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A B S T R A C T   

Modeling and simulation are now leading the way in supporting analysis and development of system of systems. 
At present, to support the unified modeling formalism and dynamic simulation for different domain specific 
models across MBSE process, system modeling languages (such as SysML) are often required to cooperate with 
multi-physics modeling languages and simulation platforms (such as Modelica, Simulink), which makes it 
challenging to ensure the true unity of the whole system models, the consistency between the various system 
layers and the traceability of the modeling and simulation processes. In response to the above problems, this 
paper develops a new integrated intelligent modeling and simulation language, which can uniformly describe the 
system-level architecture and physical behavior models as a whole. On this basis, models can be simulated 
directly to support system verification for MBSE. Compiler and simulation engine are developed to enable X 
language to support the simulation of continuous, discrete event and agent models. Finally, an intelligent car 
system is taken as a case to verify the modeling and simulation capabilities of X language.   

1. Introduction 

In recent years, Model-based Systems Engineering (MBSE) has 
become an essential means to support the development of complex 
systems, especially system of systems (SoS) [1–3]. Taking complex 
products as an example, MBSE transforms the traditional research and 
development (R&D) method based on documents and physical models 
into a model-driven R&D method. This formal description method ren
ders MBSE reusable, unambiguous, intelligible, and easy to spread. 
MBSE employs Systems Modeling Language (SysML) to realize the 
model-based integrated management and optimization of the whole 
product development process [4]. Since a SysML model cannot be 
directly simulated, it is necessary to use other simulation methods to 
verify the correctness and completeness. 

One of the mainstream approaches is to uniformly describe system 

components of different domains based on a unified modeling language 
to achieve seamless integration and data exchange of multi-domain 
models [5]. For complex products that incorporate mechanical, elec
trical, hydraulic, and control engineering, the requirement description 
and architecture design are first conducted based on system modeling 
languages (such as SysML, IDEF, etc.). Then the physical models are 
developed and integrated in accordance with the physical modeling 
languages (such as Modelica, etc.) and the integration standards (FMI, 
HLA, etc.). Finally, different stages of product development are uni
formly managed through mappings and transformations between the 
system models and the physical models for full system modeling and 
simulation. 

However, due to the disconnection between the system modeling 
languages and the physical domain simulation languages, the connec
tion needs to be realized through a transformation. Therefore, this 
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approach falls behind in ensuring the consistency and traceability of the 
whole system modeling and simulation process. Worse still, this method 
lacks the ability of intelligent modeling and simulation, which is of vital 
importance for intelligent actions in development processes and/or 
intelligent functions of complex products. 

Thus, this paper develops a new integrated intelligent modeling and 
simulation language, which can uniformly describe the system-level 
architecture and physical behavior models as a whole. On this basis, 
models can be simulated directly to support system verification for 
MBSE. At the system modeling level, six parts of the definition, 
requirement, connection, equation, action, and state machine are 
designed based on the object-oriented approach to represent the archi
tecture and behavior [6]. At the level of simulation and verification, the 
continuous, discrete event, and agent models are incorporated into the 
couple models of DEVS (Discrete Event System Specification) [7]. A 
specific tool XLab is developed to realize the modeling and simulation of 
the whole system. 

The remainder of this paper is organized as follows. Section 2 pre
sents related work from the perspective of system modeling, physical 
modeling, agent modeling, as well as the integration of system design 
and verification. In Section 3, we elaborate on the overall structure of X 
language, including the hierarchical structure of X language, the cor
respondence between graphics and text, and the design of X language 
classes. Section 4 gives an introduction to the essential elements and 
grammatical structure of X language, mainly in the form of classes. In 
Section 5, we introduce the compiler of X language and the framework 
of the simulation engine. In Section 6, we demonstrate the modeling and 
simulation capabilities of X language using an intelligent car system. 
Finally, we summarize this paper and briefly outline the further research 
work. 

2. Related Work 

When it comes to system modeling, typical practices include, to cite 
but a few, the modeling methods based on the DEVS, system modeling 
methods based on the SysML language, multidisciplinary unified 
modeling methods based on the Modelica language, Bond diagram- 
based system dynamic structure modeling method, European simula
tion language (ESL)-based software and hardware coordination 
modeling method, Dymola language-based system dynamics modeling 
method, and high-level architecture (HLA)-based distributed simulation 
system modeling method. These languages and methods have been 
studied and applied to varying degrees in industry and academia. 

2.1. System Modeling Language 

Before the advent of SysML, many modeling languages and tools 
were used in systems engineering, such as IDEF, N2 diagrams, behavior 
diagrams, etc. These modeling languages employed different symbols 
and semantics, which cannot be interoperated and reused, thus 
restricting the effective communication between systems engineers and 
those of other disciplines on system requirements and design, and 
affecting the quality and efficiency of systems engineering. To meet the 
actual needs of systems engineering, the INCOSE (International Council 
of Systems Engineering) and the OMG (Object Management Organiza
tion) decided to propose a new system modeling language—SysML on 
the basis of reusing and extending a subset of UML 2.0 as a standard 
modeling language for systems engineering [5]. SysML supports the 
specification, analysis, design, verification, and validation of a broad 
range of complex systems. These systems may include hardware, soft
ware, information, processes, personnel, and facilities [8]. It supports 
multiple structured and object-oriented methods and multiple proced
ures. However, native SysML models are static and cannot be directly 
used to verify the correctness and completeness. Thus, the SysML models 
should be transformed into domain-specific models, such as Modelica 
models [9]. There has been a lot of work in this direction [10–15]. 

Generally, for systems with different characteristics, the types of SysML 
diagrams adopted are also different. Literature [16] proposes a method 
of using SysML parameter diagrams to describe the behavior of contin
uous systems. Literature [12] and [17] elaborate on the description of 
discrete event systems based on SysML action, sequence, or state ma
chine diagrams. Although SysML models can be extracted and used by 
the transformation methods, system engineers have to add a large 
number of simulation codes, especially those related to system behavior, 
to obtain executable simulation models, which is a tedious process and 
not very versatile [18]. 

2.2. Physical Property Modeling Language 

A complex system generally contains different domains, such as 
mechanics, electronics, control, hydraulics, and pneumatics. As a result, 
the cost is surging to verify and optimize characteristics of a complex 
system through physical experiments, and modeling and simulation of 
multiple domain physical properties prove to be a more efficient way. 

For modeling and simulation of physical systems in a single domain, 
traditional software generally establishes system state equations for a 
single energy domain based on fundamental physical laws (such as 
Newton’s laws of mechanics, Kirchhoff’s laws, etc.), solves the equations 
through computer programming and finally obtains the system response 
characteristics. According to the known mathematical models, the 
typical software, such as Matlab and Simulink of MathWorks, is formed 
on the block diagram modeling methods. Other software such as Pow
erDEVS and Modelica also employs similar modeling methods. 

Although most simple systems can be simulated by the above 
methods of a single domain, the actual engineering systems often 
incorporate the couple of multiple energy forms, such as mechanical, 
electromagnetic, hydraulic, and chemical energy. In this case, only 
interface-based co-simulation is feasible. It is difficult to obtain a 
mathematical model of a multi-domain system using a single-domain 
method or to realize the automatic generation and simulation analysis 
of the model in a unified form on the computer. To address this problem, 
in 1961, Professor Herry Paynter of the Massachusetts Institute of 
Technology, from the viewpoint of energy system dynamics, proposed a 
theoretical framework for a unified modeling method of system dy
namics suitable for the coexistence of multiple energy domains [19]. It 
lays the foundation for dynamic analysis, modeling, and simulation of 
multi-energy domain couple systems. Since then, various bond graph 
technologies have been proposed for modeling and simulation applica
tions of different systems [20]. 

The modeling method based on bond graphs can solve the modeling 
problems of multi-domain physical systems; however, the construction 
of model details based on graphs is not convenient enough. In 1997, the 
theoretical framework of energy conservation based on the bond graph 
and the equation-based Modelica language was proposed to support 
object-oriented modeling, declarative modeling, non-causal modeling, 
and multi-domain unified modeling as well as modeling of hybrid, i.e., 
both continuous and discrete, systems [21]. The Modelica language has 
then risen to be the mainstream language for multi-domain physical 
system modeling due to its high model reusability, ease of use, no 
symbol processing, and many other advantages. At the same time, the 
system standard library of Modelica language also provides essential 
components and typical system models in many fields, including elec
tricity, fluids, thermodynamics, machinery, etc. [22], which offers great 
convenience in model development and simulation of physical systems. 

Despite the fact that Modelica is able to model and simulate hybrid 
models, the equation-based language characteristics make it inept to 
support discrete event simulation well, resulting in to inconvenient 
description and low simulation efficiency [23–25]. Therefore, the 
application of Modelica lies more suitable in multi-domain physical 
system modeling rather than in modeling large-scale discrete systems. 
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2.3. Intelligent Extension of Modeling Languages 

To meet the requirements of modeling intelligent activities and be
haviors of complex systems, modeling languages need to be extended 
with intelligent factors to better describe the complex agent and neural 
network models and to strengthen the capability in interaction, sensing, 
and learning. As an essential method to achieve complex system 
modeling and simulation, agent-based models and multi-agent systems 
have seen ever-widening applications in the fields of simulation, artifi
cial intelligence, and control. In order to efficiently construct various 
agent models, some modeling languages supporting agent models were 
proposed in different aspects. 

As one of the most commonly used languages in modeling and 
simulation, Modelica has also been applied in the research of agent 
models. However, due to the insufficient support for discrete system 
modeling, it is not suitable for agent modeling. Therefore, the research 
on agent modeling based on Modelica mainly focuses on the support of 
third-party libraries. Bünning [26] pointed out that native Modelica is 
unsuitable for modeling agents and built a third-party library for 
multi-agent systems based on Modelica. Sanz [27] designed the ABMlib 
library rfor the type, behavior, communication, and environment of 
agents to improve the performance of Modelica based on agent models. 
In addition, some studies focus on applying Modelica to describe the 
continuous behavior or action of an agent rather than modeling the 
agent or the overall system agent [28,29]. 

SysML plays a vital role in the system-level model design. Some 
works revolve around SysML to provide support for the construction of 
agent models. Sha [30] introduced the concept representation of agents 
with SysML, supported and verified the early conceptual model of 
agents, and provided a case to demonstrate the method proposed in the 
article. Literature [31] proposed a set of dynamic modeling methods 
based on SysML to establish agent models and emphasized the important 
influence of the environment, including the fact that the environment 
determines the action and updates the parameters of agents. As a 
system-level language, SysML can describe the event relationship among 
agents and can easily establish an agent conceptual model. However, as 
the native SysML model is static, the simulation of agent models needs to 
rely on third-party simulation tools. Besides, SysML is also insufficient in 
describing the detailed behaviors and actions of agents, as well as some 
specific multi-agent algorithms. 

As a kind of discrete models, agents can be modeled and simulated by 
DEVS. In the literature [32], a complex agent perception architecture is 
constructed based on multiple types of atomic models with the BDI 
(Belief-Desire-Intention) model as its component. However, the entire 
model is too bulky and redundant as many parts are uncommon to most 
agent models. In addition, the BDI part in the paper is only represented 
in the form of symbols rather than in the atomic model. Akplogan [33] 
used the DEVS couple model to build a BDI agent model to solve the 
problem of agent decision-making in agricultural applications and pro
vided a specific application to prove its feasibility of the overall archi
tecture. From the perspective of multi-agents, Müller [34] built a set of 
system models using DEVS and modified the expression of the original 
DEVS atomic model to adapt to the multi-agent characteristics. How
ever, this method is not applicable when facing a single complex agent, 
as the specification of DEVS is rudimentary compared with the agent 
models. 

In summary, although several representative modeling languages 
may support the construction of agent models and multi-agent systems, 
they only apply agent models at the level of basic methods or integration 
with third-party libraries, lacking the ability of autonomy. In other 
words, these languages themselves are not designed for modeling multi- 
agent models, which can make intelligent and dynamic decisions by 
reasoning and learning, so it is difficult to avoid problems such as poor 
interpretability, poor algorithm representation, low autonomy, and low 
modeling efficiency. 

2.4. Integration of System Modeling and Simulation 

SysML has the ability to describe the system model but cannot be 
directly used to verify its correctness and completeness. Therefore, it 
needs to be transformed into an executable one to make up for the 
deficiency, which is the common practice used by current engineers and 
researchers. 

Schamai et al. [35,36] proposed a mapping method ModelicaML 
based on the UML extension method for Modelica transformation. It uses 
state machine diagrams as the carrier for hybrid modeling of discrete 
and continuous behavior and adds annotations to state transformation to 
describe continuous behavior, thereby providing a more complete so
lution for integrating design and simulation behavior. However, this 
method lacks formal model expression. The description based on plain 
text can not effectively express and manage models, and the parameter 
correspondence between the state machine diagrams and structure 
models is not attained, which makes ModelicaML unable to fully support 
all grammar standards of Modelica. Gauthier et al. [37] used the ATL 
(Atlas Transformation Language) to map a SysML model to a Modelica 
model based on the SysML4Modelica extension package [38] proposed 
by the OMG to verify the accuracy and completeness of a design model. 
Compared with the QVT (Query/View/Transformation) mapping 
method applied by OMG, Gauthier et al. have some innovations in the 
mapping method. However, due to the incomplete definition of the 
SysML4Modelica extension package, the description of the Modelica 
syntax is not perfect. Cao et al. [39] proposed a unified behavior model 
extension method based on SysML. This method is combined with 
Matlab/Simulink to realize the automatic transformation between the 
design and simulation models by establishing a supplementary simula
tion model. On the flip side, this method is more focused on the simu
lation of the control system field and is weak in supporting the 
multi-domain modeling and simulation of the physical system, so it is 
not applicable to the simulation of complex systems engineering. Li et al. 
[40] developed a modeling language that supports modeling and 
simulation of the continuous and discrete systems, providing parallel 
solutions for the simulation optimization problem, but not good at 
system-level modeling. Li et al. [41] proposed a SysML-based visuali
zation model transformation method from the perspective of a 
meta-model. They determined the transformation relationships between 
the SysML source and Modelica target models by hierarchical instanti
ation modeling of the transformation rule and transformation activity 
meta-model, thereby implementing the dynamic transformation activ
ities. Despite that, this method does not extend SysML but establishes a 
mapping relationship with Modelica based on the existing model ele
ments of SysML. Therefore, the specific description of complex products 
is insufficient, making the transformation between the two languages 
incomplete. Zhou et al. [42] constructed the SysML extension package 
M-Design for Modelica based on the Modelica meta-models, and then 
defined the mapping rules between the two according to the extended 
SysML and Modelica meta-models, thus implementing the automatic 
transformation from the SysML design models to Modelica simulation 
models. Even so, the extension package only defines the basic 
meta-model of Modelica, and some advanced features escape the 
description. Besides, the ATL-based mapping method only implements 
the one-way model transformation from SysML to Modelica and fails to 
implement the bidirectional model transformation. 

In addition, complex systems involve models in multiple domains. 
These models use different formalisms, modeling languages, and tools to 
solve specific problems, bringing significant challenges to consistency 
management. Different techniques were proposed to alleviate the con
sistency problem in systems engineering studies. MBSE tools like SCADE 
Architect can be directly integrated into SCADE Suite, providing system 
and software teams with the same environment to synchronize re
quirements, avoiding duplication and inconsistency [43]. Herzig et al. 
[44] presented a conceptual basis for inconsistency management in 
MBSE that a model can be represented by a graph and that 
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inconsistencies manifest as subgraphs. To identify inconsistencies, 
graphs can be queried using partially defined graph patterns. However, 
the authors did not provide proof of the technical viability and practi
cability. Feldmann et al. [45] introduced a conceptual approach based 
on semantic web standards allowing for identifying inconsistencies in 
heterogeneous models and demonstrating its technical viability. A 
possible disadvantage is that the evaluation of the conceptual frame
work’s viability is preliminary since only a small system was used as a 
demonstration case. Jongeling et al. [46] proposed the idea of extending 
the OpenMBEE platform to include code as a view. They believe that this 
extension will allow simple structural consistency checks between the 
SysML system model and C/C++ code and provide engineers and 
managers with insight into model-code consistency. Berriche et al. [47] 
proposed a model synchronization approach to actively check for model 

consistency in a continuous way during the multidisciplinary design 
process. However, this method has some limitations: the model syn
chronization method is only applicable to structural and hierarchical 
models. In addition, the classification and resolution of differences is a 
manual process that relies on the activities of the project manager. 

In summary, the existing modeling languages are mainly aimed at a 
specific part of modeling and simulation. They lack the ability of full- 
process (the entire lifecycle) collaborative design and verification. 
Although the integration of system design and verification can realize the 
unified management of different stages during product development, it is 
still achieved through the mapping and transformation between languages. 
It may be effortless to deal with a single domain model but challenging to 
support the modeling and simulation of complex systems that contain the 
continuous, discrete event and intelligent properties. 

Figure 1. Hierarchy of X language  

Figure 2. Design process and elements of X language  

L. Zhang et al.                                                                                                                                                                                                                                   



Journal of Industrial Information Integration 28 (2022) 100347

5

3. Overall Structure of X Language 

As can be seen from above, the existing modeling languages cannot 
achieve full system modeling and simulation. Aiming at this problem, 
this paper proposes a new integrated intelligent modeling and simula
tion language-X language. As shown in Figure 1, at the level of system 
modeling, six parts of the definition, requirement, connection, equation, 
action, and state machine are designed to represent structure and 
behavior. At the model construction and simulation level, the contin
uous, discrete event, and agent models are regarded as part of the couple 
model of DEVS, which supports the simulation verification of physical 
behavior. Based on the design, X language is endowed with the capa
bilities to: 1) support two modeling forms of graphics and text, and 
based on XLab, the two forms of models can be converted to each other. 
2) support system-level architecture and physical behavior modeling 
and simulation verification. 3) support modeling for various complex 
agent models, including agent learning, communication, and multi- 
agent parallel simulation. 4) support continuous, discrete event, and 
hybrid simulation. 

X language is a modeling language that supports model-based sys
tems engineering. As shown in Figure 2, from the perspective of 
modeling process, it includes two modeling forms of graphics and text, 
as well as an engine for simulation. As for language elements, there are 
structural elements, behavioral elements, and other essential elements. 
Figure 3 shows the one-to-one correspondence between the graphic and 
textual forms of X language and its six types of diagrams: definition 
diagram, requirement diagram, connection diagram, state machine di
agram, equation diagram, and action diagram. Each diagram corre
sponds to the language text and exists as a part of the class. Therefore, a 
single part can only describe an aspect of the class rather than the 
complete one. That is, a class is a collection of contents described by 
multiple parts. 

The six parts of X language have their respective focuses. The defi
nition part and the connection part define the system model from the 
system structure level, explaining which components the system con
tains and the connection relationships among them. The requirement 
class is defined for requirement description, analysis, and tracking. 
Modelers generally use a variety of relationships to establish the trace
ability between requirements, and the traceability from requirements to 
the structure and behavior of the system models. 

The equation part, action part, and state machine part describe the 
system behavior from the perspective of the mathematical equation, 
assignment process, and state machine, respectively. Different modeling 
elements are selected depending on the characteristics of the model; for 
example, continuous models can be modeled by equations, while 
discrete models by state machines. Therefore, different forms are 
required to describe the behavior of different types of system models or 
components. On this basis, the restricted classes of X language are 
classified: the continuous class is used to describe continuous multi- 
domain physical systems, the discrete class describes discrete systems, 
and the agent class describes agent systems. 

X language supports model-based systems engineering and has the 
ability to verify the entire process of system design. The models built in 
either graphics or text can be directly translated into executable DEVS 
codes via the compiler. X language simulation engine is a multi-domain 
engine designed based on DEVS, which can support cross-domain 
modeling in multiple domains of continuous, discrete events, and 
agents. The results obtained by the simulation can be directly fed back to 
the engineer to realize the functional verification of the system design. 

4. Essential Elements and Grammatical Structure of X Language 

Class is the basic unit of a model in X language, which can be further 
divided into basic classes and restricted classes. The basic classes are 

Figure 3. Correspondence between graphical and textual syntax of X language  
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modified by the keyword class and applied to describe the structural and 
behavioral characteristics of any entities. The restricted classes are 
mainly used to describe models of different characteristics more accu
rately and improve the readability. They are modified by specific key
words, including continuous, discrete, couple, agent, requirement, record, 
function, and connector. The types and functions of the classes are shown 
in Table 1. 

X language provides two modeling forms: graphics and text. The 
concept of class is for the entire language; that is, it is applicable to both 
text and graphic model forms. Diagrams refer to the elements of the 
graphical models, including definition diagram, requirement diagram, 
connection diagram, state machine diagram, equation diagram, and 
action diagram. Correspondingly, the text models also contain 6 parts, 
namely the definition part, requirement part, connection part, state part, 
equation part, and action part. A class is often a combination of multiple 
components, as shown in Table 2, which lists the components contained 
in each class. 

The following content will specify the essential elements and gram
matical structure of each class, and the extended BNF [6] of each 
component is demonstrated in Appendix A. 

4.1. Continuous Class 

According to the behavior characteristics of models, they can be 
divided into continuous models, discrete models, and hybrid models. 
The continuous class is defined for models with continuous behavior 
that constantly changes over time and can be abstracted by mathemat
ical equations. The structural properties of entities with continuous 
behavior contain the definitions of parameters and their types, state 
variables, and ports. At the same time, the behavior properties can be 
defined by mathematical equations. Based on this, in graphics and text 
modeling, the continuous class in X language describes the structural 
attributes by the definition diagram and the definition part, and the 
behavior characteristics by the equation diagram and the equation part, 
respectively. The details are shown in Table 3. 

4.2. Discrete Class 

The discrete class is defined for discrete models. The behavior of 
discrete models are triggered by events and can be regarded as an 
abstraction of a series of states. The structural properties of discrete 
models generally include the definitions of the parameters and their 
types, state variables, and ports. The behavior parameters are defined 
based on the state machine theory. Accordingly, in graphics and text 
modeling, the discrete class in X language describes the structural 
characteristics by the definition diagram and the definition part, and the 
behavior characteristics by the state machine diagram and the state 
machine part, respectively. The details are presented in Table 4. 

4.3. Couple Class 

The couple class is defined to endow X language with the ability to 
describe couple models. Its principal function is to describe the com
ponents included in the couple model and the connections among them. 
Based on this, the couple class in X language adopts the definition dia
gram and the definition part to describe the system composition, and the 

Table 1 
Functions of X language classes  

Types Functions 

Class Supporting the description of any types of model entities 
Continuous Supporting the description of model entities with continuous 

behavior 
Discrete Supporting the description of model entities triggered by events 
Agent Supporting the description of model entities with intelligent 

behavior 
Couple Supporting the description of system-level model entities with 

multiple components 
Requirement Supporting the description, analysis and tracking of requirements 
Record Supporting the description of complex data structures in various 

model entities 
Function Supporting the description of algorithms required for various model 

entities to solve procedural modeling 
Connector Supporting the description of connectors that follow Kirchhoff’s law 

in various model entities  

Table 2 
Composition of the two forms of X language classes  

Class Composition of diagrams Composition of text 

Class Definition diagram, 
Requirement diagram, 
connection diagram, equation 
diagram, state machine 
diagram, action diagram 

Definition part, Requirement 
part, connection part, equation 
part, state machine part, action 
part 

Continuous Definition diagram, equation 
diagram 

Definition part, equation part 

Discrete Definition diagram, state 
machine diagram 

Definition part, state machine 
part 

Agent Definition diagram, action 
diagram 

Definition part, action part 

Requirement Requirement diagram Requirement part 
Couple Definition diagram, connection 

diagram 
Definition part, connection part 

Record Definition diagram Definition part 
Function Definition diagram, action 

diagram 
Definition part, action part 

Connector Definition diagram Definition part  

Table 3 
Definition of continuous class  

Continuous class Related properties of 
continuous class 

Descriptive objects of different 
properties 

Definition diagram/ 
Definition part 

Parameter Definition of instantiation 
parameters and their types 

Value Definition of state variables 
Port Definition of ports 

Equation diagram/ 
Equation part 

Equation Definition of behavior described 
based on mathematical equations  

Table 4 
Definition of discrete class  

Discrete class Related properties of 
discrete class 

Descriptive objects of different 
properties 

Definition diagram/ 
Definition part 

Parameter Definition of instantiation 
parameters and their types 

Value Definition of state variables 
Port Definition of ports 

State machine diagram/ 
State machine part 

State Definition of behavior based on 
state machine description  
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connection diagram and the connection part to describe the component 
connection relationship, respectively. The details are shown in Table 5. 

4.4. Agent Class 

The agent class is defined for multi-agent models that emphasize 
more on the autonomy of agents, which can make intelligent and dy
namic decisions by reasoning and learning. The design of the agent class 
in X language follows the BDI architecture and has been simplified. 
Among them, the most critical content is retained; that is, goals guide 
the execution of plans. A series of content such as environmental 
perception is left to users to define, thereby improving the extensibility 
of the language. For modeling with the agent class, the entire structure 
can be divided into two parts, the definition part and the action part. The 
former is used to initialize the values of parameters and variables, as 
well as the declaration of functions and plans. The latter is to control the 
execution of the plan and set the start and end conditions of the agent 
simulation. 

The architectural correspondence between the agent class and the 
BDI is illustrated in Figure 4. The left side is the architecture of the agent 
class, and the BDI architecture is on the right. The plan corresponds to 
the intention part of the BDI architecture. The content defined in the 
execution part is associated with the goal part and the belief part is in
tegrated into the entire process of interaction process between the agent 
and the environment. On the basis of retaining the characteristics of the 
original BDI architecture, the agent class is integrated with the syntax 
and semantics of X language, giving X language intelligent 
characteristics. 

The agent models generally contain the behavior of communication 

and interaction with other entities, the agent class in X language de
scribes the structure characteristics by the definition diagram and the 
definition part, and the behavior characteristics by the action diagram 
and the action part, respectively. The details are shown in Table 6. 

4.5. Requirement Class 

The requirement class is defined for requirement description, anal
ysis, and tracking. It contains two parts, namely Requirement Attributes 
and TraceLink Types. The former describes the relevant attributes of 
requirements to illustrate the inherent characteristics of a specific 
requirement, such as ID, Name, Level, Type, etc. The latter is used to 
manage links between requirements and requirements and other 
modeling elements (including stakeholders, sources, and system devel
opment elements), forming links for demand tracking, such as Compose, 
Satisfy, Verify, etc. The details are shown in Table 7. 

4.6. Record Class 

The record class is defined for models with different data types. 
Accordingly, the record class in X language uses definition diagrams and 
definition parts to describe the types of data contained in graphics and 
text modeling, as shown in Table 8. 

4.7. Function Class 

The function class is defined for models with complex functional 

Figure 4. The architectural correspondence between the agent class and the BDI  

Table 6 
Definition of agent class  

Agent class Related properties of 
agent class 

Descriptive objects of different 
properties 

Definition diagram/ 
Definition part 

Parameter Definition of instantiation 
parameters and their types 

Value Definition of state variables 
Plan Definition of Agent behavior 

sequence 
Action diagram/ 

Action part 
Active Definition of plan execution logic  

Table 5 
Definition of couple class  

Couple class Related properties of 
couple class 

Descriptive objects of different 
properties 

Definition diagram/ 
Definition part 

Port Definition of ports 
Part Definition of components 

Connection diagram/ 
Connection part 

Connection Definition of the connection 
relationship between components  
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behavior. Generally, the function class is composed of the definition part 
and the action part. The former is used to define input and output pa
rameters, while the latter is to specify specific functions of the function 
class. The details are shown in Table 9. 

4.8. Connector Class 

The connector class is defined for models with connectors that follow 
Kirchhoff’s law. The connectors define the types of data transferred 
between the entity and other entities. On this basis, the connector class is 
defined to describe non-causal connector ports as well as the types of 
data transferred between models or components. Generally, the 
connector class in X language describes the types of data transmitted 
through the definition diagram and the definition part when graphics 
and text are modeled, as shown in Table 10. 

A class is a collection of contents described by multiple parts, and X 
language modeling framework consists of 6 parts. Therefore, a single 
part can only describe an aspect of the class rather than the complete 
one. 

5. Compiler and Simulation Engine Design 

5.1. Framework of X Language Compiler 

X language is an object-oriented multi-domain system modeling and 
simulation language. It includes not only the characteristics of object- 
oriented programming languages but also those of equation-based 
modeling languages. These two kinds of languages usually employ 
different interpretation routes, leading to different technical routes in X 
language interpretation. 

The framework of X language compiler is shown in Figure 5. The 
interpretation process is divided into three stages, namely the pre- 
processing stage, the intermediate processing stage, and the post- 
processing stage. 

The pre-processing stage is responsible for lexical analysis and 
grammatical analysis of the source code to obtain the abstract syntax 
tree and collect the information of the elements in the model to make a 
symbol table. 

In the intermediate processing stage, the compiler processes the 
abstract syntax tree that has been obtained by the pre-processing stage. 
Different technical methods are applied according to the types of models 
included in the interpreted document. For continuous models based on 
equations, the first step is to flatten the model to obtain a flattened 
equation set. Then in the stage of casualization, the equations are 
transformed into a form suitable for being solved by the differential 
equation solver. For assignment-based models, i.e., the agent models 
and the DEVS-models, the static type checking is first performed for each 
sentence contained in the model with the help of the symbol table 
constructed in the previous stage. Then different technical methods are 
selected according to different model types. The reason to adopt 
different compilation routes here is that the interpretation and code 
generation of the DEVS model can correspond to the simulation code 
one by one, while the representation of the upper model of an agent 
model differs drastically from the lower one, thus requiring the 
parameter correspondence and the integration of generated files to 
ensure that the necessary information is not lost. Therefore, the 
complexity of the two compilation routes is also quite different. 

In the last stage, the processed data structures obtained in the 
different technical routes are traversed and the simulation files of the 
respective models are obtained. If the model has a hierarchical structure, 
the file level integration is required to obtain simulation files of the 
entire model. 

5.2. Framework for X Language Simulation Engine 

As X language is an object-oriented modeling language for multi- 

Table 7 
Definition of requirement class  

Requirement 
class 

Related properties of requirement 
class 

Descriptive objects of 
different properties 

Requirement 
diagram/ 
Requirement 
part 

Requirement 
Attributes [48] 

Identifier Unique identifier of the 
requirement 

Name Name of the 
requirement 

Level Level of the requirement 
(Stakeholder/System/ 
Component) 

Type Type of the requirement 
(General/Functional/ 
NonFonctional/ 
Physical/Design) 

Risk Security level of the 
requirement (High/ 
Medium/Low) 

Source Where the requirement 
originated from 

Stakehodler Stakeholder who is in 
charge 

Text Description text defined 
by the modeler 

TraceLink 
Types [48] 

Compose Relates requirement to 
its parent requirement 

Copy The same requirement 
that appears in a 
different level 

Derive Relates requirement to 
its derived requirement 

Refine Relates requirement to 
its refined requirement 

Satisfy Relates requirement to 
the block that fulfills it 

Verify Relates requirement to 
test cases 

MappedTo Relates requirement to a 
particular attribute, 
operation, state or value 
of the artifact 

OriginatedFrom Relates requirement to 
its source 

ResponsibleOf Relates requirement to 
its stakeholder  

Table 8 
Definition of record class  

Record class Related properties of 
record class 

Descriptive objects of 
different properties 

Definition diagram 
/Definition part 

Value Definition of different data 
types  

Table 9 
Definition of agent class  

Function class Related attributes of 
record class 

Descriptive objects of 
different properties 

Definition diagram/ 
definition part 

Value Definition of input/output 
parameters 

Action diagram/action 
part 

Active Definition of function 
realization process  

Table 10 
Definition of connector class  

Connector class Related attributes of 
record class 

Descriptive objects of 
different properties 

Definition diagram/ 
definition part 

Value Definition of input/output 
data types  
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Figure 5. Framework of X language compiler  

Figure 6. Simulation engine architecture  

Figure 7. An intelligent car driving system  
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domain systems, it is necessary to consider the simulation capabilities 
for specific domains and the interaction between different domains to 
build a simulation engine. As a specification that supports multi-domain 
modeling, DEVS can simultaneously support continuous, discrete event, 
and agent simulation, which fully meets the needs of X language and 
provides the language with support for multi-domain model 
verification. 

The most effective implementation of the DEVS simulation algorithm 
is the hierarchical recursive program developed by Zeigler. As shown in 
Figure 6, for the DEVS simulation structure, each atomic model corre
sponds to a simulator that executes the internal and external events of the 
atomic model. The couple model corresponds to the coordinator, which 
schedules the events of atomic models inside the model. The top level of 
the entire model corresponds to the root-coordinator, which manages the 
event advancement of the whole model. 

X language still keeps the architecture of the DEVS engine, and 
several extensions are made to fit its particularity:  

1) Firstly, the continuous model exists in the form of an atomic model in 
the engine, which is the extension of the continuous model based on 
DEV&DEVS. The state events and time events defined in the 
continuous model are further abstracted into the internal events of 
the atomic models. The equation is solved at the time nodes on which 
internal events and external events are triggered.  

2) Secondly, the agent model exists as a couple model. According to 
DEVS, the couple model can be regarded as a particular atomic 
model, so the agent model is used as an atomic model in the engine 
structure. The agent model of X-language is implemented based on 

the BDI architecture and divided into four modules: goal, schedule, 
plan, and interaction. In actual design, the agent model can interact 
with other atomic models or agent models based on interaction. 

3) Thirdly, based on the above two extensions, the agent and contin
uous models are presented as DEVS models so that the connection 
among the agent, discrete event, and continuous models is abstracted 
as an event-based connection. 

In X language simulation engine, there is message-based communi
cation between the connected simulator and coordinator. Each time an 
event occurs (internal or external), the coordinator sends a trans
formation message to its child nodes, informing them to perform the 
transformation. When the simulator executes the internal or external 
events, it calculates its next state. If an internal transformation is being 
performed, it needs to send the output to its parent coordinator. There
fore, there are three types of communication between the simulator and 
the coordinator, as shown in Figure 6: internal and external event noti
fications from the coordinator to the simulator, and output from the 
simulator to the coordinator. 

Each simulator and coordinator define the time when the next internal 
transformation occurs. In the simulator, the time is calculated by the time 
advance function of the atomic model. In the coordinator, the next event 
occurrence time of all child nodes is obtained and the minimum value is 
taken as its next event occurrence time. Therefore, the next event time of 
the root-coordinator is the minimum of the following event times of all 
models in the system. The root-coordinator continuously advances the 
global time to correspond to the event occurrence time and sends event 
messages to its child nodes to notify them to execute the event. Then this 

Figure 8. The dynamic diagram of the system  
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cycle repeats until the simulation ends. 

Figure 9. Definition diagram of the top-level model  

Figure 10. Connection diagram of the top-level model  

Figure 11. Modeling text of the top-level model  
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6. Case study 

An intelligent car driving system is illustrated here to prove the 
simulation capability of X-language for hybrid systems, which means the 
hybrid of a continuous system and discreet event system. The system is 
simplified into three modules: continuous module, discrete event mod
ule, and agent module. Figure 7 shows the structure of the system, where 
Car1 is a manned vehicle, regarded as an intelligent car, and Car2 is an 
unmanned vehicle, as a non-intelligent car. Car1 contains three mod
ules: driver as an agent model, car as a discrete event model, and power as 
a continuous model. Car2 only has a discrete event model named 
autocar. 

In order to show more clearly the entire modeling and simulation 
process based on X language, the connection relationship and action 
sequence among various models of the system are explicitly defined in 
Figure 7. The agent model (driver) first uses the trained policy to make 
decisions and passes the action results to the discrete event model (car). 
The car transmits the driver’s actions to the power module to generate 
dynamic feedback based on the actions. Finally, the car changes its 
actual position according to the power feedback. During this process, the 

environment also keeps track of the positions of Car2 and feeds them back 
to Car1 so that Car1 will make way for Car2 to prevent accidents. 

The dynamic diagram of the system is shown in Figure 8, where (a), 
(b), and (c) show the three interaction stages that Car1 and Car2 expe
rience on the way to the destination. At each encounter, Car1 will stop 
its current action and give way to Car2 until Car2 leaves. The entire 
trajectory of car1 from the initial position to the final position is illus
trated in (d). In this process, Car1 traverses the t1-t8 stages shown in 
Figure 7. 

For this case, the top-level model of the entire system is firstly 
established, which is composed of the car, autocar, environmental, driver, 
and power module. The definition diagram and connection diagram of 
the system are shown in Figures 9 and 10, respectively defining the 
components and the connection relationship among the above 5 mod
ules. Figure 11 indicates the modeling text of the top-level model. 
Obviously, Figure 9 and Figure 10 are the graphic forms of the couple 
class, and Figure 11 is the text forms; they all represent the same models. 
Similarly, Figures 12 and 13 are, respectively, the definition diagram 
and state machine diagram of the car. Figure 14 shows the modeling text 
of the car. In view of the fact that the modeling process is the same, the 

Figure 12. Definition diagram of the car  

Figure 13. State Machine diagram of the car  
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other system models will not be described in detail. It should be noted 
that the modeler can use X language-specific tool XLab to realize the 
automatic transformation of the graphic model to the text model or can 
directly perform the text modeling and skip the graphic modeling ac
cording to the actual needs. 

Since X language simulation engine is built based on DEVS, there is a 
time advancement process of discrete events during the simulation of 
the system, as shown in Figure 15, where a point represents an event 
occurrence of each DEVS-based atomic model. The abscissa represents 

the simulation advancing time, and the ordinate represents each atomic 
model. When time=0, the driver goal first output a signal to the driver 
watchfor plan. Then the driver makedecision ext model is activated to 
generate an agent action-decision for the car, thus activating the car 
model. Afterward, the car model outputs a signal to the power model, 
whose actions are continuous as shown in a line in Figure 15. The power 
model returns a signal to the car, and the car outputs a signal to the 
environment at the same time. The processes described above are the 
signal transition processes between different models in the car system. 

Figure 14. Modeling text of the car model  
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It can be found from Figure 15 that the running sequence of the 
entire model is consistent with the modeling sequence of Figure 7, 
presenting the simulation process of the couple model composed of 
continuous, discrete, and agent models. In this case, the power output is 
continuous throughout the simulations and interacts with the car when 
the interaction conditions are met. Due to the discrete nature, the agent 
model has a consistent simulation process with the operation of the 
discrete model. 

This case shows the modeling processes of X language in multi- 
domain models and demonstrates the support of X language for the 
continuous, discrete event, and agent models from the perspective of 
modeling and simulation. 

7. Conclusion 

MBSE transforms the traditional R&D method based on documents 
and physical models into a model-driven R&D method, which renders 
MBSE reusable, unambiguous, intelligible, and easy to spread, enabling 
it to be an important tool in supporting system modeling and develop
ment. As the name suggests, models are the foundation of MBSE, and 
how to ensure the accuracy of the model has become an important 
research content. However, the modeling language SysML employed by 
MBSE needs to corporate with physical modeling languages rather than 
directly verifying the correctness and completeness of the model, which 
makes it challenging to ensure the consistency and traceability of the 
whole system modeling and simulation process. This method also lacks 
the support for intelligent products in modeling and simulation. 

In response to this problem, this paper introduces a new integrated 
modeling and simulation language and the corresponding compiler and 

simulation engine developed by the authors’ team that supports MBSE. 
X language has two modeling forms, namely graphics and text, and can 
be converted to each other through XLab. It is able to support both 
system modeling and physical simulation, ensuring that a unified lan
guage can run through the entire process of architecture design, multi- 
domain modeling, and simulation verification, thus realizing multi- 
disciplinary and cross-staged collaborative modeling and simulation of 
complex products. In addition, the agent class adding to the language 
enables X language not only to realize the modeling of continuous, 
discrete, and hybrid models, but also to support the modeling of various 
complex agent models, thereby giving the language the capability of 
intelligence modeling. Table 11 shows the comprehensive capabilities of 
X language through comparison with other mainstream modeling 
languages. 

In Table 11, the mainstream modeling languages are compared from 
the perspectives of design, simulation, and verification, from which it 
can be seen that the existing languages have their own advantages in 
some aspects, but fails to independently complete the whole process of 
MBSE. For example, SysML[49] is good at top-level architecture 
modeling, Modelica[50] is dedicated to multi-domain physical system 
simulation, and AADL[50] focuses on safety analysis for embedded 
systems, each of which has its capability shortcomings. It is worth noting 
that a new modeling language recently proposed, KARMA[53, 54], can 
support the unified formalisms across MBSE models and simulations for 
different domain-specific models and performs well in each function 
listed in Table 11. However, as an architecture-driven technology-based 
language, the KARMA language still realizes verification through model 
transformation. In the follow-up study[55], the syntax of hybrid 
automata is integrated into KARMA to describe the behavior models 

Figure 15. Simulation time series of each atomic model of the system  

Table 11 
Capability comparison of X language and other modeling languages  

Capability Languages 
XLaguage SysML [49] AADL [50] Modelica [51, 52] KARMA [53–56] SIMAN [57] 

Multi-view Modeling ★★① ★★ ★ — ★★ — 
Qualitative Modeling ★★ ★★ ★ ★ ★★ — 
Simulation Execution ★★ — ★ ★★ ★ ★ 
Integrated Modeling and Verification② ★★ — ★ ★ — — 
Continuous System Modeling ★★ ★ ★ ★★ ★★ ★ 
Discrete Event Modeling ★★ ★ ★★ ★ ★★ ★★ 
Hybrid System Modeling ★★ ★ ★ ★ ★★ ★ 
Multi-agent modeling ★★ ★ ★ ★ ★ — 

① "-" means do not have this capability, "★" means have this capability but not enough, "★★" means good at this capability 
② Models can be simulated directly to verify whether the performance meets stakeholder needs and objectives, without resorting to model transformation. 
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more precisely and facilitate verification, which is an improvement. In 
contrast, models built in X language can be directly simulated to verify 
whether the performance associated with the system meets stakeholder 
needs and objectives without resorting to model transformation, which 
genuinely achieves the integration of modeling and verification by using 
a unified language. 

So far, a large number of models and systems built in X language 
have been simulated and verified, just as the intelligent car system in 
this paper, fully validating the effectiveness of the proposed approach. 
To better support MBSE, for one thing, many development efforts still 
have to be done for XLab, including 1) developing model libraries for 
different industrial applications, 2) integrating with more software used 
in the lifecycle of product development, e. g. Computer-Aided Design 
(CAD), Computer-Aided Engineering (CAE), Software Engineering tools, 
3) improving the compatibility with current modeling and/or simula
tion languages, 4) enriching software interfaces to improve compati
bility with other software, such as support for FMI (Functional Mock-up 
Interface), 5) cloudification and servitization of XLab, etc. For another 
thing, A lot of research related to X language will be conducted, for 
example, X language-based comprehensive optimization for complex 
product design, digital twin construction with X language, X language- 
based multi-scale and multi-view modeling, model composition, and 
reuse with X language so on. 
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Appendix 

Appendix A 

BNFs for components of classes are shown in Figure 16, 17, 18, 19, 
20, 21. 

Figure 16. BNF of Definition Part  
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Figure 17. BNF of Requirement Part  

Figure 18. BNF of Connection Part  

Figure 19. BNF of State Machine Part  

Figure 20. BNF of Equation Part  
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Appendix B 

The processes of modeling and simulation using XLab are shown in 
Figure 22, 23.  

Figure 21. BNF of Action Part  

Figure 22. State Machine diagram of the car in XLab  

L. Zhang et al.                                                                                                                                                                                                                                   



Journal of Industrial Information Integration 28 (2022) 100347

18

References 

[1] B P Zeigler, L. Zhang, Service-oriented model engineering and simulation for 
system of systems engineering[M]//Concepts and Methodologies for Modeling and 
Simulation, Springer, Cham, 2015, pp. 19–44. 
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