relevant ontology is uploaded to the system as pre-

filled user selection options for the various properties, such as

geometry types, interaction types, function types and others.

Patents are depicted as nodes in the graphical represen-

tation, with multiple products represented by several sub-

graphs. Each product contains nodes representing geometric

features connected by FGI edges. Geometric feature levels of

abstraction utilise an is-A relationship, where, for example, a

level 5 square object is a sub-type of the level 4 polygon

super-type. FGIs’ actions, as edge attributes, describe the

interaction between two geometries and their contribution to

accomplishing the claimed function. Clusters of FGIs execute

sequential steps to fulfil a function, with explicit instructions

for the sequence of steps. For instance, two sequential steps

are captured in opening a can by two FGIs: first, a latch

geometry applies pressure to the can cover geometry, followed

by the cover geometry lifting and detaching from the can body

geometry. The following Cypher query depicts this example:

latch-[press]�cover; cover-[separates]�can body

All FGI edges that contribute to executing a function’s steps

are represented as separate sub-graphs linked to the design root

node with distinct function ID properties. When querying for a

function, the system generates a list of geometries connected

with FGIs associated with the function’s ID or name. New

behaviours for a function are defined as attribute values. For

instance, a radiator can serve for both heating and cooling

purposes. This functionality can be modelled as a ”change

in environment temperature” function, with two behaviours:

”heating” and ”cooling.” Each patent is represented by a graph

with edges connecting to the product(s) it contains. Each

product is associated with the geometries it includes, and

these geometries form FGI relationships. These relationships

encompass properties that detail the function and behaviour

they belong to and the action they execute. This is expressed

in Cypher Query as:

match (p: patent {Patent_Number: "PatentUniqueIdentifier"})
optional match (p)-[:hasProduct]->(pr: product)
optional match (pr)-[:hasClaim]->(c)
optional match (pr)-[:hasGeometry]->(g1)
optional match (g1)-[fr:hasFGI]->(g2)
return p, pr, c, g1, fr, g2

Products, claims, and geometries can all be constrained by

entity constraints. In the following Cypher query, the pattern

for level two FAD is demonstrated after the initial matching



process:

match (p:patent {Patent_Number: "PatentUniqueIdentifier"})
match (pr:product {Product_ID: "Product_ID"})
create (g:geometry {name: "Geometric_Feature_Name",
Geometric_ID: "Geometric_Feature_ID",
PatMine_type: "Geometric_Feature_Type"})

create (pr)-[:hasGeometry]->(g)
return p, pr, g

The following Cypher statement defines the patent/design

and, optionally, the product to which an FGI edge is added to

connect existing geometries:

match (p:patent {Patent_Number: "PatentUniqueIdentifier"})
match (pr:product {Product_ID: "Product_ID"})
match (g1:geometry {name: "geomName1",
Geometric_ID: "geomID1"})

match (g2:geometry {name: "geomName2",
Geometric_ID: "geomID2"})

create (g1)-[:hasFGI {Function_IDs:
"Function_ID_List", action: "actionType"}] >(g2)

return p, pr, g1, g2

The Function ID property on FGI relations allows us to find

all third-level FAD elements that comprise a function’s struc-

ture. Here’s a Cypher statement for performing this search:

match (g1)-[r1:hasFGI]->(g2)
where "queryFunctionID" in r1.Function_IDs
match (p)-[:hasProduct]->(pr)
match (pr)-[:hasGeometry]->(g1)
return p, pr, g1, r1, g2

For a completed FAD model for a new design, a full-

text search using its keywords retrieves all matching FADs

in PatMine database. The retrieved models can be augmented

with those retrieved from text search over the pdf files of the

patents. Full-text search is enabled by utilising Lucene/Solr or

Elastic Search plugins for Neo4j. It can also be implemented

by matching keywords to values in the designs’ properties:

match path = (p: patent) -[:hasProduct]->(pr: product)
-[:hasGeometry]->(g1) -[fr:hasFGI]->(g2)
with nodes(path) AS x UNWIND x AS nodeLinks with nodeLinks,
[prop in keys(nodeLinks)

WHERE nodeLinks[prop] in ["queryKeyword1", " queryKeyword2", ...]] as matchRank
where size(matchRank) > 0
return nodeLinks, matchRank

The provided query retrieves paths from every patent in

the database to every FGI it encompasses. The retrieved

paths are then evaluated based on matched keywords, and the

cumulative score is computed for each patent. Other technique

can be implemented, such as query expansion with synonyms

from the PatMine ontology or WordNed. The merged results

generated can be implemented semantically relevant patents

to the query design, ranked according to keywords used in

the FAD models, and should be semantically associated to

enhance the search results’ relevance. Below is an example of

a semantic query at FAD level two exploring relevant FGIs

between geometries:

match (p)-[:hasProduct]->(pr)
match (pr)-[:hasGeometry]->(g1)
match (g1)-[r1:hasFGI]->(g2)
where g1.PatMine_TYPE =˜ ".queryPatMineType1."

and g2.PatMine_TYPE =˜ ".queryPatMineType2."
and r1.action = "queryAction"
and filter(funID IN r1.Function_IDs WHERE funID = "queryFunctionID")

return p, pr, g1, r1, g2, count(r1)
as MatchRank2

Function names’ synonyms should be incorporated into the

”where” clause:

where r1.Function_Name in
["SynSet1"," SynSet2", ...]

IV. RESULTS

Visual Studio C# APIs with SolidWorks add-in is the

development environment used for front-end Patent Mining

(PatMine) ©tool interfacing with the Neo4j database as the

back-end. Designed to maintain the schema-free nature of the

Neo4j, the tool serialises Neo4j query outcomes into object

types that capture node properties. The query results are the

stored patents or the previously stored new designs objects

containing products, claims, geometries, and FGIs. The node’s

primary type is determined by its first label.

Data about patents or new designs can be uploaded from

formatted Excel sheets, facilitating the bulk upload of large-

volume annotations. Future developments may entail decou-

pling PatMine from SolidWorks and enabling integration with

other CAD tools. The tool offers various functionalities, out-

lined as follows:

• FAD Model components definition UI. Divided into

three tabs:

– Design and product names along with provided

claims.

– Geometric features list contained within the design.

– FGIs List connecting geometries. Fig. 1 illustrates

a corkscrew example with annotations and visualisa-

tions alongside the SolidWorks CAD model.

• Searching and browsing FAD models. Fig. 2 depicts

the three search options and their results illustrated in

Fig. 3 for the cork extracting apparatus. These resulting

patents are graphically displayed with zooming function-

ality, allowing for a thorough investigation of interactions.

Navigation buttons facilitate movement between matched

patents in the database. When a user does not define

query values, the query results will contain all database-

modelled patents.

– Semantic search queries from keywords in the prop-

erties’ values such as title, product, function, action,

and geometry nodes.

– Dynamic full-text search from FAD model keywords.

– Typing cypher statements by experienced users.

• FAD models comparisons. The comparison results are

visualised through charts indicating matching scores and



Fig. 1. Corkscrew FAD model definition and visualisation

Fig. 2. Different queries’ options

Fig. 3. Search Results

highlighting overlapping geometries and interactions. Re-

trieval of corresponding patent documents is facilitated,

featuring highlighted FAD annotations and image thumb-

nails of crucial overlapping drawings. In the scoring

mechanism, similar geometric features hold a weight of

10 in FAD level one, while similar FGIs are assigned

a weight of 20 in FAD level two. In FAD level three,

overlaps among combinations of FGIs forming functions

are tallied, with the highest weight of 30. The overall

similarity score is computed using a weighted sum of

these counts. Normalisation across all patent match scores

is performed as follows:

Match Rank = (Match Rank { Minimum Match Rank )
/ (Maximum Match Rank { Minimum Match Rank)

Fig. 4 illustrates scoring outcomes for a corkscrew exam-

ple, showcasing a detailed interface for exploring over-

lapping FAD annotations and accessing original patent

documents. The ontology type of the geometry is utilised

for matching instead of user-provided names, and sophis-

ticated techniques like network alignment algorithms can

be leveraged for indirect relationships and identifying

similar overlapping regions, with adjustments made for

less significant insertions and deletions in FAD models’

graph data structures.

Fig. 4. Corkscrew Design similarity score of 54%, with identified overlapping
interactions

• FAD models Visualisation. Patent documents are de-

picted on the highest level as graphs, linking patent

citations to capture semi-structured information. While

citation graphs offer limited internal details, network-

based patent analysis methods, as discussed by [15], offer

a broader perspective by illustrating overall relationships

among patents in visual networks. However, deeper in-

sights into patents’ content and relevance are found in the

unstructured information within patent documents. These

details are captured in the FAD patent representation as

the geometries nodes and their interaction edges doing

actions in function on the detailed level. Previous studies,

including those by [15]–[18], have introduced various

patent maps. The proposed prototype utilises a Neo4j

Server in the back end and its browser, providing an

online platform for users familiar with Cypher to query



and interact with the emerging patents graph database

instance. This browser offers visualisation through a

force-directed graph drawing algorithm, which utilises

character co-occurrence as a force within a physical

simulation resembling charged particles and springs. Fig.

5 and Fig. 6 exemplify the visualisation of a corkscrew

and corkscrew apparatus patent, respectively.

Fig. 5. Corkscrew Design FAD Neo4j Server Browser Visualisation

Fig. 6. Corkscrew Apparatus FAD Neo4j Server Browser Visualisation

GraphViz, a suite of tools, [22] provides another method

of formal visualisation through their .Net wrapper, lever-

aging the dot language [23]. This process involves trans-

forming Neo4j query results from tabular format to

serialised object-oriented entities and relationships and

then converting them to the dot language format to

generate the required visualisation. The previously dis-

cussed corkscrew design and apparatus patent examples

are visualised in the proposed prototype in Fig. 7 and

Fig. 8, respectively. This visualisation proves valuable

in detecting interaction clusters that may suggest one

or multiple functions, geometries lacking interactions,

and functions subdivided into clear sub-functions, leading

to distinct sub-graphs. Functionalities like zooming in

the thumbnail image of the patient’s FAD are shown in

Fig. 8, and other updates/deletes of the FAD model are

available in the proposed prototype.

Fig. 7. Corkscrew FAD proposed formal visualisation

Fig. 8. Corkscrew Apparatus FAD proposed formal visualisation

• Ontology Forming. Users are provided with access to all

environment variables and system settings for updating,

enabling dynamic customisation of system behaviour

and evolving ontology. Formatted Excel sheets contain-

ing multiple FAD annotations are used to populate the

database. Users also have the option to add annotations

individually for each patents. As the database grows, there

is potential for exploring Neo4j distributed architectures

on the varying cluster sizes. If made available online for

crowd-sourcing, unverified annotations can be accepted

after expert verification, updating the ontology taxonomy

as required.

V. CONCLUSION

By combining graph databases with ontology building and

semantic databases, we present an innovative approach to

modelling both. Graph models offer several advantages for

representing PatMine ontology and structured patent informa-

tion. First, the schema-free nature of these databases enables

the ontology to evolve with contributions from crowed-sourced

patent FAD annotations, then corrected by domain experts or

natural language processing models [10], [30]. The process

can define new rules, entity types, relationship types, and

characteristics. Connecting to other databases and knowledge

bases involves adding edges between nodes in different graph

structures. A previous study provided an example that im-

ported XML metadata into a Neo4j database to establish

various relationships [8]. Second, since patents are semi-

structured documents, rules can be defined for parsing them

and extracting structured information from unstructured text in

multiple ways within a specific domain [11]. Using computer

vision deep learning models, it is possible to automatically

extract FAD graph structure from patents after accumulating

crowd-sourced and verified FAD extractions from AutoCAD

drawings as a training dataset. Third, the system’s perfor-

mance surpasses sequential file access provided by RDBMS

or independent files. The performance of graph modelling



over RDBMS was estimated to be significantly higher [13].

For instance, a three-level relationship operates 150 times

faster, while a four-level deep query demonstrates superior

performance by a factor of 1000.

Fourth, graph data structures facilitate the automatic gen-

eration of FAD models from different visualisation options.

As a result of representing patent information in simpler

geometric components and their interactions, similarities can

be quantified based on their interactions or recent develop-

ment of various metrics [31]. Fifth, analytical algorithms on

graphs can summarise patents and identify industry trends and

common shared concepts. Designers of emerging innovations

can benefit from various alarms as common concepts from

the attached patents database are used to redesign using less

frequently used concepts or propose completely new concepts.

Lastly, leveraging the proposed prototype as a foundation for

AI and machine learning research will enhance the presented

prototype knowledge base, as well as the visualisation, similar-

ity scoring, and searching functions presented by incorporating

inference and logic techniques such as unification, lambda

calculus, and Peirce’s existential graphs [24].
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