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Abstract

System architecture is important for the design of complex mechatronic systems because it acts as an intermediator between
conceptual design and detail design. An explicit and exact system modeling language is imperative for successful architec-
ture design. However, some deficiencies remain, such as the lack of geometry elements, hybrid behavior description, and
specific association semantics for existing architecture modeling languages. In this study, a Systems Modeling Language
extension for mechatronic system architecture modeling called ArchME is proposed. The requirements for the mechatronic
System Modeling Language are analyzed, and the metamodels are defined. Then, the modeling elements are determined.
Finally, the profiles based on the systems modeling language are defined to support the modeling of function, behavior,
structure, and their association. This enables system designers to model the system architecture and facilitates communica-
tion between different stakeholders. A case study is provided to demonstrate the modeling capability of ArchME.
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1. INTRODUCTION

Mechatronic system design is complex because it involves
knowledge of different domains, including the mechanical,
electrical, control, and software domains. To cope with these
difficulties, systems engineering emerges as a viable alterna-
tive, as it takes a holistic view of the system (Weilkiens,
2011). Recently, model-based systems engineering has be-
come a mainstream system design approach.

The system architecture is the core of mechatronic system
design, as it reflects the results of early design decisions
and is also the basis of other system-level work (system opti-
mization, system simulation, etc.) and subsequent detail
design. Therefore, the modeling language employed for the
system architecture should be strong enough to model the ar-
chitecture and its related work.

However, some deficiencies in the existing modeling lan-
guages remain. The first deficiency is the lack of approximate
geometry and spatial relation information, which is necessary
for subsequent detail design. The second is the lack of hybrid
behavior description to support dynamic system simulation.
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The third is the lack of association semantics between different
modeling elements that can support automated system design.

In this study, a Systems Modeling Language (SysML) based
extension named ArchME is proposed for complex mecha-
tronic system architecture modeling. SysML is a standard model-
ing language for model-based systems engineering proposed
by the International Council on Systems Engineering and the
Object Management Group in 2006 (Weilkiens, 2011). Similar
to Unified Modeling Language (UML; Weilkiens, 2011), it has
strong extensibility and thus has been chosen as the basis of
ArchME. This paper is organized as follows. Work related to
system architecture modeling is discussed in Section 2. Section
3 analyzes the requirements for architecture modeling lan-
guages. Section 4 elaborates on the architecture modeling ele-
ments. ArchME is described in Section 5. Section 6 illustrates
the implementation of ArchME with a case study. Section 7
presents the conclusion and future work.

2. RELATED WORK

2.1. Studies on system architecture

Researchers define the term system architecture in different
ways. According to Ulrich, the architecture consists of an
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arrangement of functional elements, that is, the function
structure; mapping from functional elements to components
(or design elements); and the specification of the interfaces
between interacting components (Ulrich, 1995). Ulrich fur-
ther defined product architecture, and provided a typology
for it. He also articulated the potential linkages between
product architecture and other areas (e.g., product change,
product variety, component standardization, product perfor-
mance, and product development management). However,
he did not comprehensively address how to model the specific
system architecture. Clements argued that the architecture of a
system is the components that comprise a system, the behav-
ioral specifications for those components, and the patterns
and mechanisms for interaction among them (Clements,
1996). Preliminary results of Clements’s survey outlined
what constitutes an architecture description language and in-
dicated how contemporary architecture description languages
differ from each other. However, the specific subject matter of
architecture modeling was not addressed. In Crawley’s
opinion, system architecture is an abstract description of the
entities of a system and the relationships between them
(Crawley et al., 2004). Crawley identified the influence of ar-
chitecture in engineering systems, but introduced no knowl-
edge regarding architecture modeling. Recently, Komoto
and Tomiyama (2012) also proposed an architecture model
for mechatronic systems that supports system decomposition
and defines the specifications of subsystems and interfaces.
However, the emphasis of his work is computational support
for the design of system architecture. Cabrera noted that the
system architecture of a mechatronic system should convey
what the main parts of the product are and what they do indi-
vidually and as a group (Cabrera et al., 2011). He provided an
architecture model to support cooperative design for mecha-
tronic products, but hybrid behavior and geometry informa-
tion were studied less extensively. Generally, system architec-
ture includes logical system architecture (the function layer)
and physical system architecture (the component layer), and
system architecting is an indispensable part of system design
and represents the transformation from an abstract system
function to detailed physical components. Effecting this
transformation automatically is necessary with the growth
in system complexity. Automation can be supported with
ArchME.

2.2. Studies on modeling languages

As a standard system modeling language, SysML supports
the entire system design process from requirement specifica-
tion to validation. It is a general purpose modeling language
that includes unambiguous descriptive semantics. Therefore,
it can be used as a common communication platform between
stakeholders from different domains. To enrich it with execu-
tion semantics from a specific area, most studies have ex-
tended it by using the top-down approach (Berkenkotter
etal., 2006). However, the spatial structure of a system cannot
be modeled by SysML. The internal block diagram in SysML
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can only represent the connection relationship between com-
ponents (Lenny, 2013). Although SysML has a behavior dia-
gram, there is still no uniform behavior modeling framework
(Cao et al., 2013).

The Architecture Analysis and Design Language (AADL)
proposed by Feiler et al. (2006) is a modeling language that
was originally designed for avionics; it has been standardized
by the Society of Automotive Engineers and can be used to
describe both software execution platforms and the physical
environments of embedded software systems. Moreover,
AADL supports early prediction and analysis of nonfunc-
tional properties, such as performance and reliability. A sys-
tem is abstracted by AADL by describing its components,
their interfaces, and the connectors between interfaces.
AADL is especially effective for model-based analysis and
specification of complex real-time embedded systems. How-
ever, some elements in mechatronic system design, such as
the function element, structure element, and behavior ele-
ment, are not involved.

ExSAM was proposed by Behjati et al. (2011). A combina-
tion of the architecture design and analysis concepts of
AADL and the system modeling concepts of SysML, Ex-
SAM introduces missing features from AADL into SysML.
Therefore, it offers the benefits of both languages, and can
specify embedded systems at different abstraction levels
and from different stakeholder perspectives. However, it still
lacks the necessary elements for modeling geometry and
physical information.

Uniform Behavior Modeling Language (UBML) is pro-
posed as a SysML profile to enable systems engineers to de-
fine behavioral requirements uniformly and help automate
mapping from the design model to the simulation model
(Caoetal., 2013). However, its purpose is to support dynamic
simulation, and it lacks basic architecture modeling elements
(e.g., the function element).

The above analysis indicates that there is no architecture
modeling language specific to the mechatronic system that
supports its specific application such as dynamic simulation
and detail design.

3. REQUIREMENT ANALYSIS FOR
ARCHITECTURE MODELING

3.1. Context analysis of an architecture model

Before establishing an architecture model, it is necessary to
analyze its context, that is, the factors it should communicate
with. The architectural context diagram is proposed to make
the communication relationship clear. As shown in Figure 1,
the objects or subsystems that interact with the system archi-
tecture can be divided into the following categories:

1. The upstream system requirement: This is the starting
point of system design. Each requirement should be
satisfied, and any changes should be reflected in the
system immediately.
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Fig. 1. Architecture context diagram.

2. Sibling operations: Because the system architecture is
important to the entire mechatronic system design pro-
cess, it is necessary to develop a series of related analysis
and optimization operations to analyze and optimize the
system architecture from different perspectives, for ex-
ample, cost analysis, reliability analysis, security analy-
sis, simulation analysis, and system optimization.

3. Downstream detail design: As previously mentioned,
the system architecture is located in the middle of the
system requirements and detail design. Therefore, it
must contain enough unambiguous information to sup-
port the subsequent detail design.

Each external entity communicates with the system architec-
ture through an interface that is depicted as a rectangle in
Figure 1.

3.2. Fundamental elements of system architecture

Based on the analysis above, the following elements should
be defined in the system architecture:

1. Function: It is the composition of the logical system ar-
chitecture that is the medium of the user requirement
and the physical component. However, there is no uni-
form, precise definition for it thus far although it is
important for complex products. Researchers have dif-
ferent understandings based on a variety of views.
Eisenbart et al. (2012) concluded that the number of
function models oriented to the mechanical, electrical,
software, mechatronic, and service systems are 24, 8,
12, 10, and 16, respectively. These function models
are generally divided into three categories: equipment
based, process based, and functional concept based.
The process-based function model is mainly used in
the electrical domain, while the other two are used
in the majority of domains (Eisenbart et al., 2013). In
this study, for the convenience of automatic operation
and function reuse, the definition proposed by Pahl
and Beitz (2007) is used, whereby a function is regarded
as the conversion from a specific input flow to a specific
output flow. According to functional basis (Hirtz et al.,
2002), the type of a flow may be material, energy,
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signal, and their subtypes. Moreover, a function is com-
pleted by a series of processes that can be physical,
chemical, or biological. Here, only the physical pro-
cesses in mechatronic engineering are considered. A
specific physical process may be realized by one or
more specific working principles, which is composed
of the physical effect, the material, and geometric prop-
erties (Pahl & Beitz, 2007).

. Structure: This is a physical system architecture whose

basic element is a component. Given the complexity of
the mechatronic system, the structure must have the fol-
lowing characteristics:

a. Hierarchy: According to Ulrich (1995), the function
structure can be created at different levels of abstrac-
tion. Corresponding to the function, the structure
should have different levels of description to make
it easy to understand and organize.

b. Locality: As stated in Ulrich (1995), there are two
types of architecture: modular architecture and inte-
gral architecture. The former includes a one-to-one
mapping from the functional elements in the func-
tion structure to the physical components of the
product and specifies decoupled interfaces between
components. The latter includes a complex (non-
one-to-one) mapping from the functional elements
to the physical components and coupled interfaces
between components.

c. Consistency: the complex mechatronic system in-
volves subsystems of different domains. Uniform
structure modeling is necessary to ensure the repre-
sentation is consistent.

. Behavior: The components are associated with each

other following certain space relationships and behave
in a predefined way to realize the specific function.
The behavior model is important to verify the correct-
ness of the complex mechatronic system. In the Oxford
English Dictionary (Burchfield, 1982), behavior is “the
manner in which a thing acts under specified conditions
or circumstances, or in relation to other things.” Ac-
cording to Umeda et al. (1995), a behavior is defined
by one and more sequential changes of states over
time and represented by the ordered list of (s, #), where
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s and ¢ denote a set of states and an ordered set of time.
According to Cao et al. (2011), the complex mecha-
tronic system may contain three types of behavior: contin-
uous behavior, discrete behavior, and hybrid behavior.
The behavior of a physical subsystem is described by
the intrinsic equation of each component as well as
Kirchhoff’s law. The behavior of a control subsystem
is mostly discrete behavior. In this study, the behavior
definition proposed in Cao et al. (2011) is used to sup-
port dynamic simulation.

In addition to the three basic elements mentioned above,
the following auxiliary elements should also be involved in
the architecture of a mechatronic system:

1. Elements used to connect elements in the same part:
This is used to model the interrelationship between dif-
ferent objects in the same part. Components are con-
nected to fulfil the required function; functions are
linked together to meet the user’s requirement.
Elements used to connect elements in different parts:
This establishes the connections between elements in
different parts; for example, there should be a connec-
tion element between the function and component be-
cause the function is realized by the component.

3.3. Metamodel of the ArchME

The metamodel is the core abstract class that is imperative for
architecture modeling. The entire architecture of a system can
be represented by the metamodel. They can be instantiated in
many different ways according to the requirements of the sys-
tem architecture design. The metamodel of ArchME is shown

R. Chen et al.

in Figure 2. Here, behavior is not an independent element; it
relies on the component. Function is represented by flow. The
component is divided into three types. In addition, the func-
tion and component are related to each other through the
physical effect or flow.

4. ELEMENTS OF ArchME

Based on the discussion above, ArchME should involve four
types of elements, that is, structure related, function related,
behavior related, and connection related, which are detailed
as follows.

4.1. Structure-related element

Structure-related elements are used to model the basic com-
ponents of physical system architecture. The challenge is
modeling components in different domains consistently.
Structure-related elements are divided into two parts: ele-
ments to support dynamic simulation and elements to support
detail design. The former refers to behavior-related informa-
tion while the latter refers to geometry-related information.

4.1.1. Elements to support dynamic simulation

As mentioned previously, the mechatronic system is made
up of a physical subsystem, control subsystem, sensors, and
actuators. Although the physical components may belong to
different domains, they are similar in behavioral aspects be-
cause they all follow energy conservation laws and material
conservation laws.

Therefore, the components of the physical system, such as
mass and spring, can be represented uniformly based on dy-
namic law at the system level. Generally, the following three
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Fig. 2. Metamodel of ArchME.
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attributes (intrinsic attribute, through variable, and across
variable) should be considered:

1. Intrinsic attribute: This is the attribute whose value is
constant for a specific component. It reflects the basic
property of a physical component. During the process
of system design, it should be set and adjusted if neces-
sary.

2. Through variable and across variable: These are state
variables of the physical component; their values are
used to reflect the current state of the physical system.
Note that each physical domain has its own specific
through variable and across variable. The definition of
the through and across variables of a specific compo-
nent should be consistent with its present physical do-
main. For example, when a physical component is fol-
lowing translational motion, its through variable is force
and its across variable is velocity. However, when it
is following rotational motion, its through variable is
torque and its across variable is rotational speed.

The components of the control subsystem are totally differ-
ent from those of the physical subsystem because the signal
flow is the main input and output of control components.
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The energy conservation law and the material conservation
law are not suitable for control components. The International
Electrotechnical Commission (IEC) proposed a new stan-
dard for representing the control components, that is, the
IEC61499 standard based on IEC61131 (Lewis, 2001). The
core part of this standard is the function block. The purpose
of the standard is to make the design and implementation of
the control subsystem separate. Therefore, designers can fo-
cus on system function design to improve the modularity
and reusability of the system function and ignore subsequent
deployment. This standard is becoming the basis of a new-
generation control system design. In this study, the modeling
of the control system is based on the IEC61499 function
block.

It can be seen from Figure 3 (Lewis, 2001) that function
block describes the software function unit of the control
system in an object-oriented way. There are two kinds of
function block: the basic function block and the composite
function block. The latter is composed of the former. The ba-
sic attributes of the function block are event input/output, data
input/output, and internal data. Different function blocks are
connected through ports to fulfill certain functions. The port
used to transmit an event is named the “event port.” Similarly,
the port used to transmit data is named the “data port.” There

Eventinputs Event outputs
Instance Name /
X /
Event flow : L Event flow
(hiciden within block)
Type Name
Data flow — Algorithms — Data flow
[l —
\
/ \
/ \
.’rl \\
Data inputs Data outpuls

Resource capabilities
(scheduting, communications and process mapping)

Fig. 3. Tllustration of IEC61499 function block (Lewis, 2001).
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is a relationship “with” between data port and event port,
which means that the corresponding data port is refreshed ac-
cording to a signal when an event occurs.

The behavior of the function block is described by the execu-
tion control chart (ECC) and a series of control algorithms. The
ECC is the core of a function block and acts as the behavior
organizer. Actually, it is a finite state machine that contains the
EC state, EC transition, and EC action. Each EC state may be
connected with many EC actions, which means that a specific
algorithm is executed under this state and the corresponding
output event is generated when the algorithm ends. EC transi-
tion is triggered by a specific Boolean condition or event.

4.1.2. Elements to support detail design

In the early stages of system design, although accurate geo-
metric information is not necessary, architects need to know
the approximate geometric information of components to design
system layout. In this stage, the components’ shape can be ap-
proximated by the basic geometric shape (Komoto et al.,
2012). The rough geometric information may help the designers
of the detail design stage greatly. In this study, six basic shapes
are used as shown in Table 1: cylinder, cuboid, sphere, cone,
torus, and truncated cone. Each shape has corresponding size
parameters. In addition, some shapes should satisfy specific
constraints. It should be noted that the six basic shapes may
not be enough. New basic shapes can be defined if necessary.

The structure of a complex system can be defined by using
basic components combined together through ports following
certain geometry constraints. Therefore, the basic geometry
constraints and ports should be defined. According to Chen
(2008; Chen et al., 2009), the relationship between basic ele-
ments such as the point, line, and plane are used to define the
geometric constraints. In this way, the relative space relation-
ship is defined, and the initial layout of the mechatronic sys-
tem is generated. According to Chen (2008; Chen et al.,
2009), there are two kinds of space constraints in the compu-
ter-aided design (CAD) system: the point constraint and di-
rection constraint. The former indicates the point coinci-
dence, whereas the latter includes parallelism, verticality,
and so on. The entire initial spatial layout is determined by
the modeling of components’ shape and constraint.

Table 1. Basic shape definition

Type Parameter Constraint
Shape
Cylinder Diameter, height Null
Cuboid Length, width, height Null
Sphere Diameter Null
Cone Diameter, height Null
Torus DiameterCircle, DiameterAxis >
diameterAxis diameterCircle
TruncatedCone DiameterTop, DiameterBottom
diameterBottom, > diameterTop
height

R. Chen et al.

4.2. Function-related elements

In functional basis, function and flow are classified and de-
scribed. However, they lack clear semantic descriptions,
and thus cannot be used directly during architecture model-
ing. Here, a study is conducted to clearly represent the phys-
ical property and shape property based on functional basis.

4.2.1. The modeling elements of the physical property
of function flow

For a flow property, both property type and property value
are considered. Generally, a flow may contain many proper-
ties belonging to different domains, and even the same prop-
erty may contain different types of units. To conveniently
identify the physical association between different properties,
seven basic physical dimensions, as stated in Object Manage-
ment Group systems modeling language, are introduced in
Table 2 to add physical semantics to the value type. Each
dimension of physical property can be derived from the seven
basic dimensions except the dimensionless quantity. For ex-
ample, the dimension of velocity is LT !, and that of force
is MLT 2. The introduction of dimension to the model
flow property can support dimension analysis in the modeling
of system architecture and then provide a foundation for
reasoning in the system architecture model.

In addition to single flow, there is composite flow. To sup-
port modeling of composite flow, OwnedComponent and
OwnedRelation are defined in our previous work (Yuan &
Liu, 2014). The former is used to represent the constituents
of composite flow, whereas the latter is used to represent
the relationships between these constituents. Take a stapler
as an example; the input flows are the page and cover, the out-
put flow is the book. At a high level, the output is only an ob-
ject. However, the book has two OwnedComponents: the
page and cover. Moreover, the OwnedRelation is used to
describe the “link” relationship between the page and cover.
Nagel et al. (2007) noted that the “carry” relationship between
the primer flow and carrier flow should be identified. Sen
et al. (2013) added constraints to the carry relationship logic-
ally. Generally, the material flow can carry energy flow,
signal flow, and other material flow. The energy flow can
carry signal flow. The material flow carrying other material
flow can be implemented by the flow type mixture directly.
However, the mixture relationship cannot describe the neces-
sary semantics of solid-solid composite flows. Therefore,
solid flow must be studied further, as described in the next
subsection.

Table 2. Basic physical dimensions

Matter
Length Mass Time Current Temperature Amt.  Luminosity
L M T I 0 N J
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Table 3. The relation constraints for the output elements
of the Tetra Pak

Input Relation Output Relation

<Part0, partl, angle, <Part0, partl, angle, <Partl, part5, angle,

straight> acute> acute>

<Part0, part3, angle, <Part0, part3, angle, <Part3, part5, angle,
straight> acute> acute>

<Part3, part4, angle, <Partl, part3, angle, <Part0, part5, angle,
straight> acute> acute>

<Partl, part2, angle,
straight>

4.2.2. The modeling element of the shape property
of solid flow

For solid material flow, shape property is an important
semantic. Regular shapes can be described by basic shapes in
Table 1. Irregular shapes can be represented as a combination
of these basic shapes. To support function modeling and func-
tion reasoning, an adjacent attribute graph (AAG)-based method
is proposed for complicated shape representation (Yuan et al.,
2015). In this method, the composite material shape is described
by simple element shapes and the relation constraints between
them. Take the Tetra Pak shown in Figure 4a as an example;
the paperboard before being folded is flat with an imprint, as
shown in Figure 4b. The flat paperboard becomes a tetrahedron
after being folded, as shown in Figure 4c. Based on the proposed
AAG method, the AAGs of the Tetra Pak’s input and output are
shown in Figure 5. The input paperboard is composed of five
simple shape elements, which are all plane elements. As the
five single elements are coplanar, the angle relationships
between them are flat as shown in Figure 5a. The relationship
between the output elements are shown in Figure 5b. Their
specific relation constraints are shown in Table 3. It can be
seen from the example that the AAG-based modeling method
can clearly express the semantics of complex material flows.

4.3. Behavior-related elements

Behavior modeling is important for complex mechatronic
systems. It can be used to express the user requirements of
system behavior. In addition, it can be used to support sys-
tem-level simulation to verify the correctness of the designed
architecture model. However, behavior modeling is difficult;
its complexity is derived from two aspects:

1. Hybrid behavior modeling: A complex mechatronic
system may contain three types of behavior. It is neces-
sary to model them in a unified way.

2. Multidomain integration: Different domains may have
different characteristics and influence each other.

Moreover, the two aspects are coupled with each other.
In this study, a state machine-based hybrid behavior mod-
eling method (Cao et al., 2011) is used. It contains a series of
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(a) The actual Tetra Pak

(b) The shape before folded

(c) The shape after folded

Fig. 4. The Tetra Pak and its shapes before and after being folded. (a) The
actual Tetra Pak, (b) the shape before folded, and (c) the shape after folded.

states and transitions to indicate event-based discrete behav-
ior. Each state has its activity, which indicates the continuous
change in each state. In this method, the state machine is for-
malized based on discrete behavior, and then continuous be-
havior represented in the function is added to each state. In
this way, the continuous behavior and discrete behavior are
combined together, and thus hybrid behavior is modeled.
Specifically, continuous behavior is represented by the differ-
ential algebraic equation, whereas discrete behavior is repre-
sented by the transitions between states. The core elements of
discrete behavior are the state and transition. Here, the state is
used to describe the condition of the mechatronic system. In
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(a) The input AAG

(b) The output AAG

Fig. 5. The adjacent attribute graphs (AAGs) of input and output complex solid flows. (a) The input AAG and (b) the output AAG.

each state, the system runs according to the same rule. The
states are connected with each other by transitions, which
are triggered by defined semantic rules.

4.4. Connection elements

Function, behavior, and structure are three separate parts of
the system architecture. To model them together as a whole,
connection elements are needed. Here, two kinds of connec-
tion elements are defined: the connection element used to
connect elements in the same part and that used to connect
elements in different parts.

4.4.1. Connection element used to connect elements
in the same part

It is obvious that different parts may have different features,
and thus they cannot be connected in the same way. There are
mainly two types of connection elements to connect elements
in the same part: the flow and the parametric model.

The flow is chosen as the connection element in the func-
tion part. As stated in Yuan and Liu (2014), the changes of a
flow can be divided into three types: property change of a sin-
gle flow, type change of a single flow, and relation change be-
tween different flows. For structure and behavior, the para-
metric model is used to connect the related parameters. It is
used to build a specific network of constraints according to
mathematical equations such as {F = mx a}. It supports spe-
cific engineering analysis, such as performance analysis, and
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cost analysis. The elements that need to be modeled are the
constraint, such as {F = m x a}, and the parameters of the
constraint, such as F, m, and a.

4.4.2. Connection element used to connect elements
in different parts

In the architecture model, structure, function, and behavior
are influenced by each other. The changes of function will
lead to changes of structure. The changes of structure may
also cause the changes of behavior and function. Therefore,
the constituents of the architecture model should be related
to each other. To establish the connection mechanism, the
connection elements for elements in different parts should
be defined. Here, flow and physical effect are chosen as the
connection elements, which will be detailed in Section 5.6.

As mentioned previously, SysML is a general purpose
modeling language; it needs to be extended in order to sup-
port modeling for specific applications of a specific system.
To support the architecture modeling of a mechatronic sys-
tem, the semantics of the above four aspects (structure,
function, behavior, and connection) must be added to
SysML. In ArchME, the function element is used to model
the logical system architecture, which considers the physical
and shape property of flow (both are used to support function
analysis and reasoning); the structure element is used to
model the physical system architecture, which considers the
physical and geometric property of the component (the for-
mer is used to support dynamic simulation, and the latter is
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used to support detail design); the behavior element is used to
support the behavior modeling of components; and the con-
nection element is used to connect the elements in the same
part and between parts (the former is used to model the con-
straints and relationship between properties in an element,
and the latter can support automated design).

5. DETAIL OF ArchME

Based on the above analysis of modeling elements, a SysML
extension for mechatronic system architecture modeling
named ArchME is proposed. First, a brief introduction to
the SysML diagram is given.

5.1. A brief introduction to the SysML diagram

There are nine diagrams defined in SysML, and they can be
divided into three categories. Of these, block definition dia-
gram, internal block diagram, and parametric diagram are fre-
quently used in this study. Block definition diagram defines
the blocks and its properties; internal block diagram describes
the relationships of internal subblocks; parametric diagram
describes the parameter constraints that should be satisfied
by block attributes.

5.2. The structure of ArchME

As shown in Figure 6, there are eight profiles in ArchME,
which can be divided into three large parts and one relation
profile. The different parts and relation profiles are shown
in different colors. The function is modeled in the flow pro-
file. The behavior of the structure is modeled using the phys-
ical, control, and connection profile, while the geometry of
the structure is modeled using the geometry profile. The be-
havior of the structure is modeled based on the sequenced
parametric diagram (SPD) profile and the hybrid behavior
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profile, which is included in the behavior part. The entire
ArchME is divided into the left part and the right part to illus-
trate the relationship between the relation profile and the three
basic parts. It is obvious that the relation profile is used to in-
tegrate different parts and different elements in the same part.
The SPD profile, hybrid behavior profile, physical profile,
control profile, and connection profile have been introduced
in Cao et al. (2013) as components of a modeling language
named UBML. In this study, they are extended to satisfy
new needs such as design automation, detail design, and sys-
tem verification in addition to dynamic simulation.

5.3. The structure part

Here, structure indicates the composition of components and
how they are related to each other to achieve needed behav-
iors. There are three types of components: physical compo-
nents, control components, and connection components
(e.g., sensor, actuator). Different types of components have
different behavior attributes to model, so three corresponding
profiles are applied: the physical profile, control profile, and
connection profile. Details of these profiles are defined in
Cao et al. (2013). Each component has geometric attributes.
To support subsequent detail design, rough geometric infor-
mation is defined in the geometry profile (detailed in Appen-
dix A). In addition, elements in the physical profile are con-
nected through the relation profile, which is outlined in detail
in Section 5.6, and the same is the case for elements in control
profile, connection profile, and geometry profile.

5.4. The function part

To support automated design, function is represented in a for-
malized way. As elaborated in Section 4.2, function is ab-
stracted as changes of flow, so the flow profile (detailed in
Appendix B) is defined.

ArchME
Function part
Relation Profile
. tion Profile Physical | Control |Connection
s A Profile | Profile | Profile a
Flow Profile : E
Behavior part i
Relation Profile 5 z 5__-
v Hybrid behavior Profile =
Behavior part B
: SPD Profile
Relation Profile
SysML
UML

Fig. 6. The structure of ArchME.
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5.5. The behavior part

There are some studies on the hybrid behavior of the mecha-
tronic system. Based on hybrid automata (Ho & Nicollin,
1995), CHARON (Alur et al., 2003), form a hierarchical,
modular model. The representation unit of behavior in
CHARON is the mode that is divided into the composite
mode and the atomic mode. The composite mode is com-
posed of the atomic mode. Discrete conversion occurs be-
tween different modes, whereas continuous behavior is de-
scribed in the atomic mode with the use of equations.
However, CHARON is a textual modeling language without
standard visual representation. HybridUML (Berkenkétter
et al., 2006) is a UML2.0 profile based on CHARON. Hy-
bridUML takes a subset of UML, modifies it according to
CHARON, and gives it precise semantics. However, because
there is no continuous behavior modeling elements in UML,
the continuous behavior in HybridUML is also modeled at
the text level.

To model discrete behavior and continuous behavior con-
sistently, two basic profiles (the SPD profile and the hybrid
behavior profile) of mechatronic system behavior (defined
in Cao et al., 2013.) are applied in the behavior part. The
physical profile, control profile ,and connection profile ap-
plied in the structure part are based on these basic profiles.

5.6. Relation profile

The relation profile is special because it is not included in the
above three parts. Corresponding to the classification detailed
in Section 4.4, the relation profile can be divided into two
parts.

5.6.1. Models used to link elements in the same part

As mentioned previously, function can be abstracted as
transformation between flows. The tuple <inputFlow,
outputFlow> should be defined. Here, the number of input-
Flow and outputFlow may be one or more. In this way, each
function can be represented in a tuple including input flows
and output flows. Different functions can be connected
through flows.

Similarly, elements are all represented through property
parameters in behavior part and structure part. These param-
eters are connected together following specific constraints.
Constraints are represented in equations. As shown in
Figure 7, intrinsic equations and initial conditions of mass
block are bound with its corresponding property parameters,
so these parameters change according to specific rules. In this
way, the behavior of a mass block is described.

5.6.2. Models used to link elements between different
parts

To support automated design, elements that link different
parts should be formalized. In our opinion, flow and physical
effect can be regarded as connection elements. When the in-
put flows and output flows of a component correspond to the
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par [Physical] Mass [ [% Mass ﬂ

- R : Translational

R: Translatlonal
«Initial»

init : MassiIn

=

- C: Translational

[ v=0;
C : Translational f=Rf-Cf;
v=R.v=C.v;}

IF—|

V. ms

l_} M

«Intrinsic Egn»
eqn : NewtonLaw

l_l {F=m*v.der} |
m: kg

m:kg=1

Fig. 7. The parametric diagram of a mass block.

input flows and output flows of a function, the component can
be considered as a candidate to fulfill this function. The real
match process may be more complex. For example, the input
flows and output flows may not match completely. In this
case, the physical effect can be used as a supplement for
matching. It can be described by physical laws and its for-
mula (Pahl & Beitz, 2007). If a component can provide a
physical effect that is just needed by a function, they can
match with each other; that is to say, the function can be ac-
complished by the component. Similarly, there may be the
problem of not matching completely. For example, a compo-
nent may provide more than one physical effect, and it may
provide some physical effects that contradict with the func-
tion. In this case, only the main physical effect is considered
in this stage, and some evaluation mechanisms are used to se-
lect the optimal component. It does not matter whether flow is
first considered or physical effect is first considered.

Slider

Power Supply

Fig. 8. A simplified ink-jet printer (Ni & Broenink, 2014).
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ibd [Block] Sliderfunction_ibd [ Sliderfunction_ibd u

.|
Slider

L, Belt Belt «Function»
r__l L_l: Energize_Material
S (] RMET,
EE EE «Function» ,i‘ RME Ll_ﬁ”E
% _Lonwrﬁ : Convert___|

o

«Function»
nvert2 : Conve

I r|_L§ider
]

«Function»
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«Function»

«Function» e

:mergizg_%laerial
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Fig. 9. The function model of the simplified ink-jet printer.

6. IMPLEMENTATION AND CASE STUDY

In this study, MagicDraw is used, which supports the model-
ing of UML/SysML. The mechatronic system shown in
Figure 8, where the simplified ink-jet printer (Ni & Broenink,
2014) is used to verify the effectiveness of ArchME. The
physical component “slider” moves back and forth under
the control of an embedded computer.

The function structure is studied from the perspective of
flow; only the main flows are considered here. The example’s
general function is to convert electrical energy to translational

energy. Using the proposed ArchME, subfunctions obtained
from function decomposition are modeled as shown in Fig-
ure 9. If a component has an input flow whose type is “Electri-
cal Energy” and an output flow whose type is “Rotational Me-
chanical Energy,” it can be chosen to realize the “Covertl”
function. It is similar to function “Convert2.” As for the sub-
function that has no obvious flow change, for example, func-
tion “support,” the physical effect can be used for matching be-
tween the function and component. In this way, several options
of physical system architecture can be automatically derived
from the logical system architecture shown in Figure 9.
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| aMecnComponents

fine1 length=line2 length}

| : PointCoincidence
{pointi==point2}

aMechComponents
PointLeft - - PointRight
: Motor —1 | : Belt L
I Line L «DirectionConstraint» Il
T Hignsnase [ 1 :Linevertical [ = I onoeage
“line2 dir=0} | |
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Fig. 10. The rough geometry information model of the simplified ink-jet printer.
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int_x :m=-10 _ Belt values int_x :m=10 e
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Fig. 11. The components of the simplified ink-jet printer.

In the physical system architecture, several components are and the spatial constraints between these components are
grouped together in a certain spatial relationship. As shown in modeled by the geometric elements defined in the geometry
Figure 10, the ink-jet printer system contains two sensors, one profile. The rough spatial relationship between components
motor, one belt, one slider, one rail, and one frame (because can be seen with this figure. This geometry model can also
the controller and actuator are embedded in the computers, be converted to CAD software (Fan et al., 2015) to show
they are not considered here). The shape of each component the rough shape of the component and the spatial constraints

ibd [ECC] BZ)C[E{XJU

«ECC»
: ECC

«ECState»
s1 : NegativeForce

«Sequencey»
«Sequence» ‘ «ECAction» J == = _ .

act : ForcelLeft

—= = —
«ECState»

_ 82 : PositiveForce

«ECAction»
act : ForceRight

Fig. 12. The control behavior model of the simplified ink-jet printer.
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| [__ | .E I
o:SignaIC:onnectc’nl ]_
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«SignalConmnector»
1 v:ms|s:m
L - . H ] .
«Actuator» «Sensor» ! Q{_Slenso;rT '
: Actuator :Sensor | ,
_ : — | :Sensor
Rotational | 2 : — l__
:[Translational “Transktiohal
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. Rotational __|: Translational . Translational _¢EnergyConnector»
«F’hysicaf «Physical»
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Fig. 13. The connection model based on an internal block diagram.

between components. This model can be used to guide detail
design.

From the perspective of behavior, the system contains two
sensors, one belt, one slider, one controller, and one actuator
(the frame and rail that are not involved in hybrid behavior are
ignored here). Each component has its own constitutive equa-
tion and value properties as shown in Figure 11. To realize the
hybrid behavior, the specific control behavior is given by a
controller as shown in Figure 12. There are two states: Nega-
tiveForce and PositiveForce. There is continuous behavior in
each state. In the NegativeForce state, a left-directed force is
given, whereas a right-directed force is given in the Positive-
Force state.

As shown in Figure 13, the components are connected
through ports. The energy ports are connected through Ener-
gyConnector, which follows the general Kirchhoff’s law.
Signal ports are connected through SignalConnector, whose
values are transmitted as signals. By modeling hybrid behav-
ior, dynamic simulation can be supported (Cao et al., 2013).

It can be seen from the above case study of the ink-jet
printer that ArchME can be used to support automated system
design, dynamic simulation, and detail design.

7. CONCLUSION

The architecture model is central to the entire system. It can be
seen as the results of architecture design and the start of sub-
sequent detail design. Although several modeling languages
such as AADL, ExSAM, and UBML are proposed, they still
do not support the entire process of mechatronic system archi-
tecture modeling. In this study, a SysML extension, ArchME,
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is proposed for the architecture modeling of complex mecha-
tronic systems. The main contributions are as follows:

1. The requirement for the architecture design of mecha-
tronic systems is analyzed from the system aspect. A
series of profiles are defined in a consistent way to sup-
port modeling in different parts (function, behavior,
structure). In this way, system designers can communi-
cate easily using ArchME.

2. The modeling elements for a mechatronic system are
defined explicitly. In particular, geometry-related and
behavior-related modeling elements are both defined
in ArchME, which can be used to support simulation
analysis and detail design separately.

3. Architecture models from function to structure are re-
lated together formally and consistently. Therefore, de-
sign changes can be easily traced, and the system design
process can be automated.

However, this study is still in its infancy. First, there is no
rigorous grammar in ArchME, which is necessary for auto-
mated reasoning and consistency verification. Second, in
the relation profile, it is easy to match function and corre-
sponding component by comparing their physical effect or
flow. However, the difficulty is finding the most suitable
component to fulfill the function and connecting them using
less space, and so on. Third, only modular architecture (Ul-
rich, 1995) is considered in this study. The integral architec-
ture (Ulrich, 1995), which is another common architecture in
design, should also be considered in future work. These defi-
ciencies will be addressed in future research.
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APPENDIX A
GEOMETRY PROFILE

To support subsequent detail design, a geometry profile containing
approximate shape and spatial relation constraint information should
be defined. Baysal et al. (2005) propose a method to model the ge-
ometry and position on UML, but the general position for each part
is difficult to calculate using this method. Fan et al. (2015) studied
geometry modeling of mechatronic systems in the early design stage
by extending SysML. It has been used here because it is convincing
and easy to understand. Therefore, “Shape” inherited from “Block”
is proposed. As shown in Figure A.1, six basic shapes are defined:
cylinder, sphere, cuboid, cone, truncated cone, and torus. For each
shape, both the parameters and the constraints between them are de-
fined. For example, the bottom diameter of a truncated cone should
be greater than that of the top one.

Connection interfaces between basic shapes should also be de-
fined to represent complex shapes and the spatial relation between
different components. According to Chen (2008; Chen et al.,
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2009), the constraint objects of space geometry can be divided
into three types: point, line, and plane. Correspondingly, a compo-
nent can have three types of interface. Here, BasicInterfaceFeat is
used to define the interface property. As shown in Figure A.2,
“point” contains the coordinate definition, “line”” contains direction
information, and “plane” contains normal and center point informa-
tion, Moreover, two basic types of plane are further defined to sup-
port modeling flexibility: RectangularPlane and RoundPlane. Based
on the definition of basic constraint objects, constraint relations such
as fixed can be defined directly.

Based on the above analysis, the geometric information of the
component is defined, which contains the shape information and in-
terface features. Based on the shape information, different types of
interfaces are defined. The spatial constraints are determined by de-
fining the relationships of corresponding interfaces. Here, MechPart
is defined to represent the mechatronic component. As shown in
Figure A.3, a component named CuboidPart is represented with
our mechanism. According to its shape, basic attributes and ports
are defined, and each attribute and each port have their own stereo-
types defined in this paper.

bdd [Package] structure_profile [ | & Shape U

{diameterAxis>diameterCircle}

+diameterCircle : float
+diameterAxis : float

«Shape» «Shape» «Shape» «Shape»
Cylinder Cuboid Sphere Cone
+diameter : float +height : float +diameter : float +diameter : float
+height : float +w idth : float +height : float
+length : float
«Shape» «Shape»
Torus TruncatedCone

{diameterBottom>diameterTop}

+diameterTop : float
+diameterBottom : float

Fig. A.1. Six basic geometric shapes.

bdd [Package] structure_profile [ BasicInterfaceFeat U

«BasicinterfaceFeat»
Point
+cs  Vector

«BasicinterfaceFeat»
Line
l +dir : Vector
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bdd [Package] structure_profile [ E, MechPart u

«MechPart»
CuboidPart
{shape = Cuboid }

+topFace : BasicinterfaceFeat = Rectangularplane
+bottomFace : BasicinterfaceFeat = Rectangularplane
+leftFace : BasicinterfaceFeat = Rectangularplane
+rightFace : BasicInterfaceFeat = Rectangularplane
+frontFace : BasicInterfaceFeat = Rectangularplane
+backFace : BasiclnterfaceFeat = Rectangularplane

backFace : BasiclnterfaceFeatPort
bottomFace : BasicInterfaceFeatPort
frontFace : BasicinterfaceFeatPort
leftFace : BasiclnterfaceFeatPort
rightFace : BasicInterfaceFeatPort
topFace : BasicinterfaceFeatPort

Fig. A.2. The basicInterfaceFeat.
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Fig. A.3. A component instance.
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bdd [Package] structure_profile [ Constraint u

«DirectionConstraint»
Lineparallelism
{line1.dir==line2.dir}

«DirectionConstraint»
Planeparallelism
{p1.normal==p2.normal}

«DirectionConstraint»
Planedirection
{plane.normal=dir}

line1 : Line p1: Plane plane : Plane
line2 : Line p2 : Plane dir : Vector
«DirectionConstraint»
«PositionConstraint»
Planefixed

R. Chen et al.

{plane.centerpoint=pointVal plane.normal=dirVal}

dirVal : Vector
pointVal : Vector
plane : Plane

Fig. A.4. The instances of some constraints.

According to Chen (2008; Chen et al., 2009), there are two types
of spatial constraint relationships in the CAD system: point con-
straint and direction constraint. Correspondingly, two stereotypes
are defined as follows: PositionConstraint and DirectionConstraint.
Some instances of spatial constraints are given in Figure A.4.
Here, LineParallelism and PlaneParallelism represent the parallelism
relationship between two lines and two planes, respectively. Point
coordinates and direction information can be constrained at the
same time to represent Planefixed. Planedirection is used to fix the
direction of a plane.

APPENDIX B
FLOW PROFILE

As shown in Figure B.1, the flow profile contains three main ele-
ments: flow type based on functional basis, flow property based
on physical dimension, and shape modeling method of solid material
based on AAG. According to functional basis, the flow type can be
material, signal, energy, and their subtypes. For a value property,
both property type and property value are considered. Here, the
type is defined based on the physical dimensions mentioned

bdd [Package] function_package [ [ Flow Profile U

«stereotype» =
FlowProperty
[Property]
-direction : Flow Direction [1] = inout

T

«stereotype» «stereotype»
Value Property ' Shape Property
| [Froperty] __[Froperty]
+ype +shapetype

+value

«stereotype»
Flow
[Class]

+ype : Flow

+flow Type : Object

+ow nedComponent : Flow [1..*]
+relationConstraint : RelationConstraint [0..*]

«stereotype»
RelationConstraint
[Class]

+relationType

+source : Flow
+target : Flow

+value

«stereotype» «stereotype»
SingleBement CompositeBement
[Property] [Property]
+property +shapetype
+structure

Fig. B.1. Flow profile.
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previously. The shape property of a solid material can also be
represented by using basic shapes defined in the geometry profile.
In the flow profile, two stereotypes about flow property are defined:
Value Property is used to represent regular properties and Shape

https://doi.org/10.1017/50890060417000245 Published online by Cambridge University Press
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Property is aimed mainly at solid material. Moreover, RelationCon-
straint is used to define relation constraints between basic elements

in the composite flow, and Flow is used to represent flows in
function.
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