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Abstract. In the ever-evolving landscape of the Internet of Things
(IoT) ecosystem, the proliferation of diverse standards has posed chal-
lenges in achieving seamless interoperability among devices, platforms,
and systems. A critical concern within IoT is semantic interoperabil-
ity, where differing semantics hinder effective communication between
devices and systems. Various IoT consortiums have proposed solu-
tions such as middleware technologies for protocol bridging and net-
work semantic technologies for unified models. However, complete inter-
connection remains a challenge. In response, this paper introduces
the Thing Specification (ThingSpec) IoT ontology model, designed to
address semantic and syntactic discrepancies by integrating multiple
standard ontologies. The ThingSpec model distills commonly used con-
cepts, including devices, profiles, properties, actions, events, and services,
while enhancing service collections and management. The model is orga-
nized into four functional components: the thing model, static model,
dynamic model, and collection model, catering not only to device func-
tionality but also facilitating multi-device interactions. By implementing
the model within the Open Connectivity Foundation (OCF) framework,
we demonstrate its ability to dynamically link actions, events, and ser-
vices in specific scenarios. Evaluation results indicate the model’s prowess
in integrating multiple standard ontologies and its robust language com-
pleteness and extensibility.

Keywords: Internet of Things (IoT) · Open Connectivity Foundation
(OCF) · Ontology · RESTful

1 Introduction

The Internet of Things (IoT) refers to the interconnection of all things through
Internet technology, which transforms traditional usage into intelligent driven
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[1]. As IoT devices are increasingly incorporated into applications, a number
of issues arise, especially the interoperability of IoT. The interoperability of
IoT is defined by IEEE as “the ability of two or more systems or components
to exchange information and to use the information that has been exchanged”
[2]. Nowadays, most of the current IoT devices manufactured follow a closed
protocol model. Hence, the interoperability across manufacturers is difficult to
achieve without a unified standard. To address the interoperability barrier of
heterogeneous devices, most of the literature adopted the intervention solution
at the application layer, including providing a common API, designing a gateway
to convert multiple protocols, etc. [3–8]. However, these solutions are limited in
scope and cannot be a general model, so they do not solve the interoperability
problem well.

The interoperability of IoT mainly considers the following aspects: technol-
ogy, syntax, semantics, and organization [9]. One of the most pressing topics is
semantic interoperability. Semantics refers to a set of information models and
ontologies to unify the terminology used for data exchange [10]. The problem of
semantic interoperability refers to how to describe the “things” in the IoT with
a unified set of semantic technologies. To achieve semantic interoperability, Amit
Kr Mandal et al. designed a service model, covering the physical properties of
things and related contextual content, and implemented a REST-based weather
monitoring service [11]. Oscar Novo et al. introduced an extension scheme based
on the WoT architecture proposed by W3C, intervening in auxiliary translation
between W3C and IETF standards, so as to integrate into the two standards,
and use a combination of quantitative and qualitative evaluation methods to
verify the feasibility and scalability of this scheme [12].

On the one hand, the proposal of the new model has not been systematically
implemented, which makes it impossible to prove its feasibility. On the other
hand, the optimization based on the existing model is mostly limited between
the two standards, which has a certain gap with the general model. To address
the above problems, the main work of this paper is summarized as follows.

1. An ontology-based Thing Specification (ThingSpec) model is proposed, which
is divided into thing model, static model, dynamic model and collection
model, constructed with the corresponding classes and individuals.

2. An implementation process of ThingSpec model is designed based on the
Open Connectivity Foundation (OCF) framework, which combines static
model and dynamic model to realize the action, event, service, and multi-
device linkage communication process.

3. An evaluation of the ThingSpec model is completed according to the metrics
of the ontology to verify the comprehensive performance of the model.

In the remainder of the article, Sect. 2 introduces the related work. Section 3
details the ontology-based ThingSpec Model. Section 4 presents the implemen-
tation process of the ThingSpec model. Section 5 analyzes the ontology perfor-
mance of the ThingSpec model. Finally, the overall work is summarized, and the
improvements in the future are pointed out.
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2 Related Work

This section will be divided into two parts: ontology of the IoT, OCF framework.

2.1 Ontology of the IoT

In order to solve the semantic problems in various fields in the IoT, there are
already more than 380 ontology-based IoT projects [13]. The ontology is a set of
concepts and categories in a specific domain that explicitly describe the relation-
ships between them [14]. Its main characteristics as a knowledge representation
are flexible, clearable, sharable, and reusable [15]. The ontologies to be intro-
duced next are the Sensor Observation Sample Actuation (SOSA) ontology, the
Smart Appliances Reference (SAREF) ontology, and the Time ontology. Also,
the thing description of the Web of Things (WoT) proposed by World Wide Web
Consortium (W3C) will be introduced.

SOSA Ontology. SOSA ontology divides sensors into three types, like obser-
vation, actuation, and sampling [16].

– As an observation sensor, when the sensor enters the observing state, it will
start observing the observable properties until the result equals the ideal
value.

– An actuation sensor mainly contains an actuation module, which is composed
of four main classes: actuation, actuator, actuatable property, and feature of
interest. The actuator generates the actuation, the actuation triggers the actu-
atable property, and the feature of interest is the ideal value of the property
that the actuator wants to achieve after the actuation.

– A sampling sensor mainly contains a sampling module, which is irrelevant to
the model proposed in this paper, so it will not be repeated here.

SAREF Ontology. SAREF ontology focuses on knowledge construction in the
field of smart home appliances. Among them, a device is defined as a tangible
object used in a home, public building, or office to accomplish a specific task. To
accomplish this task, the device performs one or more functions. A functional
group that is exposed outside the device and can be discovered and controlled
by other devices, called a service, is a representation of a group of functions. In
addition to the functional information, to supplement other information of the
device, it also has a profile module [17].

Time Ontology. Time ontology is to express qualitative time information in
professional terms. It takes a temporal entity as the starting parent class and
expands two subclasses into instant and interval. The interval includes the sub-
class proper interval, which includes the date time interval [18].
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Thing Description of the WoT. The thing description provided by WoT
represents the metadata and interface of the thing. In the interaction model
of the thing description, things have three main interaction elements: property,
action, and event. The property describes a property-based interaction model for
obtaining and controlling the current state of things. The action describes the
process of physical scheduling, including the triggering of physical sensors or the
invocation of abstract platforms, such as interactions with cloud platforms. The
event is used to push information. These three types of elements are inherited
from the interaction model to define the interaction interface in a unified format
[19].

On the application of the ontology, the reuse of multiple existing ontologies,
combined with the concepts of strategy, context, service, and monitoring, built
a comprehensive ontology for Internet of Things (COIoT), which has a wide
coverage but does not involve evaluation criteria and cannot verify the feasibil-
ity [20]. The semantic Web of Things (SWoT) ontology, combined things-based
static descriptions and dynamic interactions following the PAE paradigm (prop-
erty, action, event), implemented with the Cocktail framework, and evaluated
the ontology using performance metrics [21]. However, the SWoT ontology does
not involve the concept of service, and has low reusability.

2.2 OCF Framework

In the OCF protocol proposed by the Open Connectivity Foundation, all entities
existing in the IoT are mapped as resources, as shown in Fig. 1. The architecture
consists of three parts: Resource model, Representational State Transfer (REST-
ful) operations, and abstractions. A device contains multiple resources, and each
resource is constructed based on the resource model. The OCF abstraction is to
convert RESTful operations of resources into communication operations in data
protocols through mapping [22].

Fig. 1. The architecture of OCF standard.
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In OCF’s architecture, RESTful operations are also considered CRUDN oper-
ations, which are composed of CREATE, RETRIEVE, UPDATE, DELETE, and
NOTIFY. Through the protocol mapping, CRUDN operations can be converted
into standard HTTP methods, including GET, PUT, POST, and DELETE.
GET is used to retrieve resources; PUT and POST are used to create resources
and update the status of some resources; DELETE is used to delete resources
[23,24]. RESTful architecture is considered a good choice for IoT architecture
[24–26].

The Constrained Application Protocol (CoAP) is a communication protocol
applied to restricted devices. In the data transmission of the dynamic network,
CoAP outperforms HTTP in terms of transmission rate, delay, and overhead
[27]. The Internet Engineering Task Force (IETF) proposed a mapping guide
from HTTP to CoAP, which enables HTTP clients to obtain resources from
CoAP servers through a network proxy [28]. Especially in the IoT, CoAP has
been proposed as an alternative to HTTP, playing a similar role, such as the
implementation of the OCF standard.

3 Thing Specification Model

The relationship between the core concepts of the ThingSpec model is shown in
Fig. 2. Each module is equivalent to a class in the ontology, and the relation-
ship between the modules is the object property in the ontology. The ontology
diagram of the ThingSpec model is constructed by protégé, as shown in Fig. 3.
According to functional categories, the ThingSpec model (TS) can be divided
into: things (T), static models (S), dynamic models (D) and collections (C), as
follows:

TS = {T, S,D,C}. (1)

Fig. 2. The overall of the Thing Specification Model.
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Fig. 3. The ontology diagram of the Thing Specification Model.

3.1 Thing Model

The thing model describes entities that have a certain function in the IoT, includ-
ing physical entities and virtual entities. It contains a large number of devices
(Dev) and a unique service manager (SM), as

{Dev1,Dev2,Dev3, . . .} ∪ {X | X = SM} ⊂ T (2)

where Dev1,Dev2,Dev3 are different devices, distinguished by identifiers, which
may belong to the same category, such as bedroom lights, living room lights,
study lights; or different categories, such as air conditioners, TVs, washing
machines; or Hybrid, for example, bedroom lights, living room lights, air condi-
tioners. In a certain area, there will be a large number of devices. The service
manager is to manage all service collections in this area. It is mainly used for
communication with the device.

Devices have independent and complete systems, most of which are physical
entities. As defined by the ISO/IEC standard, it is “the entity of an IoT system
that interacts and communicates with the physical world through sensing or
actuating” [29]. A device consists of one profile, multiple properties and multiple
actions, and may contain multiple events and multiple services at the same time,
as

{X | X = Dev} = {X | X = Prof } ∧ {Prop1,Prop2,Prop3, . . .} ∧
{A1, A2, A3, . . .} ∧ ({E1, E2, E3, . . .} ∨ {Ser1,Ser2,Ser3, . . .} ∨ ∅)

(3)

where profile, property, and action are necessary elements, and event and service
are optional elements which are defined by the device type. In addition, there is
a special kind of device, that is, called a client. A client has a profile to describe
the basic information, contains zero or more properties to represent the list of
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devices which can be controlled, and covers methods for interacting with other
devices.

At the data level, profile, property, action, event and service are all described
based on the parameters of the data model, so they are all subclasses of the data
model. The concept of data model is derived from the thing description of the
WoT.

3.2 Static Model

The static model contains a large number of profiles(Prof) and properties(Prop),
as follows:

{Prof1,Prof2,Prof3, . . .} ∪ {Prop1,Prop2,Prop3, . . .} ⊂ S (4)

where Prof1, P rof2, P rof3 are identified as different profiles and assigned to
different devices. Each profile contains the basic information of the device, which
will not change during the interaction process, and there is no interaction process.
Here, Prop1, P rop2, P rop3 are different properties, which can exist in different
devices or the same device. Each property stores the current status of the device,
which is irrelated to dynamic interaction process.

The profile is the integration of static information about the device except
properties. It supplements the basic information about the device, including
identifier, key, name, description, endpoint, version number, and manufacturer,
on the basis of reusing the relevant concepts of the profile form the SAREF
ontology.

The establishment of properties is designed to represent the current status of
the device and possible status. For example, a washing machine has an operation
property, and the current operation state is “laundry in progress”. It has a
similar concept with the property in the thing description of the WoT, but the
difference is that the property proposed by the thing description belongs to the
interaction model, and the property in the ThingSpec model only has current
static information, and there is no interaction process. In addition to inheriting
the data attributes of the data model, it also includes URI, key, state value,
observable, mandatory.

3.3 Dynamic Model

The dynamic model contains various actions(A) and events(E), as follows:

{A1, A2, A3, . . .} ∪ {E1, E2, E3, . . .} ⊂ D (5)

where A1, A2, A3 are different actions, which can exist in the same device or
from different devices. The invocation of each action will generate interactive
behavior, which can be captured in the network. E1, E2, E3 are events from the
same device or different devices, and their triggering can also cause a certain
number of network behaviors.
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Actions define behaviors that can control physical states with related behav-
ioral parameters, including parameters required for communication between
devices. It is a dynamic communication process that is the same as the action
proposed in the thing description of the WoT. Not only that, it also integrates
the instant and interval of time ontology. As shown in Fig. 4, actions are divided
into four categories: CREATE, DELETE, UPDATE, and RETRIEVE, which
are collectively called CRUD operations and are implemented based on the OCF
standard.

Fig. 4. The classification of Action.

Among them, the update action is related to the actuation of the SOSA
ontology, that is, when the action type is update, it means that the physical state
of a sensor in the corresponding device needs to be changed, which corresponds
to the corresponding operation of the actuation. Likewise, the retrieve action is
related to the observation of the SOSA ontology.

The event refers to the interaction model that is triggered and sent to the
user after the result value reaches an ideal state in the process of observing a
certain property by the device. The difference from the action is that the event
is triggered by the device and then reported to the user for information push,
while the action is triggered by the user and sent to the device; the event needs
to set trigger conditions, which will be automatically triggered, but the action
is a human trigger.

3.4 Collection Model

In the definition of the OCF standard, a collection is a centralized representation
with linked properties that can bring multiple resources together. The collection
contains a large number of services(Ser) and service collections(SC), and a unique
service manager, as follows:

{Ser1,Ser2,Ser3, . . .} ∪ {SC1, SC2, SC3, . . .} ∪ {X | X = SM} ⊂ C (6)

where Ser1, Ser2, Ser3 describe various services from the same or different
devices, which are a kind of collection because they contain references to prop-
erties, actions or events. Here, SC1, SC2, SC3 are different service collections,
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which contain references to different services. The service manager integrates
multiple service collections, and naturally includes references to service collec-
tions.

The service is exposed outside the device and is used for linkage between
different devices, such as laundry service. In the ISO/IEC standard, it is defined
as “a distinct part of the functionality that is provided by an entity through
interfaces” [29]. It is an independent and complete function group to provide
the representation of a group of functions, which is the same as the service from
the SAREF ontology. Also, it can be discovered and invoked by other devices.
It contains two parameters: service identifier and device identifier. The service
identifier is used to expose the service to the network, and the device identifier is
used to link the device information of this service. At the same time, each type
of service will be executed based on a property. According to requirements, it is
chosen whether to link to action or event, and the actual function of the service
is defined according to the link.

The service collection combines multiple services from different devices, stores
these services according to the settings of different scenarios, and triggers the
linkage effect between different services with a certain rule. The variables it
contains are: URI, name, key, input list, input on, action list, action on, start.

The service manager is a virtual entity. Its role is to integrate multiple service
collections, centrally manage and schedule services, which is an indispensable
part of multi-device linkage scenarios. It forms a linkage model with service
collections and services, as shown in Fig. 5.

Fig. 5. The UML of the linkage model.

4 System Implementation

This paper takes the smart balcony series of smart homes as an example and
implements the system by building multiple virtual devices on the OCF plat-
form to imitate the actual interaction behavior. This scene mainly includes two
devices: washing machine and drying hanger, and a service manager. The wash-
ing machine includes a switch to activate the washing operation, a mode to
select the washing mode including normal wash, quick wash or spin dry, and
an operating state to indicate the current washing progress. The drying hanger
includes a lifting state, which can be changed to make the drying hanger auto-
matically rise and fall, and a mode for switching between the normal mode and
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the disinfection mode. The service manager is mainly the management of multi-
device linkage scenarios and integrates the specific services of each device to
realize the intelligent linkage mode.

The client interface presents a list of devices from the server, all of which
have their own unique identifiers, as shown in Fig. 6.

Fig. 6. Device List.

4.1 Ontology Mapping

The first step in the system implementation is to map the ontology model to the
OCF framework. A partial Ontology Web Language (OWL) description of the
ThingSpec ontology is shown in Fig. 7. In the description, an individual named
“washerDevice” has an object property relationship with seven individuals that
can correspond to methods in the Java implementation. An individual named
“washerProfile” has data properties that can be implemented through creating
a new object, setting a value, etc. in a Java class. In a word, the main purpose of
ontology mapping is to map the relationship between each class and individual
in the ontology model to the Java classes that can be used in the system, mainly
through constructors, properties, methods and so on.

4.2 Action Interaction

In the smart balcony scene, the main behaviors of users are to read the relevant
data of washing machines and clothes drying hangers, start laundry, change
the lifting state of clothes drying hangers, etc., which correspond to GET and
UPDATE of action models.

GET Action. The interactive implementation of the GET action is divided
into the following four steps:
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Fig. 7. OWL Description.

– The client will initiate a GET request for the corresponding property to the
server.

– The server decodes the communication data in a certain format, and parses
it through the CoAP engine to obtain the result as shown in Fig. 8. The type
is NON, indicating that the GET action does not require confirmation from
the server, and the parameter in the URL is the corresponding property uri.

– Based on the URL and QUERY in the request, the server will determine
whether there is any resource content that satisfies the conditions. If there is,
the code will be put into the response payload, the response code will be set
to 200, and a response will be sent to the client.

– After receiving the response, the client parses the response content and
presents the payload information on the interface, as shown in Fig. 9. Actions
and events appear selectively based on the property information. For example,
“writeOnly” is true to make the UPDATE button available, and “observable”
is true to appear related events.

Fig. 8. Parse data for GET request.
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Fig. 9. The client interface of washing machine.

UPDATE Action. The interaction process of the UPDATE action is divided
into the following five steps:

– After the user enters the target value of the property, the client sends an
UPDATE request to the server.

– As can be seen from the Fig. 10, the type of the POST request is CON,
indicating that this is a message that needs to be confirmed by the server.
The payload of the request contains the desired property target value.

– The server will change the physical properties of the device according to the
requirements, that is, modify the physical state of the actuation sensor.

– The server encodes the updated property value into the response payload, sets
the response code to 200, indicating that the resource has been successfully
changed, and returns this information to the client.

– After receiving the response, the client changes the value field in the property
to the latest state.

Fig. 10. Parse data for UPDATE request.

4.3 Event Interaction

A major subclass of event is NOTIFY, which maps to the GET method on
CoAP. The interaction flow of events is divided into the following steps:
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– The client sends a request to the server to initiate a NOTIFY event.
– The trigger condition of the event is defined on the server side when the

property is initialized. Once the NOTIFY event is started, the server will get
the trigger condition of the event according to the property type. As shown in
Fig. 11, when processing a request for a state property, the server first caches
the property in the queue of the GET request, and then starts observing the
state of this property.

– The type of the request is CON, so the server needs to return a message to
confirm the confirmation to the client, put the uri of the observable property
in the response payload, and return the code to the client.

– In the smart balcony scenario, the server will always observe the state prop-
erty of the washing machine. The state value of this property is an object-type
data, including four parameters: machine state, running time, remaining time,
and progress percentage. During the laundry process, these four parameters
will change regularly. Once changed, the server will record the changed state
value.

– The changed property state value is placed in the response payload and sent
to the client. The previous step and this step will continue to cycle until the
laundry is completed.

– When the laundry is completed, that is, when the progress percentage is 100,
the server will exit the above cycle, send a notification of this event to the
client, and the corresponding client will receive a notification pop-up window.

Fig. 11. The request for NOTIFY event.

4.4 Service Linkage

This section introduces the creation process of service linkage, including service
creation of each device and multi-device invocation in the linkage model. After
the creation is completed, the implementation process is described in detail.

The creation of service linkage is mainly divided into two parts: establishing
the association between the service in the device and the required property
and establishing the association between the service collection and the required
service.

A schematic diagram of the washing machine creation service is shown in
Fig. 12. After selecting the required property, the identifier of the service, the
URI of the selected property and the device identifier will be stored in the service
database, which will be also sent to the server for storage.
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Fig. 12. The service creation of the washing machine.

After completing the storage of service information, the client will set rele-
vant parameters in the service collection, read all service identifiers in the service
database, to set relevant parameters for input trigger conditions and action trig-
ger conditions, which will be sent to the server. Once the server operation is
successful, the returned information is shown in Fig. 13.

Fig. 13. The client interface of the service collection.

When the user sets the “start” parameter to “true”, a POST request is sent
to the server. After the service is started, the service manager will process the
information in the service collection in turn, as shown in Fig. 14. This application
scenario is about the linkage realization of washing machine and clothes drying
hanger. The “state” property of the washing machine is used as the input, and the
“updown” property of the clothes drying hanger is used as the action. According
to the process, the service manager will always observe the value of the input.
When it satisfies that the progress percentage is 100, the value of the “updown”
property will be changed to the falling state, that is, the realization of “the
laundry is completed, and the drying hanger is down”.

5 Ontology-Based Model Evaluation

This evaluation of the ThingSpec model is carried out according to four parts:
ontology reuse, language completeness, ontology extensibility and comprehensive
assessment.
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Fig. 14. Flow chart of server processing service collection.

5.1 Ontology Reuse

The ontology reuse refers to the probability that each URI is repeated in the
ontology. To evaluate the ontology reuse, three conceptual variables and two
computational variables are introduced as follows:

– Number of unique URIs used in the ontology NUN [30]
– Number of URI name references used in the ontology NN (i.e. every mention

of a URI counts) [30]
– Number of URIs referencing other ontology sources NOSN

– Ratio of name references to unique names RNU =
NUN

NN
– Ratio of URIs cited from other ontology sources to unique URIs ROSU =

NOSN

NUN

In order to further evaluate this performance, the above metrics are also
applied to the SWoT ontology proposed by [21], which can be calculated accord-
ing to the content of the ontology in Appendix B of the literature, as shown in
Table 1. According to the results in the table, the metric ROSU of the ThingSpec
ontology is larger than that of the SWoT ontology, indicating that the ontology
proposed in this paper has a higher proportion of the reusability of the existing
ontologies; the RNU of both meet the constraints, but the ThingSpec ontol-
ogy has a lower ratio of name references to unique names, indicating that this
ontology is better than the SWoT ontology in terms of URI reusability.
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Table 1. The metrics of ontology reuse.

Metrics ThingSpec Ontology SWoT Ontology

NUN 11 14

NOSN 7 5

NN 166 175

ROSU 63.7% 35.7%

RNU 6.63% 8%

5.2 Language Completeness

Language completeness measures the ratio between the knowledge that can
be expressed and the knowledge that is stated [30]. If the two are equal and
the ratio is 1, it means that the language completeness of the ontology has
reached 100%, which is the most ideal state. The Resource Description Frame-
work(RDF) is one of the languages used to describe ontology. For example,
ClassAssertion (C i) expresses that instance i is an entity object constructed
based on class C. PropertyAssertion (R i j) describes that instance i has an
object property R, and the description object of R is the instance j. Then, tak-
ing RDF as an example, language completeness, that is, the completeness of
defining “assertion”, is based on the fact that all class assertions and property
assertions contained in the ontology can confirm a description of whether a rela-
tionship exists between classes and instances or between instances.

Take the language fragment as “subject consistsOf object”, that is, a form in
which a certain class contains a certain class. The RDF description about this
is as follows:

1. PropertyDomain(consistsOf Thing)
2. PropertyDomain(consistsOf ServiceCollection)
3. PropertyRange(consistsOf DataSchema)

The meaning of statement 1 and statement 2 is that the subject of the “con-
sistsOf” can be a thing or a service collection. A thing class can be a device
or a service manager. Statement 3 concludes that the object of the “consist-
sOf” should belong to the DataSchema, which includes actions, events, profiles,
properties, services, and service collections.

Summarizing the above statements, it can be directly obtained that the value
content of row 5 to row 11 (excluding the title row) in Table 2 is “×”, that is,
there is no inclusion relationship. The obvious relationship between classes can be
obtained from Fig. 2, which are represented by “�”. There may be a relationship
between the thing and the data shema, but there is no definite statement in this
ontology, that is, it is represented by “?”.

According to the results in Table 2, the number of the language fragments
of “consistsOf” determined to exist and determined to not exist, that is, the
number of “�” or “×” in the table is 114, and the number of all sentences is
121, then Ci = 114/121 = 94%, indicating that the part about the language
fragment in this ontology model has good semantic integrity.
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Table 2. Semantic statistics for “consistsOf”.

consistsOf 1. Thing 2. Device 3. ServiceManager 4. DataSchema 5. Action 6. Event 7. Profile 8. Property 9. Service 10. ServiceCollection 11. Interaction

1. Thing × × × ? ? ? ? ? ? ? ×
2. Device × × × � � � � � � × ×
3. ServiceManager × × × � × × × × × � ×
4. ServiceCollection × × × � × × × × � × ×
5. DataSchema × × × × × × × × × × ×
6. Action × × × × × × × × × × ×
7. Event × × × × × × × × × × ×
8. Profile × × × × × × × × × × ×
9. Property × × × × × × × × × × ×
10. Service × × × × × × × × × × ×
11. Interaction × × × × × × × × × × ×

5.3 Ontology Extensibility

The extensibility of ontology is based on the analysis of the possibility of extend-
ing classes on the basis of existing classes and properties.

For the data model, the current subclasses only contain basic data types,
and can inherit more complex types of subclasses through inheritance, such as
data in the database, file, or video. Correspondingly, profiles, actions, properties,
events, services, and service collections based on the data model can also expand
more complex triggering mechanisms and integrate more classes through links.

Due to the characteristics of ontology language, this model connects classes,
instances, and data by adding object properties and data properties, which can
be easily modified. The model itself has certain scalability. At the same time,
each type of definition covers a wide range of application fields and is not fixed
in a certain field. When used, subclasses and corresponding data can be added
according to the particularity of the field, which has certain scalability.

5.4 Comprehensive Assessment of Model

To achieve the best practice of ontology, it is necessary to pay attention to: 1)
reuse the existing ontology as much as possible to increase the reusability; 2) con-
tinuously adjust the ontology by reducing the heterogeneity between models and
reducing the development time to make it extensible to improve interoperability
[14].

The first point of the best practice is shown in Table 3. ThingSpec ontology
reuses 4 existing ontologies, and the reuse rate of classes is relatively high, and
the reused ontologies are widely used standard ontologies, which are more nor-
mative; the COIoT ontology [20] reuses 3 existing ontologies, showing multiple
dimensions of the IoT, which are relatively comprehensive; the SWoT ontology
[21] only reuses one ontology, and the reuse rate is low.

Table 3. Comparison of reuse cases.

Ontology Reuse Ontology Reuse Number

ThingSpec WoT TD, SOSA, SAREF, Time 4

COloT SSN, PowerOnt, iot-lifecycle 3

SWoT WoT TD 1
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Regarding the second point of best practice, in terms of semantic description,
all three have certain scalability. However, the COIoT ontology has no specific
verification of application scenarios, so it cannot prove its effectiveness; although
the SWoT ontology is verified by application examples on top of the complete
description of the ontology model, based on only one ontology, it is mainly
compatible with the semantic model of WoT, and its application scope is limited.

To sum up, combined with the two points of ontology best practice, the
ThingSpec ontology not only occupies a large proportion in the reuse of existing
ontologies, but also has certain scalability, and has the feasibility verification of
application scenarios.

6 Conclusion

In this paper, based on multiple standard ontologies, the ThingSpec ontology
model is designed, which combines the modules of thing model, static model,
dynamic model and collection model, and reserves extension interfaces to solve
the problem of semantic interoperability. At the same time, the model is applied
to the OCF platform and implemented by taking a specific scenario as an exam-
ple to verify the feasibility of the model. The related classes and instances con-
structed by the ontology software, combined with the metrics of the ontology,
including the ontology reuse, the language completeness and the ontology exten-
sibility. The evaluation shows that this model can not only realize the integration
of multiple standard ontologies, but also has a high degree of the language com-
pleteness and extensibility.

However, this model still has some shortcomings and can be improved. For
example, it can continue to supplement the data types in the data model, such
as file data, audio and video data, and so on. In addition, the model proposed in
this paper is only implemented on Android mobile phones to simulate scenarios.
In the follow-up work, this model will be put into various physical devices for
testing to prove that this model can be widely used possibility.
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