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Arnomauisi: [JaHe 0ocnidxeHHs1 30cepedXXeHe Ha 8UKOpUCMaHHI OHMosogzii ik gpopmarbHoi 6a3 3HaHb Orisi
npedcmassieHHs1 8UXIOHO20 KOOy 8 asmomMamu308aHuUx cucmemax. LLnsxom cmeopeHHsT oHmMoroeail, sika
gidobparkae KOHUenuii, 38'43kU ma efiacmugocmi efieMeHmi8 8uxiOHo20 KOOy, cmae MOXJ/usuM 3bepieaHHS ma
opeaaHisauisi 3HaHb rpo Kkodosy 6a3y. Lle Hadae pizHOMaHIMHI hyHKUIOHabHI MOXIU8OCMI, maki sK
asmomamu3oeaHul aHari3 Koy ma CmMeOPEHHS 3HaHb MpPo cmpykmypy ma rnoeediHky kody. Memoto ybo2o
00cCriOXXEeHHS € nepesipka MOXX/1U80CMi BUKOPUCMAaHHS OHMOsI02ii ik gpopMaribHOI 6a3u 3HaHb Mpo 8uXiOHUL
k00 8 asmomamu3sosaHux cucmemax. Oernsd ocmaHHix cmameli rnokasas, Wo iCHyroui iHcmpymeHmu 0115
pobomu 3 oHmonoziamu He Hadaromsb 6e3rnocepedHb0 pyHKUIOHaIbHOCMI 551 nepemeopeHHsT KOOy 8 3HaHHS,
momy idesi, 3anpornoHoeaHa 8 cmammi, Mae Ho8u3Hy. Cmamms docidxye sukopucmaHHs mosu OWL sk
OCHOBHOI MO8U npedcmassieHHs1 OHMoriogii Yepe3s i supasHicmp, MiOMPUMKY MeXaHi3Mig 5102i4H020 8UBEOEHHST
ma cymMicHicmb 3i cmaHOapmamu ceMaHmMuU4YHOI Mepexi. [IpornoHyembCsi cmeopeHHs1 npedcmaessieHb OHMosoeil
015 pi3HUX efieMeHmig Kody, 3 Kracamu, w0 npedcmassisiiome OCHO8HI Murnu CymHocmeu, ma OKpeMumMu
eK3eMsapamu, wo npedcmassisiome KOHKPEMHI ek3eMrsipu ecepeduHi kodosoi basu. [ns nepesipku
KoHuenuii ma demoHcmpaujii odikysaHux pesynibmamie 6yOyembCcsi cucmemMa-rnpomomuri, sika ckriadaembscs 3
KnieHma 0nsi po3bopy suxiOHoz20 kody, RESTful API 85151 38'13Ky Mi>k KOMIIOHEHmMamMu ma MeHedxepa
oHmoroeiti. CucmemMa sukopucmosye maki 6ibriiomeku, sk SwiftSyntax dns po3bopy Swift-kody, Alamofire dns
HTTP-38'a3ky ma 6ibriiomeku maHrinymosaHHss OWL (Hanpuknad, OWL-API ma ONT-API) dns po6omu 3
OHmonoeiamu. Cucmema Mae Ha Memi 8UsyHeHHs1 3HaHb 3 8UXIOHO20 KOy, rnepemeopeHHsi lio2o Ha cymHocmi
ma akciomu oHmorioeaii ma o6pobKy oHMorno2ito 3a d0rOMo20t0 cUCMeMU OMPUMaHHS 3HaHb (Harpukniao,
HermiT). 3pobrieHo 8UCHOBOK, W0 oHMosoail echekmusHoO 36epicaromb 3HaHHS rpPo 8uxiOHUL Kod ma
00380s1510Mb pidHOMaHimHi MaHinynauii Had Humu. OdHak, O peanizauii 36opy b6inbwoeao o0bcsiey 3HaHb MpPo
8UXIOHULU KOO HeobxidHO rposecmu nodarnbuie 00CiOXeHHS Or1s1 BU3HAYEHHS ONMuUMalibHo20 Habopy
enacmueocmeli ma cymHocmed, siki Mae nidmpumysamu cucmema repemeopeHHsi KOGy 8 OHMOJI02i0.

Knro4doei cnoea: oHmorozis; OWL; 6asa 3HaHb;, cucmema rnepemeopeHHs1 Kody 8 oHmorsoaito; REST;
cemaHmu4Hul eeb; reasoner.
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Abstract: This research focuses on the use of ontologies as formal knowledge bases for representing
source code in automated systems. By creating an ontology that represents the concepts, relationships, and
properties of source code elements, it becomes possible to capture and organize knowledge about the
codebase. This enables various functional abilities such as automated code analysis and reasoning about code
structure and behavior. The aim of this research is to verify the ability to use ontology as a formal knowledge
base about source code in automated systems. A review of the recent articles showed that existing tools to work
with ontologies does not provide direct functionality to convert the code into a knowledge, so the idea proposed
in the article has novelty. The research explores the use of the Web Ontology Language (OWL) as the primary
ontology representation language due to its expressiveness, reasoning capabilities, and compatibility with
semantic web standards. The research proposes the creation of ontology representations for various code
entities, with classes representing main entity types and individuals representing specific instances within the
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codebase. To validate the concept and demonstrate the expected results, a proof-of-concept system is built,
consisting of a parsing client, a RESTful APl for communication, and an ontology manager. The system utilizes
libraries such as SwiftSyntax for parsing Swift code, Alamofire for HTTP communication, and OWL manipulation
libraries (such as OWL-API and ONT-API) for working with ontologies. The system aims to extract knowledge
from the source code, convert it into ontology entities and axioms, and reason over the ontology using a
reasoner (such as HermiT). The research concludes that ontologies can effectively store knowledge about
source code and enable various further manipulations on that knowledge. However, further investigation is
needed to determine the optimal set of properties and entities that should be supported by the code ontology
extraction system to infer more knowledge about the source code.

Keywords: ontology; OWL; knowledge base; code ontology extraction;, REST,; semantic web, reasoner.

Introduction

An ontology is a formal representation of knowledge that defines concepts, their properties, and
the relationships between them within a particular domain. It provides a structured framework for
organizing and categorizing information, allowing for better understanding and communication
between humans and machines. Ontologies are commonly used in information science and
knowledge management to enable efficient data integration, reasoning, and semantic interoperability.

By creating an ontology that represents the concepts, relationships, and properties of source
code elements such as classes, methods, variables, and their interactions, it becomes possible to
capture and organize knowledge about the codebase. This can enable various useful features such
as an automated code analysis, code documentation generation, semantic searching, and reasoning
about code structure and behavior. Ontologies can help developers and software engineers better
understand and manipulate source code by providing a structured representation of its semantics [1].

Advanced automated refactoring and source code analysis systems may benefit from properties
of a knowledge base which are backed by the ontology. They are able to store references between
code entities, strictly define their types, query the base, and perform any kinds of data reasoning.
They may help to add or rewrite source code with insurance that it will compile (in contrast with Al
systems with unspecified or fuzzy production rules) [2].

Problem definition. Using ontologies to store the knowledge about the source code can be
complex to create and maintain, requiring domain expertise and ongoing effort. Additionally, capturing
the full scope of a codebase and managing scalability can be challenging, making ontology-based
approaches less suitable for large and diverse codebases.

The aim of this research is to investigate the possibility to use ontology as a formal knowledge
base about source code in automated systems.

Recent research articles review. Ontologies can be represented using different formal
languages, with the most commonly used one being the Web Ontology Language (OWL). OWL
provides a standardized and expressive syntax to define concepts, properties, relationships, and
axioms within an ontology. Other representations include RDF (Resource Description Framework),
which allows for the creation of semantic triples, and graphical notations like UML (Unified Modeling
Language) for visualizing ontologies [3].

OWL is considered better for representing ontologies due to its higher expressiveness, semantic
web standards compliance, reasoning capabilities, and a well-developed tooling ecosystem, enabling
precise modeling and interoperability. However, the choice of ontology representation language
ultimately depends on the specific requirements and complexity of the domain being modeled [4; 5].

Taking into consideration all aforementioned facts, OWL was selected as a main tool to create a
knowledge base about the source code.

OWL (Web Ontology Language) consists of classes for representing concepts, properties for
defining relationships, and individuals to represent specific instances within a domain. It also includes
axioms to express logical statements, such as subclass relationships and property characteristics, as
well as logical constructs and reasoning capabilities for inferring new knowledge and checking
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ontology consistency. Together, these components form a comprehensive framework for creating and
utilizing ontologies to represent knowledge in a structured and semantically rich manner.

To verify the concept and prove that a knowledge base powered by an ontology will give some
expected result, the following representations may be created: large group types (like classes,
structures, enumerations, functions, etc.) may be presented by OWL classes, each entity in the
source code may be represented as named individual belonging to its respective class, properties of
entities may be expressed by data properties, and relations between entities may be expressed object
properties. Also, to fulfill all the gaps, to build truly semantic representation of the codebase, and to
enable reasoning, a large set of axioms may be used (including but not limited to subclass, equivalent
class, disjoint class, data property, object property axioms).

To be able to get the missing axioms in ontology, to verify consistency with code smells (if any
defined in ontology), and to make amends in codebase respectively, a reasoner should be used. A
reasoner is a software tool or component that performs automated logical reasoning over an ontology.
It utilizes the defined axioms, rules, and logical constructs within the ontology to derive new
knowledge, check consistency, and answer queries. Reasoners can infer implicit relationships,
identify inconsistencies, validate data against the ontology, and provide logical conclusions based on
the ontological knowledge. For the purposes of this research, HermiT reasoner has been selected [6;
7].

Preliminary research results show that there are solutions available that aim to convert a
codebase into an ontology or utilize ontologies to represent code-related knowledge. These solutions
typically employ techniques from software analysis, natural language processing, and ontology
engineering. Some examples include Code Ontology Extraction, Reverse Engineering Tools,
Ontology Mapping and Integration, etc.

It's important to note that while these solutions exist, the process of converting a codebase into
an ontology can be challenging, and the resulting ontology may require manual refinement and
maintenance. The complexity and nuances of code often make it difficult to capture all the relevant
information accurately. Additionally, the choice of specific tools or techniques may vary depending on
the programming language, codebase size, and desired ontology representation.

Further research on possible applications of those tools (JOIE, SemTK (over Jena),
SourcererCC) revealed that even though they provide some possibilities to easily manage RDF
triplets or OWL ontologies, they do not provide API or any other ability to convert codebase into
ontology. Such conclusion testifies that the aim of current research (to use the ontology as knowledge
base about the source code) has some novelty.

Code ontology extraction is the process of automatically extracting knowledge from source code
and representing it in the form of an ontology. It involves analyzing the codebase to identify various
code elements such as classes, methods, variables, and their relationships. The goal is to capture the
structure, semantics, and interdependencies within the codebase and transform them into a
structured representation that adheres to ontology concepts, properties, and relationships.

Code ontology extraction typically involves techniques from software analysis, parsing, and
semantic understanding. These techniques may include static analysis, abstract syntax tree (AST)
traversal, type inference, and pattern recognition. By analyzing the codebase, extracting relevant
information, and mapping it to ontology constructs, code ontology extraction aims to provide a formal
representation of the code's structure and semantics.

The extracted code ontology can enable various applications such as code search, code reuse,
documentation generation, and automated reasoning about code behavior. It enhances the
understanding and utilization of the codebase by providing a structured and semantic representation
of its elements and relationships.

In this research we are concentrating at code ontology extraction process and aiming at
implementing the model which may be used by automated tools for refactoring and analysis. At first,
the idea was to use the same programming language (which is used to write source code) to
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represent the knowledge base [8; 9]. It will give the possibility to quickly interpret source code and
convert it to OWL entities and axioms.

For such reason, several frameworks and tools were considered. As the main research language
is Swift, only libraries with such language supported were taken into consideration. One of them is
OWL-API for iOS [10] with respective reasoner — Mini-ME Swift [11]. Their authors state that there is a
lack of semantic reasoners and OWL manipulation libraries for Swift which makes it reasonable to
develop one. Porting existing solutions or use of multiplatform libraries may be hard due to
architectural differences.

Unfortunately, provided frameworks and libraries are on their initial stage of development. They
do not support ontology creation (only parsing) and specific OWL entities (such data properties) are
still not available.

Also, using the same language for parsing client and knowledge base makes these two instances
tightly coupled which may lead to unnecessary rework when one of them changes (Fig. 1).

Parsing client i Ontology
(source code) - (knowledge base)

Fig. 1. Dependency between client and ontology

In order to break the coupling, an abstraction should be used (according to Dependency
Inversion principle). It empowers creation of flexible and maintainable code by inverting the
dependency direction, where higher-level modules depend on abstractions rather than concrete
implementations, enabling easier substitution and extensibility of components. Data Transfer Object
(DTO) may be used as intermediary in this case. DTO agreement may be established and DTO
models to be built on both sides — client and ontology handler (Fig. 2). This will help to uncouple the
instances and provide the ability to integrate abstract ontology with different parsing clients (several
programming languages) or ontology management systems.

Data Transfer Object

Parsing client Ontology
(source code) (knowledge base)

Fig. 2. Breaking dependency with DTO

It is worth saying that implementing our own library for OWL ontology manipulation is not
reasonable. Firstly, it will require significant efforts and resources to build and maintain, though writing
such library is not the primary aim of the research. Secondly, developers and designers should
possess distinctive knowledge about those technologies. Lately, existing OWL libraries and
frameworks provide well-tested and optimized solutions with extensive tooling support, which can
save development effort and ensure compatibility with established standards and practices.

In order to support all the required traits of knowledge base generated by code ontology
extraction system (and to build such system), specific libraries should be taken into consideration.
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OWL-API [12] and ONT-API [13] are the two worth mentioning. They are Java libraries to work with
ontologies. OWL-API provides support of OWL2 ontologies (ability to create, update,
serialize/deserialize them). In contrast, ONT-API (which is built on top of OWL-API) provides support
for RDF and is built over Apache Jena. These libraries have all the necessary ontology properties
supported to be able to be used in code ontology extraction system.

Research Details

Taking into consideration all the finding from latest research and articles, it is worth building code
ontology extraction system, which is language independent, uses abstractions, utilizes OWL
manipulation libraries with sufficient functionality, easily extensible and able to be integrated with
other systems (ontology or codebase manipulating ones).

In order to build a proof of concept and show that proposed idea makes sense, it is decided to
build:

o the parsing client in Swift language which will parse the Swift codebase;

o RESTful API which will accept JSON DTOs of code entities [14];

¢ OWL ontology manager, which will handle all the interactions with ontology.

The principal component diagram is displayed on fig. 3. Due to the architecture, there may be
several clients connecting to the Ontology service and Ontology service itself may work with different
ontology managers or tools for ontology reasoning or visualization.

Before work with ontology can be started, it is worth designing its structure.

On Fig. 4 a structure of ontology is depicted. There were three classes created: Class, Function,
Property. All the entities from a codebase which fit the type of class will be transformed into named
individuals which belong to respective ontology class. Those instances will be linked with each other
by the following object properties: “hasMethod”, “hasProperty’, “hasArgument’. In order to support
bidirectional links, two inverse object properties counterparts should be created: “isinClass”,

“isinMethod’.

Parsing client Ontology service

Source code parser .
(SwiftSyntax) MNetwork client

Y

Fig. 3. Principal diagram of code ontology extraction system
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Fig. 4. Ontology structure

To be able to describe named individuals, a set of data properties is created. They are “name”,
“type” (data type, like integer), “returnType” (data type). Additionally, there is a “sourceRef’ (meaning
“SourceCodeReference”) property which states where in the codebase specific entity is located. That
property is beneficial as it will allow to uniquely identify the source code entity and provide backward
compatibility — to be able to generate or alter code from the ontology.

Additionally, “isInClass” and “isInMethod” object properties are defined as disjoint, meaning that
named individual which can have both these properties (Property in our case) cannot have these two
relations associated at one time.

On the Parsing client side the SwiftSyntax library [9] is used to parse source code written in Swift
language. Then parsed nodes of AST are converted into DTO — defined entities, which are known by
Ontology service. The following code fragment depicts a piece of code which parses the
VariableDeclSyntax node (represent properties of class, structure, enumeration, or regular variables)
and transforms it to a Property object:

override func visit(_ node: VariableDeclSyntax) -> SyntaxVisitorContinueKind {
let name = node.bindings.first?.pattern.description ?? "
let type = node.bindings.first?.typeAnnotation?.type.description ?? ™"

let property = Property(name: name,

type: type,
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sourceCodeReference: node.sourceRange(
converter: converter).debugDescription)
properties.append(property)
return .skipChildren
}

As the last step, Alamofire library is used to connect to the Ontology service via HTTP and
transfer all visited entities in provided source code. On the Ontology service side, a simple HTTP
server from the Sun package provides REST API for communication. Here is a piece of Java code
which handles the input and created new named individual that belongs to class “Class”:

@Override

public String handlelnput(String input) {
Class classEntity = converter.fromJson(input, classOfT:Class.class);
return InternalOntology.sharedinstance().addClass(classEntity);

}

Data which is transferred between Parsing client and Ontology service is in JSON format. The
following code sample creates a new named individual:

private OWLNamedIndividual createFunction(Function func) {
IRI identifier = IRl.create(iri, UUID.randomUUID().toString());
OWLNamedIndividual funcDecl = dataFactory.getOWLNamedIndividual(identifier);
ontology.addAxiom(dataFactory.getOWLDeclarationAxiom(funcDecl));
ontology.addAxiom(dataFactory.getOWLClassAssertionAxiom(
functionEntity, funcDecl));
ontology.addAxiom(dataFactory.getOWLDataPropertyAssertionAxiom(
nameProperty, funcDecl, func.name));
ontology.addAxiom(dataFactory.getOWLDataPropertyAssertionAxiom(
returnTypeProperty, funcDecl, func.returnType));
ontology.addAxiom(dataFactory.getOWLDataPropertyAssertionAxiom(

sourceCodeReferenceProperty, funcDecl, func.sourceCodeReference));

for (Property prop: func.arguments) {
OWLNamedIndividual propDelc = createProperty(prop);
ontology.addAxiom(dataFactory.getOWLObjectPropertyAssertionAxiom(
hasArgumentProperty, funcDecl, propDecl));
}

return funcDecl;
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Firstly, a unique IRl is created for a new instance. Secondly, new named individual object is
created, and all possible axioms are added. Lately, all dependent entities (Property named individuals
in this case) are created in the same manner, which is described in first two steps.

To verify that expected ontology contains all the necessary axioms, a test should be
conducted. For testing purposes, a simple code snippet was created. Lets assume that this snipped is
a part of some bigger source file (note that we have added some line numbers for better
understanding the idea of how Source Code Reference is used). This demo code snippet has some
very simple class hierarchy yet demonstrating the inheritance and method overriding:

7.. 27  override init() {
8 protocol Say { 28 lives =9
9 func say() -> String 29 super.init()
10} 30 }
11 31
12 class Animal: Say { 32 override func say() -> String {
13 letage: Int 33 return "meow"
14 34 }
15 init() { 35}
16 age=0 36
17 } 37 final class Dog: Animal {
18 38 private var senses: Int
19 func say() -> String { 39
20 return ™" 40 override init() {
21} 41 senses = 6
22} 42 super.init()
23 43 }
24 final class Cat: Animal { 44
25 private var lives: Int 45 override func say() -> String {
26 46 return "woof"
47 '}
48}
49 ...

After parsing the source code, ontology was created. Then, Hermit reasoner was run to infer all
possible axioms. As a result, inversions, and basic ontology class hierarchy were added. Updated
ontology is on fig. 5, where bold elements depict the inference results added to the initial ontology by
Hermit reasoner.
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Fig. 5. Ontology after reasoning (inferred axioms are in bold, individual’s identifiers are skipped for brevity)

Unfortunately, not all expected knowledge about the code appeared in the ontology. As it may be
seen on the code snippet, there are hierarchical relations (inheritance and protocol conformance) in
the code, but neither initial ontology nor updated one after reasoning do not contain those relations.
This means that further investigation and design should be conducted to find and describe the optimal
set of properties and entities which should be supported by code ontology extraction system to be
able to infer more knowledge about source code.

Conclusions

Review of the recent research and articles has showed that ontology is a powerful tool to
represent domain semantics and knowledge. It is safe to state that ontologies can be used to
efficiently keep the knowledge about the source code in particular.

In order to be able to represent codebase efficiently, a wide range of the source code ontology’s
‘building blocks’ must be defined. They include but not limited to classes, named individuals, data
properties, object properties and wide variety of axioms.
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When all the axioms in ontology are correctly representing the state of the codebase, a reasoner
may help to infer implicit or unknown relations/axioms and add them to the initial ontology. Such
ability of the proposed system allows to add rules to the ontology (such as code smell anti-patterns
and approaches to fix them) to remove, refactor or generate code which will compile.

Several approaches to convert codebase to ontology were discussed. This article has shown that
the code ontology extraction is quite suitable approach to transform the source code into a knowledge
base represented by OWL2 ontology.

In order to verify the proposed concept, a design of simple basic knowledge base was developed,
and a code ontology extraction system prototype was built. Its architecture and principal design points
were discussed. As a result, a code snippet was transformed into a simple ontology. Implicit and
unknown axioms were inferred by the reasoner and successfully added to the initial ontology.

That simple knowledge base structure used does not cover all the possible relations and code
entities, so in order for the system be able to infer complex data (like protocol conformance) it is
necessary to design a set of axioms which will allow the reasoner to do so and submit sufficient data
about source code to the ontology manager. The further research will be devoted to the development
of the more complex semantic foundation for the real-world source code knowledge extraction and
manipulation.
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